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Abstract 

There are a growing number of computational models of thrombosis in cerebral aneurysms designed 

with consideration towards clinical use and research. Many thrombosis models include complicated 

clotting mechanisms, which can be computationally expensive, and present a challenge to 

comprehensively validate in vitro due in part to the complexity of adequately measuring the ongoing 

interaction between flow and clot-growth; a key factor in predicting aneurysm-occlusion after surgical 

placement of a stent. 

To this end, a pulsatile-flow direct thrombosis-model has been developed towards use in a clinical 

environment to predict thrombosis outcomes in patient-specific cerebral aneurysm cases with and 

without a flow diverter, and is validated at each 0.05s timestep using a novel PIV-based (Particle Image 

Velocimetry) in vitro clotting flow experiment that simultaneously captures motion of a fibrin clot 

strand and surrounding flow within an idealized aneurysm flow vessel. 

The validated pulsatile-flow fibrin clot-model produces plausible clotting outcomes in each of the 

patient-specific cerebral aneurysm cases, with and without flow diverters, dependent upon the 

classification and size of cerebral aneurysm in question. The novel PIV-based in vitro clotting flow 

experiment demonstrates that fibrin clotting and flow may be measured simultaneously using PIV 

techniques.  

In cross-referencing the results of multiple simulations and flow experiments performed for this thesis 

with one another and to literature, the combined studies indicate two potentially important 

considerations for future direct thrombosis models of cerebral aneurysms. These include directional 

clot growth in accordance with the alignment of fibrin strands due to periodically high physiological 

flow rates, and the significance of the non-Newtonian features of blood for the modelling of 

physiological flow and wall boundaries in major cerebral arteries, although the results of a small 

sample of experiments is far from conclusive and further study in these areas is required. 
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1. Introduction 

1.1. Risk, Treatment, and Diagnosis of Unruptured Cerebral Aneurysms 

Cerebral aneurysms denote focal dilations within the cerebral arteries. The rupture of cerebral 

aneurysms precipitates subarachnoid hemorrhage, leading to the occurrence of hemorrhagic stroke 

and potentially ischemic stroke consequent to cerebral vasospasm [1]. 

Typical surgical interventions for the treatment of cerebral aneurysms encompass surgical clipping, 

endovascular coiling, and flow diversion techniques. Surgical clipping necessitates craniotomy for 

access to the aneurysm, enabling the placement of a metallic clip at its neck to impede blood ingress. 

Endovascular coiling entails the insertion of a catheter into an arterial vessel, which is then navigated 

to the site of the aneurysm, facilitating the deployment of a wire that coils within the aneurysmal sac, 

subsequently reinforced by the deployment of a stent or flow diverter to induce clot formation and 

sealing. Flow diversion employs a similar methodology, where a catheter is guided to position a flow 

diverter across the neck of an unruptured aneurysm, thus attenuating blood flow into the aneurysmal 

sac. Endovascular coiling is notably less invasive than surgical clipping and is deemed reasonably safe 

for patients presenting with either ruptured or unruptured aneurysms [2].  

The most precarious aspect of endovascular coiling pertains to the catheter insertion phase into the 

aneurysm, which entails a potential hazard of inadvertent aneurysm rupture. Consequently, exclusive 

utilization of a flow diverter represents an efficacious treatment modality, particularly in scenarios 

where alternative approaches encounter challenges [3]. When considering several meta analyses of 

ICA (Intracranial Cerebral Artery) aneurysm surgical intervention data, collectively spanning from 

three decades ago to the present, serious morbidity (including death and permanent dependency) for 

neurosurgical clipping and endovascular surgical interventions are 6% and 3%, respectively [4–6]. 

Invasive surgical interventions of unruptured aneurysms can reduce the risk of subarachnoid 

hemorrhaging, but carry risk of significant complications [4–8]. This presents a challenge with 

consideration that unruptured cerebral aneurysms are common in roughly 3% of the population, and 

are often asymptomatic with only a small proportion that rupture [9,10]. These factors coupled with 

the often-prohibitive expense of radiological imaging to the average patient limit consideration for 

screening of asymptomatic unruptured aneurysms primarily to those with comorbidities and family 

history of vascular and related diseases [10].  

Unruptured cerebral aneurysms are more prevalent in women than men, and significantly higher in 

people >30 years old by comparison to those <30 [9]. Even if most cerebral aneurysms do not develop 
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a risk of rupture, between 1 in 200 to 400 will [10]. While this accounts for only 5% of strokes, 

hemorrhagic stroke as a result of cerebral aneurysm rupture affects a relatively young cohort of the 

population by comparison to other diseases (>30 yrs) and has a case fatality of 50%, including 10 to 

15% of patients that die outside of a hospital [7,9,11–13]. 50% of survivors develop lifelong 

dependency, and of the 50% of survivors capable of maintaining independent lives, only 25% recover 

without neurological or psychosocial deficits [13,14].  

The complicated relationship between the potential for negative outcomes of surgical intervention 

and the uncommon but highly severe case of cerebral aneurysm rupture creates a dilemma of how 

best to approach treatment. Proactive screening and treatment of unruptured cerebral aneurysms is 

seemingly favorable, but surgical intervention carries a non-negligible risk of inadvertently inducing 

complications it is meant to prevent [10,11]. To date, consideration towards patient history and 

comorbidities paired with morphological factors of aneurysms such as location, size, shape, bottle-

neck factor, and aspect ratio are applied when gauging the necessity of treatment [10,15]. These 

items, however, are mostly qualitative in nature and are based on mean ranges derived from meta-

analyses of broadly categorized RCA cases that, importantly, may disagree with one another 

concerning morphological risk factors [10,15].  

Flow diverter devices are amongst the safest endovascular devices and are well-regarded for 

frequently producing complete occlusion, particularly in small (87%), large and giant aneurysms (95%) 

according to a study of 108 patients who underwent PED placement for ICA aneurysms [6,16–18]. This 

study demonstrates major ipsilateral stroke or neurologic death in 5.6% of patients at one year [17]. 

However, flow diverter device interventions  in less common types of aneurysms, such as distal and 

bifurcation aneurysms, yield varied occlusion and complication rates [18]. 

While consideration of morphological factors and patient history presents a natural starting point for 

determining aneurysm risk of rupture and endovascular treatment approach, in isolation it is a low-

resolution approach for predicting broad outcomes. The nature of a cerebral aneurysm is patient-

specific, and the variability between cases is not adequately accommodated by mean outcomes. 

To meaningfully minimize complications and improve clinical outcomes for cerebral aneurysm 

healthcare, accurate and precise predictions accounting for critical factors such as localized rheology 

and biochemistry on a patient-specific basis are required.  
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1.2. Thrombosis in Cerebral Aneurysms 

Thrombosis is a process characterized by the formation of blood clots within vasculature. Thrombosis 

exhibits a significant association with cerebral aneurysms and holds pivotal importance in determining 

the efficacy of endovascular interventions [1].  

Thrombosis can manifest irrespective of the rupture status of an aneurysm [19–21]. In cases where 

rupture has not transpired, thrombosis may lead to aneurysm stabilization. Conversely, thrombosis 

can also cause ischemic stroke, and potentially rupture resulting from inflammation as a result of 

endothelial dysfunction driven by aberrant flow patterns caused by a luminal thrombus [22]. These 

outcomes may ensue from either endogenous clot formation or induced clot formation facilitated by 

implanted devices [23]. 

