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ABSTRACT OF THE THESIS 

 
 

Effect of Strut Size and Stent Porosity on the Intra-Aneurysmal Hemodynamics in a 

Tortuous Parent Vessel Geometry: A Numerical Analysis 
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Flow diverters are being increasingly used as an option of treatment for intracranial 

aneurysms. These devices are deployed endovascularly along the parent artery where an 

aneurysm is located. It takes advantage of the intra-aneurysmal hemodynamics to occlude the 

aneurysm by reconstructing the parent artery over time, replacing diseased tissue new healthy 

tissue. Although these minimally invasive, low porosity devices are being widely used for 

aneurysmal treatment, there are concerns around inefficiency associated with the high level of 

curvature in cerebral arteries. Some studies suggest that the inertia driven flow in tortuous arteries 

compared to the shear driven flow in the straight artery is the cause of inconsistent device 

performance. Previous research in our lab has indicated the potential of a novel microfabricated, 

solid construct balloon-deployable flow diverter within the posterior cerebral circulation. 

Presented herein, we demonstrate the effectiveness of these novel devices in tortuous parent 

arteries using computational fluid dynamic studies. We computed and compared the intra-

aneurysmal hemodynamics for the stented and unstented cases of the tortuous geometry using 

ANSYS Fluent 18.2. The numerical results indicate higher flow velocities and wall shear stress 
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inside the aneurysmal sac as the tortuosity of the parent artery increases, which imply the 

presence of inertial flow in the tortuous models. Reduction of intra-aneurysmal velocity and wall 

shear stress are considered as the key hemodynamic parameters which promote thrombosis of 

aneurysmal tissue. Results after implantation of stents displayed substantially reduced values of 

inflow velocity and wall shear stress inside the aneurysm sac for all the studied models. 

Significant reductions were seen when high aspect ratio struts were computed at lower porosities 

in the straight as well as tortuous models. Values of velocity and wall shear stress reduction as 

high as 95% were observed with high aspect ratio struts at lower porosities. This indicates the 

efficient working of the high aspect ratio struts in the inertial flow regions of the tortuous parent 

arteries. The favorable outcome of this simulation is encouraging to further explore this device in 

more variations of aneurysm and parent vessel geometries. 
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1. INTRODUCTION
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1.1 Stroke and Aneurysm epidemiology  

 

Cerebral aneurysms are blood filled dilations that bulge or balloon out on weak segments 

of a neurovascular artery mostly due to atherosclerotic disease or constant pressure from 

blood flow. The reason for the formation of an aneurysm, although vastly studied, 

remains largely unclear. Furthermore, most of the intracranial aneurysms are small and 

asymptotic and hence remain undiagnosed until they rupture and cause bleeding in the 

brain (Schievink, 1997). The medical condition wherein an aneurysm increases in size and 

ruptures causing bleeding in the brain is called a hemorrhagic stroke. Hemorrhage stroke 

accounts for about 13% of the total deaths by a stroke. It is known to be one of the 

prevailing causes of death and disability (An, Kim, & Yoon, 2017). Depending on the 

location of the bleeding, an intracerebral hemorrhagic stroke can be classified as 

parenchymal stroke (bleeding inside the parenchymal tissue of brain) and Subarachnoid 

stroke (bleeding in the subarachnoid space) (Keedy, 2006).  

The incidence of Intracranial aneurysms is relatively common, ranging from 

approximately 4% - 6% of the total population (Keedy, 2006). Data collected (Schievink, 

1997) suggests that the occurrence of aneurysmal subarachnoid hemorrhage has not 

changed significantly from the 1950s to the 1980s and the fatalities due to rupture of 

aneurysms in the 1990s were approximately 14,000 people annually. According to 

Aneurysm Stroke Foundation as of 2015, stroke ranks 5th among all causes of death, killing 

almost 140,000 people annually, which accounted for approximately 1 out of every 19 
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deaths in the United States (Benjamin et al., 2018). This suggests that even after 

diagnostic and surgical advances, the incidence of deaths by rupture of the aneurysm has 

remained approximately the same.  

1.2 Aneurysm anatomy and classification 

 

Aneurysms are classified based on their shape, size, and location of incidence. Based on 

their shape, cerebral aneurysms are broadly categorized as Saccular and Fusiform 

aneurysms. These categories are shown in Fig 1 (Withers, Carolan-Rees, & Dale, 2013). 

Saccular or berry aneurysms, as the name suggests, are pouch-like dilations on a small 

portion of the arterial wall and account for a total of 90% of all the types of aneurysms 

(Frösen et al., 2012; Keedy, 2006). The blood-filled sac of the berry aneurysm is connected 

to the artery by a narrow opening called the neck. Alternatively, Fusiform aneurysms are 

dilations involving the entire circumference along the length of the vascular wall 

(Massoud et al., 1995).  

Figure 1: Representation of saccular (a) and fusiform (b) aneurysms (Withers et al., 2013) 
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Additionally, saccular aneurysms are classified based on the diameter of the diseased 

tissue called the sac. Generally, aneurysms with a sac diameter of less than 10 𝑚𝑚 are 

classified as small aneurysms. These small aneurysms are usually benign and can go 

undiagnosed throughout the person’s life. On the other hand, aneurysms with a sac 

diameter greater than 10 𝑚𝑚 are classified as large or giant aneurysms and are at a 

higher risk of rupture and have to be treated (Greving et al., 2014). Studies have tried to 

prognose the rupture of an aneurysm, not only based on the size of the aneurysm but 

also the location of its incidence (Korja, Kivisaari, Rezai Jahromi, & Lehto, 2016). According 

to the studies that relate the growth and rupture of aneurysms to the location of 

incidence, approximately 90% of cerebral aneurysms form in the anterior circulation 

while the remaining 10% form in the posterior circulation. More specifically, in the 

anterior circulation, around 20% of aneurysms develop in the middle cerebral arteries, 

30% in the internal carotid arteries, and 30%–35% in the anterior communicating artery 

(Vega, Kwoon, & Lavine, 2002). Approximately, half of the aneurysms in the posterior 

circulation develop at the basilar apex, and the remaining half in the arteries, such as the 

superior and inferior cerebellar arteries, the posterior inferior cerebellar arteries, and 

vertebrobasilar junction (Savastano, Bhambri, Andrew Wilkinson, & Pandey, 2018).  Fig  2 

shows the locations at which the intracranial aneurysms develop frequently (Vega et al., 

2002).
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Figure 2:  Frequent locations of intracranial aneurysms (Vega et al., 2002) 
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1.3 Symptoms, Causes, and Diagnosis of cerebral aneurysms 
 

Aneurysms are mostly asymptotic and can go undiagnosed throughout the person’s life 

until they become large or rupture. While growing, the aneurysms may exert pressure on 

the peripheral nerves and tissues and may cause extremely severe headache and other 

symptoms such as nausea, impaired vision, seizures, paralysis, light sensitivity, confusion, 

and loss of consciousness.  

The mean age of patients with aneurysmal subarachnoid hemorrhage is around 50 years, 

but the incidence of hemorrhage increases with age until at least 80 years of age 

(Schievink, 1997). Moreover, the incidence of an aneurysm has been detected at a larger 

percentage in the female population. A family history of SAH, smoking, hypertension, and 

autosomal polycystic kidney disease are the most salient epidemiological causes for 

intracranial aneurysm development. 

Cerebral aneurysms are usually diagnosed by imaging tests when the patient displays 

most of the symptoms in conjunction. The imaging tests include CTA (computed 

tomographic angiography) and MRA (magnetic resonance angiography), which are non-

invasive, and cerebral angiogram, which is minimally invasive. 
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1.4 Treatment options for Stroke Prevention 

 

1.4.1 History of Aneurysmal Surgery 

 

The first reported case of surgical treatment for intracranial aneurysms was carried out 

by Dr. Walter Dandy in 1937. Dr. Dandy operated on a pea-sized aneurysm arising from 

the internal carotid artery, adjacent to the entry of posterior communicating artery in a 

patient with a third- nerve palsy. In this craniotomy approach, Dr. Dandy ceased the blood 

supply to the aneurysm by placing a silver clip at the neck and thrombosed the 

aneurysmal sac by electrocautery (Dandy, 1938). Craniotomy and clipping have been used 

as effective gold standard surgical treatments for cerebral aneurysms since their 

inception for almost 80 years. Various advancements have been made over the years such 

as the introduction of microsurgery with an operating microscope, intraoperative 

monitoring and modifications in clips by the inclusion of springs and serrated teeth 

(ISHIKAWA, 2010). Although clipping provides complete occlusion and prevents re-

bleeding, it is limited to surgical accessibility of the aneurysm and is inefficient in large 

volume aneurysms. Thus, research has drifted towards endovascular devices such as 

balloon catheters, coils, and flow diverters.  

 

 

 



8 
 

1.4.2 History of Endovascular Treatment – Coil Embolization 

 

To address the issues of invasiveness, accessibility, and significant recovery time, an era 

of endovascular treatments was brought about by the advent of the Seldinger technique, 

commonly referred to as catheterization (Seldinger, 1953). With the success of this non-

intrusive technique, the use of implantable latex balloons deployed by a catheter for 

management of cerebral aneurysm was first reported by Serbinenko in the 1970s 

(Serbinenko, 1974). Further advancement included the design of detachable silicone and 

latex balloons, but this procedure displayed high rates of surgical morbidity (David 

Fiorella, MD, Ph.D.; Michael E. Kelly, MD; Raymond D. Turner IV, MD; and Pedro Lylyk, 

2008). Alternatively, atraumatic and safely deployable embolization coils were introduced 

in the 1990s. The widely used Guglielmi Detachable Coil (GDC) system got FDA approval 

in 1995. These GDC’s are soft detachable platinum coils, which are navigated and 

positioned in the aneurysmal sac with the help of a microcatheter. A soldered stainless-

steel guidewire is supplied with a low direct electric current which helps to initiate 

thrombosis in the aneurysm. The thrombosis was the result of the attraction of the 

negatively charged red and white blood cells, platelets, and fibrinogen to the positively 

charged platinum coils (Guglielmi, Viñuela, Sepetka, & Macellari, 1991). With further 

advancements, coils that formed dense basket-like webbing inside the aneurysmal sac 

were introduced. Although these coils efficiently aided thrombosis, there can be 

complications such as unintentional parent vessel occlusion. Furthermore, a lack of any 
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neck structures in wide-necked and fusiform aneurysms make coil placement very 

tenuous.  

1.4.3 Flow Diverter Treatment 

 

The concept of using flow diverters (FD) as a treatment for cerebral aneurysms is fairly 

new and was proposed by Higashida et al in the 1990s, wherein a fusiform aneurysm on 

basilar artery was treated using a coronary stent. FD’s are tubular implants of densely 

braided wires, which reduce the risk of the aneurysm using a multi-faceted mechanism. 

Theoretically, FD’s are devices that promote endoluminal reconstruction instead of 

endosaccular filling. The mechanism in which the flow diverters work consists mainly of 

three stages: flow stagnation, transient thrombosis, and neointimal remodeling. 

Flow Disruption: The placement of the FD across the neck of the aneurysm reroutes the 

blood flow and reduces the radial in-flow towards the aneurysmal sac. This is an 

immediate effect after the placement of the FD. This disruption in flow decreases the 

velocity, vorticity and wall shear stress (WSS) inside the sac, which in turn lowers the risk 

of rupture. Although the flow is curtailed, the aneurysm tissue and the adjoining 

perforating arteries can continue to access the nutrient from the parent artery due to the 

porous nature of the stents. 
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Thrombosis of diseased tissue: After the flow is disrupted, FDs lead to changes in 

aneurysmal hemodynamics that promote thrombosis, which eventually occludes the 

aneurysm from circulation.  The occlusion takes the course for a period of a few months 

after which the endoluminal layer forms over the stents reconstructing the parent tissue.  

Neointimal Modeling: The final stage occurs after complete occlusion of the aneurysmal 

tissue. In this stage, the endothelialization occurs on the device mesh, which acts as a 

scaffold. Furthermore, the occluded tissue is dissolved in the surrounding tissue and the 

aneurysm is eventually resorbed. 

However, there are a few drawbacks with using FD as the treatment for cerebral 

aneurysms. Perforator occlusion, in-stent thrombosis, perianeurysmal edema, and 

delayed hemorrhages are some of the risks associated with FD’s (Alderazi et al., 2014). 