Following vascular injury, Von Willebrand's factor (VWF) is released, prompting thrombin generation 

and facilitating platelet adhesion to the subendothelial collagen layer of the blood vessel [24,25]. In 

the context of cerebral aneurysms, significant sections of the vessel wall are damaged. This damage 

creates large areas of exposed subendothelial layer, which is ideal for clot initiation [26,27]. 

Endothelial restoration is facilitated through platelet recruitment to the site of vascular injury, thereby 

preventing further blood extravasation. The transportation and interaction of platelets near the 

injured vessel wall are influenced by a combination of blood cellular components and local 

hemodynamic conditions [28]. Thrombosis entails four distinct stages of platelet involvement: 

deposition, activation, adhesion, and aggregation [29]. During deposition, filaments are extruded from 

the injury site onto the surface of deposited platelets. Subsequently, the activation phase ensues, 

wherein interaction between the GP Ib platelet receptors and VWF leads to robust yet reversible 

adhesion facilitated by the activation of platelet integrin α_IIB β_3. The adhesion stage is 

characterized by significant growth of the platelet aggregate. Upon interaction with activated integrin, 

VWF fosters the establishment of irreversible bond adhesions, marking the adhesion phase. This 

culminates in the aggregation phase, where activated platelets further promote platelet recruitment, 

ultimately resulting in the formation of a platelet plug. 

Concurrently with platelet activity, a sequence of reactions referred to as the coagulation cascade 

unfolds, culminating in the generation of a fibrin mesh to fortify the platelet plug, which persists 

throughout the healing process. The coagulation cascade comprises of three stages; clot initiation, 

amplification, and propagation [30–32]. In the initiation phase, the injury site is exposed to tissue 

factor, triggering a subsequent reaction and yielding a small amount of thrombin[33]. This initiates 

the amplification phase, during which thrombin activates platelets, co-factor V, and co-factor VIII [31]. 

The propagation phase follows from the activation of these components, accelerating platelet 
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recruitment and thrombin production. Thrombin assumes a pivotal role in platelet activation and 

serves as a critical enzyme in the pathway leading to fibrin formation. Given that numerous 

coagulation reactions occur on platelet membranes, platelets also facilitate several vital enzyme-

mediated reactions crucial for fibrin mesh generation [34,35]. 

Substantial evidence indicates distinct thrombosis mechanisms within cerebral aneurysms compared 

to typical physiological clotting [23]. While blood-related factors, such as platelet involvement and 

interactions with coagulation proteins, remain largely consistent between both processes[30,36–39],  

thrombosis and physiological clotting differ regarding vascular endothelium and geometry-related 

local hemodynamics, which alter the initiation phase of the coagulation cascade [23,26,40]. 

Irrespective of the specific etiology, the initiation of clotting reactions leading to the formation of the 

fibrin mesh necessitates the involvement of tissue factor. Conjecture surrounds the source of tissue 

factor in thrombosis associated with cerebral aneurysms as differing from that in standard clotting 

[23,31,39,41–46]. For clotting initiation, tissue factor present in the subendothelium must typically be 

exposed, often resulting from vascular wall injuries. Notably however, extensive sections of the vessel 

wall in cerebral aneurysms lack a subendothelial layer [26]. Evidence suggests that in the absence of 

exposed subendothelium, endothelial damage within the aneurysm plays a significant role in initiating 

clot formation [27]. Research has validated the presence of blood-borne tissue factor involved in 

clotting processes [47–49]. Consensus holds that this circulating tissue factor exerts its effects in 

response to abnormal stimuli, although the precise role of tissue factor remains a subject of 

speculation [23,33,44,49–52]. The existence of this blood-borne tissue factor is significant, given that 

cerebral aneurysms create an environment characterized by complex hemodynamics and varying 

shear rates [53].  

The hemodynamic conditions and platelet dynamics within aneurysmal settings markedly deviate 

from those observed in physiological clotting scenarios. Platelet activation may arise in aberrant blood 

flow patterns and under conditions of elevated shear stress, as encountered in arterial stenosis 

induced by vascular diseases [54]. Within aneurysms, platelets are drawn to activated platelets, 

leading to the formation of platelet plugs. The prevalence of recirculation in this environment 

promotes a heightened presence of coagulation proteins, fostering an environment conducive to 

fibrin formation [53,55–57]. 

The hemodynamics and biochemistry involved in thrombosis play a crucial role in endovascular 

treatment outcomes for cerebral aneurysms and are a crucial consideration for accurate and precise 

prediction of patient-specific cerebral aneurysm interventions.  
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1.3. Direct Cerebral Aneurysm Thrombosis Models 

Direct thrombosis models utilize physiological models to predict clotting outcomes by integrating 

these models directly into their solutions. These physiological models mathematically delineate 

subsystems of the entire clotting process, thereby enabling direct thrombosis models to simulate clot 

growth directly and forecast the evolution of clot development [58]. 

In direct thrombosis models, local hemodynamics are integrated with components of physiological 

clotting [23]. These models directly consider activity involving either one or both blood platelets and 

surrounding biochemical reactions, enabling the prediction of clot growth based on local 

hemodynamics. Certain models incorporate the biomechanical characteristics of a developing clot, 

allowing the clot to have an effect surrounding flow and vice versa.  

One of the pioneering models in this category was proposed by Bedekar et al., which incorporates 

hemodynamic considerations within anatomically accurate aneurysm geometries derived from 

patient-specific data, while also integrating platelet activity and coagulation proteins [59]. This model 

is the first to amalgamate these factors within a realistic patient-derived geometry obtained from 

computed tomography angiography (CTA). Hemodynamics are modeled using the Navier-Stokes 

equations, while the shifting concentrations of coagulation and platelet species are captured through 

convection-diffusion-reaction equations. The platelet activity and coagulation protein reaction 

components of the model are based on an integrated physiological model developed by Sorenson et 

al. [60]. 

An influential computational model of thrombosis proposed by Ouared et al. is noteworthy for its 

innovative development of approaches applied within thrombosis potential models [61] Specifically, 

this model introduces a methodology whereby clot growth influences the flow field, and conversely, 

the flow field impacts clot growth. This is achieved through the implementation of a shear regulation 

mechanism, wherein the local shear rate is computed, and clotting is initiated when the shear rate 

falls below 100 𝑠−1. Following clot formation, the clot region solidifies, impeding flow passage. To 

model blood flow, a lattice Boltzmann numerical approach for hydrodynamics is employed, wherein 

force calculations are conducted based on particle movement and collisions within a discrete space-

time framework. 

Ngoepe et al. further extend the model originally proposed by Bedekar et al., incorporating 

biochemical reactions and hemodynamic factors within cerebral aneurysm geometries derived from 

patient angiography data [23,53,57,59]. This refined model encompasses the placement of flow 

diverter geometries, where clot growth is simulated by adjusting porosity and permeability 

parameters. Adjustments in momentum and continuity equations are made to account for variations 
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in porosity and permeability, distinguishing between blood plasma and the developing clot. A level-

set method is employed to track the expanding clot's surface, with clot initiation regulated by shear 

rate thresholds and thrombin concentration influencing clot growth. Consequently, Ngoepe et al.'s 

model enables the prediction of clotting outcomes before and after flow diverter placement [23,57]. 

Flow dynamics are governed by the Navier-Stokes equations, with blood modeled as a Newtonian, 

incompressible fluid of constant density and velocity. Protein transportation within the clot 

development area is altered by an effective diffusivity equation, which is derived from biochemical 

reaction and reaction rate equations sourced from previous models by Hockin et al. and Wagenvoord 

et al. [23,57,62,63].  