Moreover, a monitored and tailored antiplatelet therapy is mandatory, potentially for an 

indefinite amount of time.   
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1.5 Hemodynamics of Cerebral Aneurysms  

 

Among the physiological and morphological factors, hemodynamics are the main 

predictors of aneurysm formation and rupture. Hemodynamic studies investigate the 

blood flow dynamics, taking into consideration the physical laws that govern the blood 

flow in arteries. The two key hemodynamic factors are velocity and pressure. Increase in 

velocity increases the WSS on the arterial walls, which can cause damage to the 

vasculature. Increase in pressure, which is medically termed as hypertension, is one of 

the major diagnoses for aneurysm formation and consequently a stroke. Over the years, 

various studies have been conducted to better understand the hemodynamics involved 

in initiation, growth, rupture, and treatment effectiveness related to cerebral aneurysms 

(Alkhalili et al., 2018; Chung & Cebral, 2014). Most commonly investigated hemodynamic 

parameters are viscosity and composition of blood, flow velocity, volumetric flow rate 

and intra-aneurysmal pressure (Castro, Akan, Kim, & Souftas, 2013). Moreover, studies 

have also been conducted using Non-Newtonian blood flow, gravitational forces, steady 

and pulsatile flows, and elasticity of parent vessel walls (Coussement et al., 2016; Mach, 

Sherif, Windberger, Plasenzotti, & Gruber, 2016; Torii, Oshima, Kobayashi, Takagi, & 

Tezduyar, 2007). 

The effectiveness of flow diverters and their impact on aneurysms has been heavily 

researched. People have investigated the influence of flow diverters in terms of porosity, 

strut width, strut shape, parent morphology, and various other aspects. Flow patterns, 
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velocity, pressure and their derived quantities such as WSS reduction, Relative residual 

time (RRT), vorticity and oscillatory shear index (OSI) are a few of the parameters 

commonly evaluated to ascertain the efficient working of the FD’s. OSI is a dimensionless 

metric that characterizes the alignment of the wall shear stress vector with the transverse 

wall shear stress vector throughout the cardiac cycle. Whereas, RRT demonstrates the 

residence time of the fluid particles adjacent to the wall, which when increased, increases 

the particle deposition and inflammatory response in that area (Riccardello et al., 2018). 

In general, FDs divert the flow away from the aneurysm and that in turn reduces the 

velocity of flow in the sac, which results in a reduction of wall shear stress (WSS) at the 

wall. Moreover, studies concluding reduction in RRT, OSI and vorticity due to FD’s have 

also been reported (Lv et al., 2018; Zhao et al., 2017).
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1.6 Tortuosity of Cerebral Vasculature 

 

1.6.1 Importance of studying tortuosity 

 

Morphology of aneurysms has been determined to be a significant determinant for varied 

hemodynamic patterns in the aneurysm geometry by several studies (Skodvin, Johnsen, 

Gjertsen, Isaksen, & Sorteberg, 2017). Investigations have been conducted on the 

influence of aneurysm shape, size, and the angle of flow. However, the morphology of the 

parent vessel and specifically tortuosity of the parent vessel is one of the morphological 

parameters which hasn’t been explored much. The curvature of vessels in cerebral 

vasculature often results in malposition of the FDs and can cause inefficient performance 

even when correctly positioned. The porosity of the device also varies from the one 

envisioned during implantation. In a computational study using a varying radius of 

curvature, (Meng et al. (2006) observed that as the curvature of the parent vessel 

increases, the flow changes from a shear driven one to an inertial flow of higher velocity, 

which is directed towards the aneurysmal cavity. Furthermore, the region of WSS on the 

distal wall of the sac increases, which might trigger an early rupture. The magnitudes of 

velocity and vorticity were also determined to be three to four times higher in the inertial 

flow model than the shear driven flow model in PIV studies (Augsburger et al., 2009). It 

was also discerned that the velocity reduction and vorticity reduction in tortuous arteries 

after placement of FD’s are not as efficient as in the straight ones (Kim, Taulbee, Tremmel, 

& Meng, 2008).
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1.6.2 Internal Carotid Artery as a study model 

 

In a study by Pia (1980) regarding large aneurysms, in all of the cerebral circulation, about 

50 percent of giant aneurysms were situated on the internal carotid artery. Giant 

aneurysms (Sac diameter > 2.5mm) are often symptomatic and can easily be diagnosed 

by angiography. The large diameter and dome-to-neck ratio of these aneurysms make 

them the best candidates for flow diversion treatment. Moreover, Passerini et al. (2012) 

observed the association of ICA arterial bends of ICA with the increased risk of rupture. 

Furthermore, Kliś, Krzyżewski, Kwinta, Stachura, & Gąsowski (2019) and Lauric, 

Hippelheuser, Safain, & Malek (2014) correlated ICA geometry with the development and 

presence of aneurysms. The ICA geometry consists of various segments as classified by 

Bouthillier, but the cavernous segment is the one with a maximum number of bends. Fig 

3 shows a schematic of the internal carotid artery (Gilroy, MacPherson, & Ross, 2008). 

The cavernous segment of ICA extends from the petrolingual ligament to the dural ring in 

a characteristic S shape defined by two distinct bends: anterior genu, and posterior genu, 

connected by a horizontal segment. This S shape is commonly referred to as the carotid 

siphon and has angles ranging upwards of 90˚. Furthermore, the S-shaped Carotid in itself 

is classified to have varied shapes such as the U shape, V shape, C shape, and an arc shape 

as shown in Fig 4 (Lin et al., 2015; Pu et al., 2012). The highly tortuous nature of ICA and 

the precedence of being susceptible to aneurysm formation make it an appropriate 

candidate for studying the effect of tortuosity. 
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Figure 3: Schematic of an Internal Carotid Artery. (Gilroy, Anne M, Brian R. MacPherson, and Lawrence 
M. Ross. Atlas of Anatomy. Stuttgart: Thieme, 2008) 

Figure 4: Different shapes of carotid siphon (Pu et al., 2012) 
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1.7 Thesis Motivation, objective and structure of the report 

 

The motivation behind this work was the creation of novel, solid, microfabricated, 

rectangular, high aspect-ratio (AR) Flow diverter designed by Ryan Peck (Biomedical 

Microdevices Laboratory, University of California, Riverside). Furthermore, a report by 

Benjamin Sommerkorn (Biomedical Microdevices Laboratory, University of California, 

Riverside) demonstrated comparably better flow reduction by these struts compared to 

the state-of-the-art pipeline embolization devices.  

This report is an attempt at further strengthening the conclusion conferred from the 

aforementioned studies by implementing the high aspect ratio FD devices in different 

parent morphology. The said tortuous morphology has proven to diminish the 

performance of FD devices considerably. The objective of this report is twofold: 

1. Quantifying the changes in aneurysmal hemodynamics due to tortuosity in the parent 

artery. 

2. Validating the amount of flow reduction of high aspect-ratio struts in tortuous parent 

morphologies. 
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The thesis primarily contains five chapters as explained. Chapter 1 “Introduction” contains 

background information regarding the epidemiology, classification, and treatments for 

cerebral aneurysms. Chapter 2 “Background on Computational Fluid Dynamics” gives 

comprehensive information on the CFD approach used in this study. Chapter 3 

“Methodology” describes the geometry and physical parameters used for the problem. 

Chapter 4 “Results and Discussion” illustrates the objectives of the thesis and finally 

Chapter 5 “Conclusion and Future Direction” discusses the limitations of this study and 

presents ideas for further research. 
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2. BACKGROUND ON COMPUTATIONAL FLUID DYNAMICS
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2.1. Introduction 

 

Computational Fluid Dynamics (CFD) is a numerical approach for simulating fluid flows, 

which provides a non-invasive way of predicting the effect of flow diverters on the local 

hemodynamics in the aneurysmal sac and the parent vessel. A CFD analysis is carried out 

in the following three steps: 

1. Pre-processing – Firstly, the geometry of the model is established using an inbuilt 

application (Design Modeler, in this study) and boundaries such as walls, interiors, 

inlets, and outlets are defined. The domain is then discretized into a finite number of 

control volumes or elements, using a computational grid called the mesh. The mesh 

is then imported to ANSYS FLUENT, where the properties of the fluid (viscosity, 

density) and the boundary conditions such as inlet velocity and mass flow rate are 

defined. 

2. Processing – Based on the input parameters FLUENT implements the governing 

equations on individual control volumes and algebraic equations for dependent 

variables such as velocities and pressure are formulated. The discretized governing 

equations are linearized, and solution of the resultant linear equation system yields 

updated values of velocity and pressure fields. 
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3. Post-processing – Once the processor generates the flow fields, they are exported to 

data processors (CFD-Post, Excel) to generate plots and contours for better 

understanding the flow in the domain. These stages are explained in detail in this 

chapter. 

2.2. Meshing, Residual Convergence, and Mesh Independence 

 

In ANSYS Mesher, a continuous domain in any problem is discretized into finite control 

volumes called elements. These elements together form a grid-like structure commonly 

termed as a mesh.  The fluid flow variables are applied to all the grid points in a discretized 

domain as in Fig 5 (ANSYS Fluent Tutorial Guide, 2015). 

 

 

A mesh can be uniform (all elements have the same geometry and dimensions) or a non-

uniform depending on the geometry that is used. A 2D mesh can have triangular, 

quadratic elements or a combination of both. Similarly, a 3D mesh can have a hexahedral, 

tetrahedral, pyramid, wedge, and polyhedral elements. Furthermore, the mesh elements 

can be linear, quadratic (mostly preferred) or hybrid configuration as in Fig 6. Quadratic 

Figure 5: Discretization of flow domain in finite elements. (ANSYS Fluent Tutorial Guide, 2015) 
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elements provide a greater number of nodes with the same number of elements as in the 

linear configuration, and in turn, produce a better quality of results at small mesh 

volumes. The governing equations of mass and momentum are applied at the nodes of 

these elements. 

 

 

For all the meshes, combinations of different parameters such as cell size, mesh volume, 

mesh resolution, and orthogonal quality are evaluated. Mesh size or volume can be 

controlled using features such as element size and element inflation. 

After meshing, the continuity of the flow across subdomains must be ensured for accurate 

results. One of the ways to ascertain the continuity of the flow is monitoring the residual 

convergence. Residuals signify the local imbalances of the conserved field variables such 

as mass and momentum in the discretized control volumes. The convergence history is 

saved by the solver by computing and storing the residual sum of the conserved variables 

at the end of each iteration (ANSYS Fluent Tutorial Guide, 2015). Therefore, the solution 

is more accurate when the residuals are low, and the solution is converged. 

Figure 6: (a) Linear isoparametric, (b) Linear isoparametric with extra shapes and (c) 
Quadratic (ANSYS Fluent Tutorial Guide, 2015) 
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Finally, a mesh is said to be accurate when the solver provides results using a minimum 

number of elements and the results are independent of the volume (mesh size). Hence, 

mesh independence studies are conducted to ensure that the results of the simulation 

are independent of mesh size. In the mesh independence study, one of the outputs is 

compared across varying mesh size. The mesh size is usually double that of the previous 

equation and the outputs are compared until the variation in the value of the output is 

under the desired error margin. 

2.3. Background on Ansys FLUENT 

 

Ansys FLUENT is a finite volume-based solver that uses a pressure-based approach for low 

speed and incompressible flows. In this approach, the pressure and velocity fields are 

obtained by solving the conservation of mass and momentum equations. The equations 

for continuity and conservation of momentum in an inertial (non-accelerating) reference 

frame are as follows:  

Conservation of mass - Continuity equation: 

𝜕𝜌

𝜕𝑡
+  ∇. (𝜌�⃗�) = 0                                                                                                                                                           (1) 

Where 𝑣 is the fluid velocity and 𝜌 is the density.  

Conservation of momentum equation: 

𝜕

𝜕𝑡
(𝜌�⃗�) +  �⃗� ⋅ ∇�⃗� =  −∇𝑝 +  ∇ ⋅ (𝜏̿) +  𝜌�⃗� + �⃗�                                                                                            (2) 
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Where 𝑣 is the fluid velocity, 𝜌 is the density, 𝑝 is the static pressure, 𝜏̿ is the tress tensor, 

𝜌�⃗� is the gravitational force and �⃗� takes into account the external body forces.  