Ou et al. present a computational model predicting thrombus formation post-flow-diversion 

treatment [64]. This model addresses stasis-induced thrombosis, where an expression for blood-borne 

tissue factor is applied, and controls fibrin generation inside a flow-diverted aneurysm. Coagulation 

factors are modeled as a transport species, and its transport, generation and depletion are modeled 

by a convection-diffusion-reaction equation. Stable clot formation is assumed where fibrin 

concentration exceeds a threshold value. The computational results were validated using an 

experimental rat model with a ligated right common carotid artery, wherein a thrombus formed due 

to flow stasis, and fibrin distribution was measured. 

Sarrami-Foroushani et al. address a shortcoming in previous models and develop a computational 

model predicting thrombus stability and platelet composition [65]. This model couples a thrombosis 

model with a CFD model. Within the thrombosis model there are four coupled biochemical events 

that culminate in a clot of fibrin mesh and aggregated platelets; thrombin generation, fibrin 

generation, platelet activation, and platelet aggregation. This model also introduces a flow induced 

platelet index, indicating the difference in platelet concentration between a closed and open system, 

which is used to measure clot stability. The model is validated against PIV measurements in work by 

Gester et al., and presents similar clotting and platelet composition [66]. Sarrami-Foroushani et al. 

have further applied this model to predict flow diversion clotting outcomes in patient-specific cerebral 

aneurysms by comparison to real clotting outcomes [67]. 

Direct cerebral aneurysm thrombosis models are a promising tool for interventional planning of 

cerebral aneurysms. Towards this end, many direct thrombosis models apply reasonable assumptions 

to simplify boundary conditions, fluid properties, and biochemistry to offset high computation times. 

However, the required level of model detail for accurate prediction of patient-specific clotting 

outcomes is not clearly understood, arising from limitations towards evaluating model accuracy due 

to a near lack of suitable direct validation techniques [58,68]. As such there is a need for a 
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comprehensive method of direct validation for direct thrombosis models of cerebral aneurysms, such 

that model assumptions and clotting outcomes may be more adequately assessed. 

1.4. In Vitro Flow Experiments and Validation of Direct Thrombosis Models 

Particle image velocimetry (PIV) serves as a technique employed for the acquisition of instantaneous 

velocity vectors within a fluid in motion, constituting a method for the validation of computational 

flow models [69].  

This process involves the integration of microparticles into the fluid medium, which while traversing a 

transparent geometric space are captured across multiple images acquired rapidly by a stationary 

camera. To enhance the visibility of these microparticles relative to the surrounding fluid, a laser 

source is directed towards the transparent geometry within a controlled darkened environment, 

facilitating light reflection off the microparticles. Achieving precise spatial registration of the 

microparticles necessitates adjusting the refractive index of the fluid medium to match that of the 

transparent geometry. Subsequently, computational algorithms are applied to compare successive 

image pairs, enabling the determination of microparticle displacement over time, thereby yielding 

comprehensive velocity field representations. Given the capacity of high-quality microparticles to 

faithfully follow the flow-patterns of the fluid within which they are mixed, this methodology is 

generally esteemed for its high degree of accuracy [70]. 

PIV has been used to validate flow patterns simulated in thrombosis models [65,68,69,71]. Mulder et 

al. present a study of flow patterns in cerebral aneurysms based upon vortex identification, involving 

a CFD study and accompanying PIV validation study, which applies steady flow through a silicone 

idealized aneurysm flow phantom with a 30 wt% electrolyte solution of calcium chloride and 

magnesium chloride to minimize difference in refraction indices [69].  Gester et al. present an 

experiment wherein flow of a water-glycerol mixture mimicking the Newtonian fluid properties of 

blood is measured through an idealized aneurysm flow vessel with and without a flow diverter 

installed using PIV methods, which is then drained and replaced with blood so thrombus growth may 

be measured over the course of several hours using doppler sonography and inference can be made 

to determine the effects of flow upon clotting [68]. 

Clot validation and the effect of flow on biochemistry, however, are crucial concerns for thrombosis 

models. Towards this end, Clauser et al. present an experiment using a novel plasma-based PIV fluid 

to measure flow within an idealized aneurysm vessel to compare the effects of aneurysmal flow with 

and without a flow diverter installed and attempt to measure flow while inducing a clot, although the 

method of clot induction combined with the flow phantom material resulted in full occlusion of the 

vessel within seconds [72]. A flow experiment with similar characteristics is presented by Ngoepe et 
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al. to qualitatively measure the effects of steady flow on clot development in a macroscopic idealized 

cerebral aneurysm flow phantom, which is adapted from a geometry used by Mulder et al. and 

additive manufacturing and processing techniques by Ho et al. [69,73,74]. In this study, a fibrinogen-

saline solution is applied as the operating fluid under steady flow within the flow phantom, where 

thrombin-saline solution is injected from the top of the aneurysm and resulting fibrin clot growth is 

qualitatively measured under the steady flow conditions. Jimoh-Taiwo et al. apply the materials and 

methods of Ngoepe et al. to form a fibrin clot in a straight channel to validate clotting outcomes of a 

CFD mechano-chemical deep-vein thrombosis model [73,75].  

To date, there do not appear to be any in vitro validation experiments for macroscale vessels that can 

comprehensively validate direct thrombosis models via simultaneous capture of high-resolution flow 

and clot growth. However, the experiments by Clauser et al. and Ngoepe et al. indicate that this is 

possible [72,73]. This kind of experiment would present a valuable comprehensive validation tool for 

direct thrombosis models that addresses the impact of flow on clot development and vice versa, 

particularly as they relate to the many assumptions made for thrombosis models to simplify the 

modelling of blood in physiological flow. 

1.4.1. Modelling of Physiological Flow Patterns 
Pulsatile flow most accurately represents the periodic nature of blood flow in-vivo, and there are many 

models that directly link the volume and mass flow rate of blood to the rate of thrombin generation, 

fibrin deposition, and growth of thrombi [76]. Despite this, many computational cerebral aneurysm 

thrombosis models do not account for the effects of pulsatile flow. 

Pulsatile flow as it relates to clotting has been explored in experimental and computational flow 

models. Corbett et al. present a 2D CFD study applying varying pulsatility and velocity to a step-wall 

transition with varying height [77]. Blood is approximated as a non-Newtonian fluid, and the model is 

validated with an experimental flow-loop and demonstrates that flow stagnation decreases with 

increase in pulsatility. Hume & Tshimanga et al. present a validated flow model that demonstrates 

pulsatile flow has a significant effect on retention of clotting reagents within an idealized cerebral 

aneurysm, and that use of pulsatility over steady flow may alter clotting outcomes [71].  Study of this 

phenomenon as it relates to the non-Newtonian properties of human blood and its flow interaction 

with wall boundaries in macroscale vessels has yet to be explored in detail, however. 

1.4.2. Wall Boundary Conditions and Non-Newtonian Properties of Blood 
The no-slip condition was first proposed by Osborne Reynolds, and is applied to viscous fluids at solid 

boundaries, such that velocity approaches zero near them [78]. This standard assumption is 

considered to hold where adhesion forces are stronger than cohesion forces for fluid particles near a 
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fluid-solid interface, which is a standard consideration for the modelling of most Newtonian fluid flows 

[79].  