The Integral form of conservation of mass used over the control volume of each cell is: 

𝑑

𝑑𝑡
∭ 𝜌 𝑑𝑉

𝑉
=  − ∯ 𝜌�⃗� ∙

𝐴
�̂� 𝑑𝐴                                                                                                      (3) 

Where the term on the left denotes the rate of change of mass and the term on the right 

is the net inflow of mass. 

Applying Gauss’s theorem, 

∭ [
𝜕𝜌

𝜕𝑡
+  ∇ ∙ (𝜌�⃗�)]  𝑑𝑉

𝑉
= 0                                                                                                       (4) 

Similarly, the Integral form of conservation of momentum used over the control volume 

of each cell is: 

𝑑

𝑑𝑡
∭ 𝜌�⃗� 𝑑𝑉

𝑉
+  ∯ 𝜌 (�⃗� ∙

𝐴
�̂�) �⃗� 𝑑𝐴 =  − ∯ 𝑃

𝐴
�̂� 𝑑𝐴 +  ∭ 𝜌�⃗� 𝑑𝑉

𝑉
+  �⃗�                              (5) 

 

Applying Gauss’s theorem, the 𝑥 component of integral conservation of momentum can 

be written as, 

∭ [
𝜕𝜌𝑢

𝜕𝑡
+ ∇ ∙  (𝜌𝑢�⃗�) +  

𝜕𝑃

𝜕𝑥
−  𝜌𝑔𝑥 − 𝐹𝑥]  𝑑𝑉

𝑉
= 0                                                                   (6)                                       

 

 

Rate of change 

of momentum 

Net inflow of 

momentum 

Total pressure Total body 

forces 
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Lastly, the stress tensor is calculated as follows: 

𝜏̿ =  𝜇 [(∇�⃗� +  ∇�⃗�𝑇) −  
2

3
∇ ⋅ �⃗�𝐼]                                                                                                                              (7) 

Where 𝜇 is the molecular viscosity, 𝐼 is the unit tensor, and the second term on the right-

hand side is the effect of volume dilation. 

Although velocity field is derived directly from the momentum equation, the pressure 

fields are obtained by solving pressure or pressure correction equations. 

These pressure equations are integral forms of the steady-state continuity and 

momentum equations as shown below: 

∮ 𝜌 �⃗� ⋅ 𝑑𝐴 = 0                                                                                                                                                             (8) 

∮ 𝜌 �⃗��⃗� ⋅ 𝑑𝐴 =  − ∮ 𝑝𝐼 ⋅ 𝑑𝐴 +  ∮ 𝜏̿ ⋅ 𝑑𝐴 + ∫ �⃗�
𝑉

𝑑𝑉                                                                      (9) 

Where 𝑣 is the fluid velocity, 𝜌 is the density, 𝑝 is the static pressure, 𝜏̿ is the tress tensor, 

𝐼 is the unit tensor and �⃗� takes into account the external body forces.  

2.4. Post Processing 

 

The final step of any CFD analysis is the visualization of the output variables. The results 

obtained from the results are plotted in terms of contour plots, vector plots or streamlines 

for a better understanding of the flow fields.
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3. METHODOLOGY
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3.1 Parent Vessel and Aneurysm Geometry  

 

The recent trend in CFD studies is to use patient-specific models. Although, patient-

specific models seem to give a better insight on the hemodynamics in the real human 

body, determining the effect of specific geometric characteristics on the blood flow is 

difficult. Thus, a parametric study with an idealized geometry can better demonstrate the 

relationship between the geometric characteristics and the hemodynamics in the model. 

Fig 7 shows an idealized 2D model of a sidewall aneurysm on an internal carotid artery 

that was used in the CFD simulations. The model comprises of a circular aneurysmal sac 

of radius R = 3mm, neck width W = 4.5mm and neck height H = 1.5 mm. The diameter of 

the aneurysm used for the study was chosen based on literature that has shown an 

increased incidence of rupture (Jeong, Jung, Kim, Eun, & Jang, 2009). The dome-to-neck 

ratio of DNR = 1.33 was considered.  

Figure 7: Aneurysm, Parent Vessel and Stent Geometry. SW is held constant at .30mm while SH is varied. 
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Flow diverters have been commonly recommended for DNR’s less than 1.5 (Nelson et al., 

2011). The diameter of the parent vessel (D) is taken as 3 mm.  

Additionally, the parent length is extended to 10 times the vessel diameter on both sides, 

to ensure developed flow before entering the aneurysm. This geometry for the parent 

artery is consistent with Internal Carotid Artery, which has been known to have a high 

prevalence of aneurysms and more arterial bends than other arteries in the cerebral 

vasculature (Lin et al., 2015). For the tortuosity study the angle of curvature is altered 

from 0 – 180 degrees, as demonstrated in Fig 8. This range takes into consideration the 

curvature of most of the arterial bends in ICA. Additionally, keeping the arc length fixed 

enables quantification of the effect of the angle of curvature over a fixed segment size. 

Figure 8: Ideal geometry of parent vessel with varying angle of tortuosity. 
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3.2 Stent Geometry 

 

Rectangular struts are considered for this study as shown in Fig 6. It has been seen that 

modifying the width of the struts decreases the porosity but has a negligible effect on 

aneurysmal vorticity reduction (Xu & Lee, 2009). Consequentially, previous studies 

conducted in our lab showed that altering the height of the struts provides efficient 

velocity and vorticity reductions (Peck, 2015). Thus, in this study, the width of the strut 

(SW) is kept constant at 0.03mm and the strut height (SH) is varied from 0.015 mm to 

0.09mm. Furthermore, the results for each strut height have been computed for 60%, 

70%, 80%, and 90% porosities. The porosity was altered by changing the gap size between 

the struts as well as the number of struts covering the neck. 

3.3 Meshing & Mesh Independence 

 

Mesh volume of 20 thousand and 200 thousand elements was generated for the 

unstented and stented case respectively. The mesh volume was manipulated using mesh 

controls such as element size and inflation. Furthermore, the inflation controller was set 

to 5 layers along the wall, which increases the accuracy of boundary results such as WSS. 

Finally, the mesh was set to have hybrid elements (linear and quadratic) for more accurate 

results. 

It is important in a computational fluid dynamic study to ascertain that the results are 

independent of the mesh size. Hence, a mesh independence study was conducted by 

increasing the mesh size while gradually decreasing the element size from 0.5 mm to 
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0.03mm. The mesh independence was compared against the intra-aneurysmal velocity. 

The simulation was considered mesh independent when the residuals were below 1 ×

10−6, which is three orders of magnitude lower than the magnitudes of velocity, 

measured in this simulation. An accuracy of 5% or less was reached. 

3.4 Boundary Conditions for the CFD simulation 

 

Blood is modeled as a Newtonian fluid with dynamic viscosity µ = 3.5 cP and density ρ = 

1060 kg/m3. Although blood is known to display Non-Newtonian properties, it is only in 

the region where hematocrit is high. This region is typically observed in microcirculation 

where the diameter of the vessel approaches the length scale of blood-borne cells. The 

diameter of the vessel considered in this study does not fall in this submillimeter scale. 

The blood flow is modeled as laminar and incompressible as the Reynolds number (𝑅𝑒 =

 𝜌𝑉𝐿/𝜇), is small in the cerebral vasculature. All these parameters mentioned, are widely 

used in the computational modeling of similar studies. A volumetric flow rate of 257 ± 48 

mL/min was considered based on the flow in ICA geometry (Zarrinkoob et al., 2015). 

Corresponding to this volumetric flow rate, an inlet steady-state flow velocity of 0.606 

m/s was calculated. A steady-state model with mean volumetric flow rate at peak systole 

can be considered as the Womersley number, 𝛼 = 𝑅√𝜔𝜌/𝜇 , in the cerebral vasculature 

is close to unity. Wormersley number is a dimensionless number that relates the pulsatile 

flow frequency to viscous effects in the modelling of blood circulation. 

https://en.wikipedia.org/wiki/Pulsatile_flow
https://en.wikipedia.org/wiki/Pulsatile_flow
https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Viscosity
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No-slip boundary conditions are applied to the wall and the outlet is set to zero gauge 

pressure. Considering all the boundary conditions the equations mentioned in section 

(2.3) can be modified as follows: 

Conservation of mass - Continuity equation: 

∇. 𝑣 = 0                                                                                                                                                           (1) 

Conservation of momentum equation: 

𝜌 (
𝜕𝑣

𝜕𝑡
+  𝑣 ⋅ ∇𝑣) =  −∇𝑝 +  μ∇2𝑣                                                                                                                (2)
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4. RESULTS AND DISCUSSION
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This chapter demonstrates the results of the simulations in accordance with the problem 

formulation in the previous chapter. The angle of curvature of the parent vessel is varied 

as mentioned in the methodology to assess the effect of tortuosity on the intra-

aneurysmal hemodynamics, specifically average velocity, and average WSS. Furthermore, 

porosity and strut height of the stents are varied simultaneously to determine the 

influence of aspect-ratio (AR) and porosity on the aneurysmal hemodynamics.   

4.1 Aneurysmal Hemodynamics due to tortuosity in Parent Artery: Pre-Stenting 

 

Fig 9 shows the contour plots of velocity profile inside the aneurysmal sac of all the 

studied cases, wherein the direction of flow in the parent artery is from left to right. In all 

the cases, inlet flow impinges on the distal end of the sac. It can be seen that as the 

tortuosity increases from 0 to 180 degrees, the flow transits from shear driven flow to 

Figure 9: Contour Plot of velocity with increasing angle of tortuosity. As the angle of tortuosity increases, 
the flow becomes inertial then causing the larger part of the neck to be subjected to higher velocity. The 
formation of vortex as the angle increases signifies that the re-circulation increases with increase in angle 
of tortuosity. 
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inertia driven flow. These results are consistent with prior PIV studies by  Augsburger et 

al. (2009). Consequently, it can be seen in Fig 10 that the maximum velocity inside the sac 

increases as the tortuosity of the parent vessel increases, which is in accordance with the 

results from previous studies on the tortuosity of the parent vessel (Meng et al., 2006). 

The change in velocity is not noticeable until the angle reaches 45˚. The maximum velocity 

increases, until the angle of curvature, reaches 90˚ and then reduces back again. 

However, the maximum velocity in the case of 180˚ is still greater than that of the straight 

case. This suggests that the aneurysm is most vulnerable to rupture when the tortuosity 

of the parent vessel is 90˚. But, the average velocities decrease as the angle increases. 

The increase in the magnitude of the maximum velocity implies the change of flow from 

shear driven to inertia driven. Fig 10 compares the magnitudes of the velocities.
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Figure 10: Bar Graph depicting the difference in the magnitudes of Maximum velocity and Average 
velocity with increase in angle of tortuosity of the parent vessel. 
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In arterial blood flow, wall shear stress (WSS) is defined as the tangential force exerted by 

the blood on the arterial wall per unit area, in the direction of the local tangent plane 

(Katritsis et al., 2007). WSS is a function of velocity and viscosity of the fluid. In all the 

cases, flow inside the aneurysm sac results in elevated WSS. It is apparent from the trend 

in the velocity profile that the increase in the angle of tortuosity increases the maximum 

velocity in the sac and consequently the maximum wall shear stress (WSS). As the angle 

of curvature reaches 90˚, the WSS exerted on the sac wall increases and then reduces. 

This strengthens the fact that the aneurysm sac is more prone to rupture at higher 

curvatures of the parent vessel. The change in magnitude of WSS is depicted in Fig 11. 
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Figure 11: Bar Graph depicting the difference in the magnitudes of Maximum WSS and Average WSS with 
increase in angle of tortuosity of the parent vessel. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/artery-blood-flow
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4.2 Aneurysmal Hemodynamics due to tortuosity in Parent Artery – Post Stenting  

 

4.2.1 Velocity Reduction 

 

This section determines the effectiveness of the stents in terms of velocity reduction and 

WSS reduction. The strut height and porosity are varied simultaneously. The strut height 

ranges from 30 µm to 90 µm, while the width is kept constant at 30 µm. The porosity 

values range from 60% to 90%, with a 10% increase in each case. Fig 12 shows the contour 

plot for intra-aneurysmal velocity post-stenting in case of a straight parent vessel. Fig 13 

and Fig 14 show the contour plots for intra-aneurysmal velocities in the aneurysmal sac 

after deploying the stents in parent vessels with the angle of curvature 90˚ and 180˚, 

respectively.  