A no-slip wall boundary condition is used in many macroscale CFD thrombosis and clotting models and 

is a standard assumption in modelling flow that is considered applicable in most cases of laminar flow 

in sufficiently large and rough-walled vessels [57,64,65,71,75,77,80–89]. This is partially due to the 

Newtonian assumption for blood, which has been demonstrated to be a reasonable approximation 

for determining  distribution of wall shear stress in arteries, an important indicator for sites of clot 

development [90]. The Newtonian assumption for blood has also been demonstrated not to 

significantly alter flow patterns in cerebral aneurysms, though it may lead to the overprediction of 

wall shear stress [91,92]. 

Blood flow at the near-wall region is complex, and presents a significant challenge in hemodynamics 

modelling research [93,94]. Vahid et al. presents a sensitivity study of Newtonian and non-Newtonian 

rheological models, with varying flow profiles across different aneurysms; describing the near-wall 

region in terms of shear stress [93]. Ngwenya et al. explores vortical structures in cerebral aneurysms 

as they influence fibrin clot formation [95]. Mazzi et al. present a unified theory of cardiovascular flow 

disturbances at the blood-vessel wall interface by linking wall shear-stress and surface vortices [94].  

Full blood is a colloidal suspension that is a non-Newtonian shear-thinning fluid that is viscoelastic and 

thixotropic [96–99]. The no-slip condition is considered a questionable assumption by some for 

modelling non-Newtonian fluids such as blood, which demonstrates slip behavior at solid boundaries 

[86,100,101]. The non-Newtonian properties of blood are demonstrated to be significant for stenosed 

arteries and small vessels [102]. As such some small vessel models apply a partial-slip boundary 

condition, such that velocity at a fluid-solid interface is non-zero [103–106].  

However, there are a growing number of models demonstrating that some of these non-Newtonian 

effects are significant even in large vessels with predominantly high shear rates [83]. Slip can even 

occur for Newtonian fluids dependent upon flow rates and surface roughness [86,101]. While some 

of these properties have been explored in clotting of cerebral aneurysms, slip has not been explored 

in a macrovascular setting [91]. 

Given these factors, and a lack of high resolution in-vitro measurement of the non-Newtonian effects 

of human blood under physiological flow rates, there are grounds to explore the approximation of the 

no-slip condition for macroscale physiological flows. 
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2. Aims, Objectives, and Thesis Roadmap

Computational models of direct thrombosis of cerebral aneurysms have the potential to be powerful 

clinical diagnostic tools that can significantly reduce mortality and morbidity associated with 

endovascular treatment. However, direct validation of computational models of direct thrombosis 

presents a challenge due to a variety of factors. Blood analogs have been applied in PIV studies to 

validate flow, but they are nearly all inorganic, and there is an almost total lack of in vitro flow 

macroscale vessel experiments using full-blood or blood-derived fluids to evaluate the extent to which 

these blood analogs are fully representative of blood in a macrovascular flow environment. Inorganic 

blood analogs are furthermore incapable of directly validating clot growth, and critically there is a 

complete absence of macroscale in vitro flow experiments applying human blood-derived operating 

fluids containing human-derived clotting proteins important to the final stages of coagulation, 

wherein the development of a growing clot is measured simultaneously relative to a periodic 

physiologically accurate high-resolution flow field.  

The problem this introduces is two-fold.  It prevents direct assessment of real-time biochemical 

interactions as they relate to the surrounding physiological flow environment, and it also prevents 

direct assessment of common simplifications and assumptions for flow behavior, boundary conditions 

and fluid properties of blood in macro vessels under physiological flow.  This limits the potential to 

accurately validate flow distributions and the consequent clotting outcomes. 

With the aim of creating a direct thrombosis model that is directly validated in vitro, this thesis 

presents a direct thrombosis model and an accompanying validation in vitro flow clotting experiment 

to achieve the following objectives: 

1. Create a direct thrombosis model of cerebral aneurysms that predicts realistic clotting

outcomes in patient-specific aneurysm geometries with and without flow diverter

intervention under physiologically accurate flow conditions, using a porosity-based clotting

model activated dependent upon local shear rates and fibrin-concentration generated from a

reduced biochemical model of thrombin and fibrinogen.

2. Create a PIV-based idealized cerebral aneurysm in vitro flow experiment capable of using

fibrinogen-saline solution as an operating fluid, that can accurately capture flow fields under

physiological flow conditions simultaneously to fibrin clot growth induced by the addition of

a controlled injection of thrombin-saline solution.

3. Directly validate the direct thrombosis model of cerebral aneurysms with the PIV-based

idealized cerebral aneurysm in vitro flow experiment via a direct comparison of clotting and

flow.
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Importantly, the fluids applied for the PIV-based idealized cerebral aneurysm in vitro flow experiment 

described in the 2nd objective does not contain blood cells, platelets, or all of the proteins present in 

full-blood, but contains the proteins of critical to the final stages of coagulation for the formation of a 

fibrin clot; allowing direct base comparison to a computational thrombosis model clotting applying 

identical material properties and proteins.  

Given the scope of the aim and objectives, this thesis is broken down into three studies, each of which 

includes study-specific methodologies, results analysis, and comparison to literature. The first study 

explores the development and flow/clotting results of the PIV-based thrombin-fibrinogen in vitro flow 

experiment and its prototype PIV-based water-gelatin in vitro flow experiment. The second study 

presents validation simulations of the direct thrombosis model of cerebral aneurysms and a 

comparison of results to the PIV-based in vitro flow experiments of the first study. The third and final 

study applies the validated direct thrombosis model of cerebral aneurysms to predict clotting 

outcomes in patient-specific aneurysm geometries with and without flow diverter intervention.  

2.1. Thesis Roadmap 
For clarity, the overall structure of the thesis is the following: 

The dissertation consists of one PIV-based study and two CFD studies with slightly differing 

methodologies. An introduction is presented, followed by aims and objectives, a broad methodology, 

a chapter for each study, and conclusion.  

The broad methodology begins with a section describing the CFD methods common to both CFD 

studies, followed by a section concerning the PIV methods common to each experiment performed as 

part of the PIV-based study. The first study presented is the PIV-based study, followed by a CFD 

validation study, and a CFD prediction study. Each study is concluded by a section of discussion of 

results as they relate and compare to literature.  

The PIV-based study introduces a section for each experiment inclusive of experiment-specific 

methods, results and analysis.  

The CFD studies each introduce a section for study-specific methodology. The CFD validation study 

follows with two sections comparing CFD results to PIV-based experiment results. The CFD prediction 

study includes a results section for individual cases.  

The conclusion chapter summarizes the overall findings, implications, and overall contribution of the 

three studies. 
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3. Methodology

The computational model applied in this study is built upon a computational model applied in previous 

research as well as work by Ngoepe et al. and Jimoh-Taiwo et al. [57,71,75]. A pulsatile-flow direct 

thrombosis of cerebral aneurysms model has been created in ANSYS® Fluent using a transient-solution 

implicit pressure-based solver, wherein a series of aneurysm geometries are applied, with data-

derived pulsatile volumetric flow and pressure functions supplied at the inlet and outlet respectively. 

User-defined-scalars representing thrombin, fibrinogen, and fibrin concentrations are generated from 

the aneurysm, the velocity inlet, and the interaction between thrombin and fibrinogen, respectively. 

A Michaelis-Menten formulation is used to generate fibrin. A porosity function is activated and 

gradually increases in areas with sufficiently low shear rate and fibrin-concentration scalar value up 

to a threshold value. In porous areas where this threshold value is reached, viscous resistance 

increases drastically in that region, simulating the formation of a permanent clot. 

The flow experiments applied in this study are built upon a previous PIV validation experiment, as well 

as work performed by Ngoepe et al. and Jimoh-Taiwo et al. [71,73,75]. These flow experiments apply 

a PIV-based framework with certain design considerations to allow the measurement of a flow field 

simultaneously to monitoring the growth of a clot, or introduction of another substance into the flow 

field. Broadly, these experiments include an idealized cerebral aneurysm flow phantom, through 

which a fluid subject to a physiologically realistic periodic flow pattern is applied, wherein vector flow 

fields are captured throughout the duration of flow, during which time a substance is injected into the 

aneurysm via an injection port. 

3.1. CFD Methodology 

3.1.1. Computational Approach 
For simplicity, flow is considered Newtonian and incompressible. It is governed by the following 

Navier-Stokes derived transport equations: 

Mass Conservation Equation: 

∇ ∙ 𝑣⃗ = 0 (1) 

Momentum Conservation Equation: 

𝜌
𝜕𝑣⃗

𝜕𝑡
+ 𝜌𝑣⃗ ∙ ∇𝑣⃗ + ∇P = 𝜇∇2𝑣⃗

(2) 

Where 𝑣⃗ is a sample velocity vector, 𝜌 is the fluid density, 𝜇 is the dynamic fluid viscosity, and P is 

pressure. 
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ANSYS® Academic Research Fluent 2021 R2 is used to implement a porosity-based clotting model into 

a model developed by Hume & Tshimanga et al. [71]. Geometries are created and processed in 

SpaceClaim and meshed using ANSYS MESHING. The mesh is imported into ANSYS® Fluent, which 

calculates the solution using a transient pressure-based solver. ANSYS Post-Processer is used to 

analyse simulation results, compare them to one another, and results of relevant flow experiments 

and models in literature. 

3.1.2. ANSYS® Fluent Pressure-Based Solver Functionality and Settings 

3.1.2.1. Least-Squared Cell-Based Gradient Evaluation 

Gradients play a crucial role in a multitude of tasks, such as defining scalar values at cell faces, 

calculating velocity derivatives, and evaluating secondary diffusion terms. To achieve this, a least-

squares cell-based gradient approach is employed due to its comparable accuracy to alternative 

methods while requiring lower computational resources. In this approach, the solution is assumed to 

demonstrate linear variation between 𝑐0 and 𝑐𝑖 across 𝛿𝑟𝑖, which respectively represent the center 

of the cell under consideration, the center of an adjacent cell, and the vector distance between them 

[107]. 

Considering all cells surrounding a cell in question, the system is defined as the following: 

[𝐽](𝛻𝜙)𝑐0 = 𝛥𝜙 (3) 

Where: 

[𝐽] The coefficient matrix which is purely a function of geometry 

In the process of minimizing the system in a least-squares fashion, the primary aim is to ascertain the 

cell gradient. This task is accomplished through the Gram-Schmidt process, which disentangles the 

coefficient matrix and generates a set of weight matrices corresponding to each cell. Consequently, 

for each face of cell 𝑐0, three weight components are derived [107]. 

3.1.2.2. General Scalar Transport Equation 

The general transport equation is used to describe the conservation and movement of various physical 

quantities in flow. In ANSYS® Fluent, a method grounded in control volumes is utilized to transform 

the abstract scalar transport equation into a computationally solvable algebraic form. This process 

involves integrating the transport equation across a defined control volume, resulting in a discrete 

equation that encapsulates the conservation law centered on the control-volume framework [107]. 
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The general scalar transport equation is as follows: 

∫
𝜕𝜌𝜙

𝜕𝑡
𝑑𝑉

⬚

𝑉

+ ∮𝜌𝜙 𝑣⃗ ∙ 𝑑𝐴 = ∮Γ𝜙∇𝜙 ∙ 𝑑𝐴 + ∫ 𝑆𝜙𝑑𝑉
⬚

𝑉

(4) 

Where: 

𝜌 density 

𝜙 general variable 

𝑉 cell volume 

𝑣⃗ velocity vector 

𝐴 surface area vector 

Γ𝜙 diffusion coefficient of 𝜙 

∇𝜙 gradient of 𝜙 

𝑆𝜙 Source of 𝜙 per unit volume 

3.1.2.3. Standard Gradient Limiter 

Second-order upwind discretization schemes utilize gradient limiters to mitigate oscillations within 

the solution flow field, ensuring that the resulting behavior is more faithful to the true solution [107]. 

3.1.2.4. Momentum Equation 

The momentum equation is used to calculate the velocity field of the fluid. The time-dependent 

integral-form of the momentum equation for the pressure-based solver is represented as follows [107]. 

∫
𝜕𝜌𝑣⃗

𝜕𝑡
𝑑𝑉

⬚

𝑉

+ ∮𝜌𝑣⃗ 𝑣⃗ ∙ 𝑑𝐴 = −∮𝑝𝑰 ∙ 𝑑𝐴 + ∮ 𝜏̿ ∙ 𝑑𝐴 + ∫ 𝐹⃗
⬚

𝑉

𝑑𝑉 
(5) 

Where: 

𝑰 Identity Matrix 

𝜏̿ Stress Tensor 

𝐹⃗ Force Vector 

Gravity is considered across all cases as -9.81 m/s2 in the -y direction. 
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3.1.2.4.1. PRESTO! Pressure Interpolation Scheme 

Pressure interpolation is used to determine the pressure values at the cell faces in the computational 

domain from the pressure values at the cell centers. The PRESTO! (PREssure Staggering Option) 

pressure interpolation scheme is selected for its recommended use for flows involving porous media. 

PRESTO! applies a discrete continuity balance for a “staggered” control volume about the face to 

compute the face pressure [107]. 

3.1.2.5. PISO Pressure-Velocity Coupling 

The pressure-velocity coupling is necessary to couple the continuity and momentum equations such 

that mass is conserved. Face mass flux 𝐽𝑓 is applied to the continuity equation to derive an additional 

condition for pressure, thereby establishing a pressure-velocity coupling. Among the pressure-velocity 

coupling methodologies available in ANSYS® Fluent, the PISO algorithm emerges as particularly 

suitable for the present problem, notably advantageous for transient flow analyses, especially in 

scenarios where substantial time steps are preferred. Rooted in a predictor-corrector approach, the 

PISO algorithm belongs to the SIMPLE family of algorithms. [107]. 

The SIMPLE algorithm family of algorithms employs a relationship between corrections of velocity and 

pressure to impose mass conservation and acquire the pressure field [107]. 

If the momentum equation is solved with a guessed pressure field 𝑝∗, the face flux 𝐽𝑓
∗ is as follows: 

𝐽𝑓
∗ = 𝐽𝑓

∗ + 𝑑𝑓(𝑝𝑐0
∗ − 𝑝𝑐1

∗ ) (6)

The continuity equation cannot be satisfied by 𝐽𝑓
∗ alone, so a correction 𝐽𝑓

′  is added to output the 

corrected face flux 𝐽𝑓, and in turn satisfy the continuity equation. 

The corrected face flux is as follows: 

𝐽𝑓 = 𝐽𝑓
∗ + 𝐽𝑓

′ (7) 

Where the correction 𝐽𝑓
′  is as follows: 

𝐽𝑓
′ = 𝑑𝑓(𝑝𝑐0

′ − 𝑝𝑐1
′ ) (8) 

Where: 

𝑝′ cell pressure correction 

The coefficient 𝑑𝑓 is defined as a function of (𝑎𝑃 − ∑ 𝑎𝑛𝑏𝑛𝑏 )̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  for the SIMPLEC and PISO algorithms.