The rows represent a change in the velocity of blood flow inside the aneurysmal sac, with 

respect to increase in the strut height. The columns represent the change with respect to 

increasing porosity. It can be seen from the contour plots that after deployment of the 

stents the flow stops impinging on the distal wall of the aneurysmal sac. It is regulated to 

a proximal-to-distal direction of flow with a more distributed flow profile and the velocity 

of the flow inside the aneurysm reduces comparably. Even when the porosity of the stent 

increases and the flow starts following the pattern as in the unstented case, the velocity 

of the flow is significantly reduced. This indicates that with an increase in strut height the 

velocity reduction is significantly higher, in case of all the FD porosities.  
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Furthermore, the area at which the flow impinges at the distal wall decreases as the strut 

height increases. This indicates the reduction in WSS area and thus reduces the risk of 

rupture of the aneurysm. The trend of velocity reduction is the same in both the tortuous 

cases as in the straight vessel. But the effect of velocity reduction is slightly lower in the 

tortuous cases, considering the inertial inlet flow due to the curvature of the artery. The 

comparison of magnitudes of velocity reduction is further explained in section 4.3.
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Figure 12: Velocity reduction in the aneurysm sac after deployment of FD in a straight parent vessel. As the 
strut height increases, the velocity profile shows longitudinal flow distribution across the stent and the flow 
stops impinging on the distal wall. Same is the case when the porosity of the stent increases.  
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Figure 13: Velocity reduction in the aneurysm sac after deployment of FD in a tortuous parent vessel with 
angle of curvature of 90˚. As the strut height increases, the velocity profile shows longitudinal flow 
distribution across the stent and the flow stops impinging on the distal wall. This is also the case when 
the porosity of the stent increases.   
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Figure 14: Velocity reduction in the aneurysm sac after deployment of FD in a tortuous parent vessel with 
angle of curvature of 180˚. As the strut height increases, the velocity profile shows longitudinal flow 
distribution across the stent and the flow stops impinging on the distal wall. This is also the case when the 
porosity of the stent increases. 
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4.2.2 Recirculation  

 

In the case of aneurysmal hemodynamics, the streamlines make it easier to visualize the 

position of the vortex and in turn the recirculation of blood inside the aneurysm sac. Fig 

15 represents streamline plots of the flow inside the aneurysm sac in the case of the 

straight parent vessel. Fig 16 and 17 are the streamline plots for visualizing the vortex in 

the aneurysmal sac after deploying the stents, in parent vessels with the angle of 

curvature 90˚ and 180˚ respectively. The plots follow the same pattern as in section 4.2.1.  

As the strut heights increase, the vortex in the sac reduces, which ensures that the 

recirculation of blood inside the sac reduces. When the porosity of the stents increases, 

the vorticity inside the aneurysmal sac increases. For taller struts, even with higher 

porosities, the dimension of the vortex is smaller. This ensures lesser recirculation inside 

the sac. The decrease in re-circulation aids in thrombosis of the diseased tissue. This 

indicates that taller struts reduce more flow than smaller ones.  

The same trends can be seen in the tortuous cases as in the straight parent vessel. The 

vortex shifts from the distal side of the aneurysm sac to the proximal side, and the area 

of vortex reduces as the porosity reduces and the strut height increases. Similar to the 

velocity reduction, it can be seen that the intra-aneurysmal recirculation in the tortuous 

cases does not reduce as much as in the straight case. But, it can also be noted that the 

stents with taller struts do reduce the recirculation in the tortuous cases. 
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Figure 15:  Streamline plot of flow in the aneurysm sac after deployment of FD in a straight parent artery. 
As the SH increases the vortex inside the aneurysm decreases which indicates reduction of recirculation 
inside the aneurysmal sac. The results are similar even with increase in the porosity of the stents. 
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Figure 16: Streamline plot of flow in the aneurysm sac after deployment of FD in a tortuous parent vessel 
with angle of curvature of 90˚. As the SH increases the vortex inside the aneurysm decreases which 
indicates reduction of recirculation inside the aneurysmal sac. The results are similar even with increase 
in the porosity of the stents. 
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Figure 17: Streamline plot of flow in the aneurysm sac after deployment of FD in a tortuous parent vessel 
with angle of curvature of 90˚. As the SH increases the vortex inside the aneurysm decreases which 
indicates reduction of recirculation inside the aneurysmal sac. The results are similar even with increase 
in the porosity of the stents.  
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4.3 Effect of Strut Height on Flow Diversion 

 

4.3.1 Velocity Reduction 

 

The effectiveness of the FD can be measured in terms of velocity reduction after 

deployment of the FD. A decrease in velocity increases the thrombosis inside the 

aneurysmal sac. Moreover, reduction in velocity lowers the risk of rupture of the 

aneurysm. Velocity reduction in the aneurysmal sac is expressed as a percentage as given 

below: 

 ∆𝑉 = (
�̅�𝑈𝑆 − �̅�𝑆

�̅�𝑈𝑆
) × 100 , 

Where, �̅�𝑈𝑆 and �̅�𝑆 are the magnitudes of area weighted average velocities in the 

aneurysmal sac in unstented and stented cases respectively. 

 Fig 18 (a), 18 (b), and 18 (c) display the graphs comparing the magnitude of velocity 

reduction in the sac, at aspect ratio 1/3, 1, and 3 respectively. Each graph compares the 

velocity reduction with respect to an increase in the porosity and angle of curvature.  

As the strut height and in turn the aspect ratio increases the velocity reduction increases. 

It can be seen, that the velocity reduction is better in case of the struts with aspect ratio 

3 than that of the struts with aspect ratio 1/3. The same is true even in the case of higher 

porosities. Although there is a noticeable difference between the straight and the 

tortuous case, taller struts are seen to provide more flow reduction in all the cases.  
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Figure 18: Percentage reduction of velocity in stents with aspect ratio (a) 1/3, (b) 1, and (c) 3. 
Graphs compare velocity reduction with respect to increasing porosities in each case. As the 
aspect ratio increases, the velocity reduction is greater even at higher porosities.  
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4.3.2 WSS Reduction  

 

Another parameter to measure the effectiveness of the FD is WSS reduction. The WSS 

reduction in the aneurysmal sac is expressed as a percentage as given below: 

 ∆𝑊𝑆𝑆 = (
𝑊𝑆𝑆̅̅ ̅̅ ̅̅ 𝑈𝑆 − 𝑊𝑆𝑆̅̅ ̅̅ ̅̅ 𝑆

𝑊𝑆𝑆̅̅ ̅̅ ̅̅ 𝑈𝑆
) × 100 , 

Where, 𝑊𝑆𝑆̅̅ ̅̅ ̅̅
𝑈𝑆 and 𝑊𝑆𝑆̅̅ ̅̅ ̅̅

𝑆 are the magnitudes of area weighted average WSS at the 

aneurysmal sac wall in unstented and stented case respectively. 