Modified in this way, the correction equation accelerates convergence where pressure-velocity 

coupling deters the acquisition of a solution [107]. 

The corrected face flux equation is substituted into the discrete continuity equation to yield a discrete 

equation for the pressure correction 𝑝′ in the cell [107]. 
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The pressure-correction equation is as follows: 

𝑎𝑃𝑝′ = ∑𝑎𝑛𝑏𝑝𝑛𝑏
′ +

𝑛𝑏

𝑏 (9) 

The net flow rate into the cell, 𝑏, is as follows: 

𝑏 = ∑ 𝐽𝑓
∗𝐴𝑓

𝑁𝑓𝑎𝑐𝑒𝑠

𝑓

 

(10) 

The pressure-correction equation is solved using the algebraic multigrid method, and followed by cell 

pressure and face flux correction. 

The corrected cell pressure is as follows: 

𝑝 = 𝑝∗ + 𝛼𝑝𝑝
′ (11) 

Where: 

 𝛼𝑝  under-relaxation factor for pressure. 

The corrected face flux equation is as follows: 

𝐽𝑓 = 𝐽𝑓
∗ + 𝑑𝑓(𝑝𝑐0

′ − 𝑝𝑐1
′ ) (12) 

The corrected face flux 𝐽𝑓 satisfies the discrete continuity equation identically during each iteration. 

3.1.2.5.1. Neighbor Correction 

The PISO algorithm transfers the iterative computations typically associated with SIMPLE/SIMPLEC 

into the solution phase of the pressure-correction equation. Following one or more iterations of these 

integrated PISO loops, the corrected velocities better fulfill the momentum and continuity equations. 

This mechanism, known as neighbor correction, maintains a default setting of 1, significantly reducing 

the iteration count necessary for convergence in transient scenarios [107]. 

3.1.2.5.2. Skewness Correction 

Skewness correction entails an iterative process employed to compute pressure-correction gradient 

components along cell faces. Following the initial solution computation for the pressure-correction 

equation, the pressure-correction gradient undergoes recalculation, and subsequently updates the 

mass flux corrections. This methodology is particularly advantageous in skewed meshes where the 

correlation between mass flux on cell faces and pressure corrections at neighboring cells is intricate, 

and where the values of pressure-correction gradient components along cell faces are not 

predetermined. By facilitating easier convergence with distorted meshes, skewness correction 

enhances computational efficiency [107]. 
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Due to the average skewness of the mesh being satisfactory, the default skewness correction value of 

1 was selected. 

3.1.2.5.3. Skewness-Neighbor Coupling 

Skewness-neighbor coupling is default enabled for the PISO scheme but is disabled for the model 

presented. This coupling causes the PISO algorithm to apply iterations for skewness correction for 

each iteration of neighbor correction, usually allowing for a more accurate face mass flux correction 

based on the normal pressure correction gradient than an uncoupled solution. However, due to an 

unavoidable level of distortion for some meshes described, the skewness-neighbor coupling is 

disabled [107]. 

3.1.2.6. Under-Relaxation 

3.1.2.6.1. Under-Relaxation of Variables 

In the pressure-based coupled algorithm, explicit under-relaxation is utilized for both momentum and 

pressure. Under-relaxation of variables is valuable for achieving convergent behaviour in a solution 

given the nonlinearity of the sets of equations solved within the pressure-based coupled algorithm. 

Specifically, under-relaxation of variables serves to mitigate abrupt changes in the variable 𝜙 for each 

solution iteration in the following form [107]: 

𝜙 = 𝜙𝑜𝑙𝑑 + 𝛼∆𝜙 (13) 

Where: 

𝜙𝑜𝑙𝑑 old 𝜙 value from previous iteration 

𝛼 under-relaxation factor 

∆𝜙 computed change in 𝜙 

Per default ANSYS® Fluent solver settings, only two variables have an under-relaxation factor less than 

1. Pressure has an under-relaxation factor of 0.3, and momentum has an under-relaxation factor of

0.7 per program defaults. 

3.1.2.6.2. Under-Relaxation of Equations 

Every equation addressed by the pressure-based solver incorporates an associated under-relaxation 

factor, because the update of variables at each iteration is controlled by implicit relaxation to stabilize 

convergence behavior of outer nonlinear iterations [107]. 

At a location specific timestep, the under-relaxation factor 𝛼 changes the discretized equation for 

scalar 𝜙 to the following: 
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𝑎𝑝𝜙

𝛼
= ∑𝑎𝑛𝑏𝜙𝑛𝑏 + 𝑏 +

1 − 𝛼

𝛼
𝑎𝑝𝜙𝑜𝑙𝑑

𝑛𝑏

 
(14) 

3.1.2.7. Time Advancement Algorithm 

The flow simulation is time dependent, and in this case ANSYS® Fluent utilizes the following discretized 

form of the generic transport equation shown in equation (4) [107]. 

ANSYS® Fluent pressure-based solver uses an implicit discretization of the transport equation. By 

default, the convective diffusive and source terms are evaluated at time level 𝑛 + 1 [107]. 

∫
𝜕𝜌𝜙

𝜕𝑡
𝑑𝑉

⬚

𝑉

+ ∮𝜌𝑛+1𝜙 𝑛+1𝑣⃗𝑛+1 ∙ 𝑑𝐴 = ∮Γ𝜙
𝑛+1∇𝜙

𝑛+1 ∙ 𝑑𝐴 + ∫ 𝑆𝜙
𝑛+1𝑑𝑉

⬚

𝑉

(15) 

Time discretization error is determined by the second-order temporal discretization and the time 

advancement scheme.  

The second-order iterative time advancement scheme is employed in the simulation, wherein 

equations are solved iteratively for each time-step until the criteria for convergence are met [107]. 

3.1.2.8. User-Defined Scalars (UDS) 

UDS are included in the simulation to represent thrombin, fibrinogen, and fibrin, where all flow 

volumes comprise the solution zone, and the mass flow rate determines UDS flux. This UDS is solved 

by ANSYS® Fluent in the same fashion it solves the transport equation for a scalar using the differential 

form of (4) [107]. 

3.1.2.9. Algebraic Multigrid Solver (AMG) 

The pressure-based implicit solver in ANSYS® Fluent leverages an Algebraic Multigrid (AMG) technique 

to expedite convergence. AMG operates by iteratively correcting errors on successively coarser grid 

levels. The underlying premise is that the global error observed on a fine mesh can be encapsulated 

as local error on a coarser mesh. Consequently, this approach significantly diminishes the required 

number of iterations and CPU time to attain convergence, as the computational costs decrease 

exponentially with coarser mesh resolutions [107]. 

3.1.2.9.1. Multigrid Concept 

A discretized set of linear equations is defined as follows [107]. 

A𝜙𝑒 + 𝑏 = 0 (16) 

Where: 

𝜙𝑒 Exact Solution 

A Fine level operator 
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Prior to convergence, the approximate solution 𝜙 has a defect 𝑑. 

A𝜙 + 𝑏 = 𝑑 (17) 

A correction ψ is applied so that the exact solution becomes the following: 

𝜙𝑒 = 𝜙 + ψ (18) 

Substituting this into the discretized set of linear equations yields: 

A(𝜙 + ψ) + 𝑏 = 0 (19) 

Aψ + (A𝜙 + 𝑏) = 0 (20) 

Which applied to the approximate solution equation yields the correction equation. 

Aψ + 𝑑 = 0 (21) 

If the fine level relaxation scheme has damped local errors adequately, the correction will be more 

successfully solved on the subsequent coarse level. 

3.1.2.9.2. Coarse Grid Correction 

Corrections are solved via the processes of restriction and prolongation. Restriction is the transfer of 

a defect from the fine level to the coarse level. Corrections are then computed, and prolongation 

begins, in which the corrections are transferred back to the fine level from the coarse level [107]. 

The coarse level correction equation is the following: 

A𝐻ψ𝐻 + 𝑅𝑑 = 0 (22) 

Where: 

A𝐻  Coarse level operator 

R  Restriction operator 

The fine level solution is as follows: 

𝜙𝑛𝑒𝑤 = 𝜙 + 𝑃ψ𝐻 (23) 

Where P is the prolongation operator. For AMG, the prolongation operator is given as the transpose 

of the restriction operator [107]. 

𝑃 = 𝑅𝑇 (24) 

The coarse level operator 𝐴𝐻 is constructed via a Galerkin approach. A new defect associated with the 

corrected fine level solution must be substituted when transferred back to the coarse level. The 

expression 𝐴𝐻 is derived as follows [107]. 

𝑅𝑑𝑛𝑒𝑤 = 0 (25) 
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𝑅(𝐴𝜙𝑛𝑒𝑤 + 𝑏) = 0 (26) 

𝑅(𝐴(𝜙 + Pψ𝐻) + 𝑏) = 0 (27) 

𝑅𝐴𝑃ψ𝐻 + 𝑅(𝐴𝜙 + 𝑏) = 0 (28) 

𝑅𝐴𝑃ψ𝐻 + 𝑅𝑑 = 0 (29) 

Yielding: 

𝐴𝐻 = 𝑅𝐴𝑃 (30) 

This coarse level operator effectively is a summation of diagonal and off-diagonal blocks for all cells of 

a group in the fine grid, which forms the diagonal block of the group’s coarse cell. 

3.1.2.9.3. V Multigrid Cycle 

The V-cycle represents the standard multigrid cycle utilized within the algebraic multigrid framework. 

It constitutes a recursive procedure implemented at each level of the multigrid hierarchy. The default 

V-cycle for algebraic multigrid encompasses four sequential steps, outlined as follows [107]:

1. Restriction: The solution at the current grid level is restricted to the subsequent coarser grid

level.

2. Multigrid Cycle: A single multigrid cycle is executed, reducing errors on the coarse grid.

3. Interpolation: Corrections computed on the coarse grid are interpolated back to the fine grid

using prolongation, resulting in the introduction of some high-frequency error.

4. Post-relaxation: Iterative post-relaxation sweeps are conducted on the fine grid to eliminate

the high-frequency error.

3.1.3. Materials 
Human blood exhibits non-Newtonian behavior, with its density and viscosity subject to alterations 

influenced by various factors. 

A Newtonian assumption for blood is conventional for many aneurysm CFD studies and is applied for 

the CFD model [57,64,65,71,75,77,80–89]. This assumption is demonstrated to be a reasonable 

approximation for determining sites of clot development in sufficiently sized vessels based upon wall 

shear stress in arteries [90]. To this end blood is modelled as having a density of 𝜌 = 1000𝑘𝑔 𝑚3⁄  

and a viscosity 𝜇 = 0.004𝑘𝑔 𝑚𝑠⁄ , and is considered laminar and incompressible in the computational 

model.  

The results of the PIV-based experiments explored in Chapter 4 and the validation simulations 

explored in Chapter 5 call this Newtonian assumption into question. However, the Newtonian material 

properties of the operating fluid are maintained in favor of exploring the applicability of non-

Newtonian behavior of the operating fluid as it relates to the presence of slip at the wall boundary as 

discussed in Chapter 5. Non-Newtonian flow is explored in this way due to uncertainty concerning the 
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fluid properties of the operating fluid in the thrombin-fibrinogen flow experiments discussed in 

sections 4.1.3-4.1.4, and potentially significant rheological changes the operating fluid undergoes 

during clot formation; both of which are not directly quantified within the experimental framework or 

in literature. Hence, wall boundary conditions are applied to capture these flow phenomena 

regardless. 

The PIV experiment applies a fluid inclusive of fibrinogen, which roughly represents the fluid 

properties mentioned above with the exception that viscosity is considered as 𝜇 = 0.001𝑘𝑔 𝑚𝑠⁄ ; 

approximately the same as 0.4% PBS solution. Thrombin is added to this mixture to begin the clotting 

process within the aneurysmal sac of the geometry. While this solution is not an analog to blood, the 

proteins involved are applied in research of acute coagulation as it relates to the formation of a fibrin 

clot, and thereby is relevant for comparison to blood in the context of flow and clotting [73,108]. 

3.1.4. Michaelis-Menten Model 

𝑣 =
𝑉𝑚𝑎𝑥 [𝑆]

𝐾𝑚 + [𝑆]
 

(31) 

The biochemical reactions applied in this model are described by a Michaelis-Menten formulation as 

shown in equation (31), and are derived from work by Jimoh-Taiwo & Haffejee et al. [75], Where 𝑣 is 

the reaction rate, 𝑉𝑚𝑎𝑥 is the maximum rate achieved by the system, [𝑆] is the concentration of the 

substrate, and 𝐾𝑚 is the Michaelis constant.  

𝑇ℎ𝑟𝑜𝑚𝑏𝑖𝑛 (𝐼𝐼𝑎)  +  𝐹𝑖𝑏𝑟𝑖𝑛𝑜𝑔𝑒𝑛 (𝐼)→ 𝐹𝑖𝑏𝑟𝑖𝑛 (𝐼𝑎) (32) 

𝑑[𝐼𝑎]

𝑑𝑡
=

𝑘𝑐𝑎𝑡 [𝐼𝐼𝑎][𝐼]

𝐾𝑚 + [𝐼]
 

(33) 

 

Parameter Value Unit 

𝑘𝑐𝑎𝑡 3540 min-1 

𝐾𝑚 3160 nMol 

Table 1: Reduced Michaelis-Menten formulation constants 

The Michaelis-Menten formulation is reduced for this model to account solely for the interaction of 

thrombin (IIa) and Fibrinogen(I) to produce Fibrin (Ia), as shown in equation (32), and takes the form 

shown in equation (33). Constants shown in equation (33) are defined in Table 1. 
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Scalar Diffusivity Coefficient 

Thrombin 6.79e-8 (kg/m s) 

Fibrinogen 3.25e-08 (kg/m s) 

Fibrin 2.59e-08 (kg/m s) 

Clot 2.59e-08 (kg/m s) 

Table 2: Diffusivity coefficients for reagent UDS 

The fibrinogen, thrombin, and fibrin scalars are accounted for in the CFD framework by the transport 

equation for an arbitrary scalar 𝜙𝑘  shown in section 3.1.2.8 and are represented in equation (4). The 

diffusion coefficients for each scalar are shown in Table 2, and are based upon the diffusion of each 

respective protein in vivo. A fourth scalar is applied to represent areas that develop a permanent clot 

per the porosity-based clotting model described in the following section, and it is modelled as having 

a diffusivity coefficient identical to that of Fibrin. 