 Fig 19 (a), 19 (b), and 19 (c) display the comparison of WSS reduction in the sac at aspect 

ratio 1/3, 1 and 3 respectively. Each graph compares the WSS reduction with respect to 

an increasing porosity and angle of curvature.  

The magnitude of WSS is proportional to the velocity gradient near the wall. Thus, low 

WSS can be obtained at lower velocities. As the WSS at the aneurysmal wall decreases, 

the area at which the flow impinges on the distal wall of the aneurysm decreases. This 

reduces the risk of rupture of the aneurysm. As the strut height increases, the percentage 

reduction in WSS increases. The measure of WSS reduction decreases as the angle of 

tortuosity increases but it is apparent from the plots that the taller struts perform better 

even in the most tortuous cases. 
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Figure 19: Percentage reduction of WSS in stents with aspect ratio (a) 1/3, (b) 1, and (c) 3. 
Graphs compare WSS reduction with respect to increasing porosities in each case. As the 
aspect ratio increases, the WSS reduction is greater even at higher porosities. 
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5. CONCLUSION
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5.1 Concluding Remarks 

 

The main objective of this project was to investigate the effect of taller strut heights on 

the tortuous cerebral vasculature. For the same, intra-aneurysmal hemodynamics of 

saccular aneurysms on parent vessel with different tortuosities were computed. After 

which the intra-aneurysmal hemodynamics were quantified before and after placement 

of FD’s, wherein the strut height and the porosity was altered simultaneously.  

Maximum velocity inside the sac increases as the angle of curvature increases within 𝛼 ≤

 90˚ after which it reduces. However, taking in consideration that the flow is inertial as 

the angle of curvature increases, the velocity of flow inside the aneurysmal sac is greater 

in the range 90˚ < 𝛼 ≤ 180˚ than in the straight case. The weighted average velocity 

inside the sac decreases gradually as the angle of curvature of the parent vessel increases. 

Consequently, the results obtained for maximum and weighted average WSS follow the 

same pattern as the velocity.  

After deploying the FDs, the flow stops impinging on the distal wall and passes 

longitudinally over the device. The maximum, as well as the weighted average velocity 

inside the aneurysmal sac, decreases considerably. There is a considerable reduction in 

the maximum and average WSS as well. Although, the flow reduction decreases when the 

porosity increases, taller struts demonstrate better flow reduction compared to the 

shorter struts. The velocity and WSS reductions are more effective with an increase in the 

strut height even in the case of inertial flows and at all the porosities. The findings of this 
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simulation study suggest that increasing the height of the struts can be a plausible 

approach to achieve efficient flow reduction in varying parent geometries, specifically in 

terms of parent tortuosity. 

5.2 Limitations of the Study 

 

This study shows the potential of taller struts over the entire range of vessel curvatures 

based on the study on 2D steady state models. However, for a more accurate 

understanding of the flow phenomenon, studies on 3D models are recommended. 

Furthermore, ideal models may help in better understanding the complex flow 

phenomenon in the worst-case scenarios. CFD simulations are sensitive to even the 

minute topographic changes in the features of the geometry, thus, using clinically 

relevant patient-specific models would further reinforce the conclusions of this study.  

The study modeled blood as Newtonian and the flow as non-pulsatile. For an accurate 

comprehension of the aneurysmal hemodynamics, the Non-Newtonian aspect of the 

blood should be taken into consideration. Moreover, the pulsatility of the blood 

circulation is also one of the widely used parameters used in a lot of literature. Steady-

state is appropriate for estimating maximum values of mechanical parameters, but to 

predict more complex and transient behavior of the blood circulation (e.g. platelet 

deposition), pulsatility must be considered. Studies have used a generalized power law to 

inculcate the pulsatility of the blood flow in the simulations.  
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Finally, various geometric considerations such as elasticity of vessel walls and varying 

aneurysm geometry can be advised as the next step in further improving the study. For 

ease of sorting data, the diameter of the ICA model was taken as the average throughout 

its length. But, actual ICA geometry is tapered throughout its length. Studying the change 

in the hemodynamics of the blood vessel and consequently inside the aneurysmal sac as 

an effect of taper in the geometry would be an interesting problem to look into. 

5.3 Future Direction 

 

Conducting CFD studies for 3D models is computationally costly and is difficult on 

personal computers. Hence, a remote cluster is better suited to run 3D simulations while 

reducing the computational costs. Good quality of 3D patient-specific aneurysm images 

can be acquired from digital subtraction angiography and 3D rotational angiographic 

imaging. Using the patient-specific geometry would restrict the observation to those 

specific models but would take into consideration the minute details of the morphology 

of those models. The effect of morphological parameters such as the vessel taper and 

surface roughness in the vessel can be studied better with this approach. Applying a 

parabolic flow profile at the inlet instead of using longer parent vessel inlet and outlet 

lengths can further reduce the computational cost.  

The Non-Newtonian nature of blood is significant due to the shear thinning property of 

viscosity at certain shear rates (Berger & Jou, 2000). Blood can be modeled as Non-

Newtonian fluid by using the generalized power law model or the Carreau – Yasuda 
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model. The generalized power law model takes into consideration the shear thinning as 

well as the shear thickening behaviors of blood ((Johnston, Johnston, Corney, & Kilpatrick, 

2004). While the Carreau – Yasuda model uses viscosity functions which has finite value 

at both high and low shear (Siebert & Fodor, 2009).  

Finally, the effectiveness of the proposed taller struts can be verified for various aneurysm 

geometries such as fusiform aneurysms and saccular aneurysms at vessel bifurcations. 

Given that ICA geometry has a lot of perforator arteries, studies should also be considered 

using a perforator artery in the idealized models. An accumulation of all these parameters 

would help in better understanding FD as the treatment option for cerebral aneurysms.  
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