3.1.5. Porosity-Based Clotting Model 
 

𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =

{
 
 

 
 1 − 

𝑓𝑖𝑏𝑟𝑖𝑛 𝑓𝑖𝑏𝑟𝑖𝑛𝑐𝑙𝑜𝑡 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑⁄

4

0.75

1

, if
𝑓𝑖𝑏𝑟𝑖𝑛 <  𝑓𝑖𝑏𝑟𝑖𝑛𝑐𝑙𝑜𝑡 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝛾̇ ≤ 100 𝑠−1

, if
𝑓𝑖𝑏𝑟𝑖𝑛𝑐𝑙𝑜𝑡 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ≤ 𝑓𝑖𝑏𝑟𝑖𝑛

𝛾̇ ≤ 100 𝑠−1

, if 𝛾̇ > 100 𝑠−1

 

(34) 

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  {
1e12

1e − 12

, if
𝑓𝑖𝑏𝑟𝑖𝑛𝑐𝑙𝑜𝑡 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ≤ 𝑓𝑖𝑏𝑟𝑖𝑛

𝛾̇ ≤ 100 𝑠−1

,   otherwise

 

 

(35) 

The porosity-based clotting model consists of two functions that adjust porosity and viscous resistance 

shown in equations (34) and (35), respectively, and operate based upon local values of the fibrin-

concentration scalar and shear rate 𝛾̇ in a cell zone. 

The porosity function alters porosity on a linear scale from 1 (no porosity) to 0.75 within 

computational cells where the user-defined fibrin-concentration scalar is present and shear rate 𝛾̇ is 

less than 100 s-1, as represented by equation (34). In areas where a porosity of 0.75 is achieved, the 

viscous resistance becomes 1e12 from 1e-12 as shown in equation (35), and the clotting scalar shown 

in Table 2.  
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𝛻𝑝 = −
𝜇

𝛼
𝑣⃗ (36) 

The pressure-drop across the porous medium is represented by Darcy’s law as shown in equation (36). 

In ANSYS Fluent, Darcy’s law is written as the following: 

𝛥𝑝 ≈ ∑𝐶2𝑥𝑗
𝛥𝑛

3

𝑗=1

1

2
𝜌|𝑣|𝑣𝑗 

 

(37) 

Where 𝛥𝑛 is the thickness of the medium in each Cartesian direction. 

The effect of porosity is accounted for with an additional momentum source term in the standard 

momentum equations. The source term 𝑆𝑖 is as follows:  

𝑆𝑖 = −(∑𝐷𝑖𝑗𝜇𝑣𝑗 +

3

𝑗=1

∑𝐶𝑖𝑗

1

2
𝜌|𝑣|𝑣𝑗

3

𝑗=1

) 

 

(38) 

Where the sums on the right-hand side of the equation are the viscous loss term and the inertial loss 

term, respectively, where 𝐷𝑖𝑗 is the viscous resistance coefficient. D and C are matrices and |𝑣| is the 

velocity magnitude follows [107]. 

3.1.6. Cell Zone and Boundary Conditions 
This section outlines the boundary conditions standard to each simulation, and a brief explanation of 

how each is calculated in ANSYS Fluent. 

3.1.6.1. Artery Zone 

The artery zone is the flow-volume of interest for the computational model across all simulations. The 

artery zone includes the aneurysm and parent artery for each simulation. The porosity-based clotting 

model only functions in this section of the volume.  

3.1.6.2. Inlet/Outlet Zones 

The inlet and outlet zones are volume extensions of the surfaces that would otherwise be considered 

the inlet and outlet of the artery zone. The inlet and outlet zones consist of the velocity inlet and 

pressure outlet boundaries, respectively, and these cell zones are included so that there is a region 

without porous media between the inlet/outlet flow boundaries and the artery zone. By preventing 

porous media from near or at the inlet/outlet flow boundaries, solution stability is increased 

significantly. Otherwise, the inlet zone allows flow to fully develop between the velocity inlet and 

artery zone. 

3.1.6.3. Velocity Inlet 

A velocity inlet boundary condition is applied, where the velocity magnitude is oriented perpendicular 

to the inlet boundary. Uniform velocity distribution is assumed along the inlet surface, simulating a 
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flow plug behavior. This flow plug redistributes within the inlet zone and exhibits characteristics 

resembling Poiseuille Flow before entering the artery zone. 

The velocity inlet is also responsible for the distribution of the fibrinogen scalar value described in 

section 3.1.4, where the value of this scalar is defined separately for each simulation-specific 

methodology at the beginning of chapters 5 & 6. 

ANSYS® Fluent uses velocity components and boundary condition scalar quantities to calculate inlet 

mass flow rate and momentum fluxes.  

It computes the mass flow rate of an adjacent fluid cell to the velocity inlet boundary as follows: 

𝑚̇ = ∫𝜌𝑣⃗ ∙ 𝑑𝐴 
(39) 

Where only the component of velocity normal to the face of the control volume is employed in 

computing the inlet mass flow rate. 

3.1.6.4. Pressure Outlet 

A pressure outlet boundary condition is implemented. The backflow is set normal to the outlet 

boundary. 

For incompressible flow, the pressure at the face of the outlet boundary 𝑃𝑓 is defined as follows: 

𝑃𝑓 =
𝑃𝑐 + 𝑃𝑒

2
 

(40) 

Where: 

𝑃𝑐 Interior cell pressure neighboring the exit face f 

𝑃𝑒 Specified exit pressure  

3.1.7. Calculation Settings 
The convergence criteria for all flow models are that continuity, x-velocity, y-velocity, z-velocity, UDS-

0 (thrombin), UDS-1 (fibrinogen) and UDS-2 (fibrin) residuals all fall below 0.001 each timestep.  

3.2. Flow Experiment Methodology 
The flow experiments applied in this study are built upon a previous PIV validation experiment, as 

well as work performed by Ngoepe et al. and Jimoh-Taiwo et al. [71,73,75]. These flow experiments 

apply a PIV-based framework with certain design considerations to allow the measurement of a flow 

field simultaneously to monitoring the growth of a clot, or introduction of another substance into 

the flow field. This chapter describes the broad methodology common to all flow experiments 

performed as part of this study, including design considerations for capturing clotting in a PIV-based 
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flow experiment, PIV theory, flow phantom design, PIV setup, image pre-processing theory, and 

image postprocessing theory. 

3.2.1. Flow Phantom 

3.2.1.1. Design Considerations for Capturing Clotting in PIV 

Refractive index matching is a common practice in PIV studies considered important to reduce image 

distortions [109]. Due to the use of proteins derived from human-blood, traditional methods for 

refractive index matching for PIV are not suitable for this study. This is due to very few fluids being 

suitable for changing the refractive index of a fibrinogen-saline mixture without fundamentally 

altering fibrinogen’s interaction with thrombin. The few fluids that meet this criterion, such as glucose-

saline mixture, must be added at such a high concentration that the fluid properties of the mixture 

are significantly different than fibrinogen-saline solution. Similarly, the flow phantom material cannot 

be feasibly changed since materials with the correct combination of refractive index and clarity are 

not identifiable outside of experimental materials that were unavailable for this study.  

As such, the mismatch of refraction index is addressed geometrically using Snell’s Law, described by 

the following equation: 

𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2 (41) 

Where: 

n1 incident index 

n2 refracted index 

𝜃1 incident angle 

𝜃2 refracted angle 

According to Snell’s law, shown in equation (41), there are two ways to eliminate light refraction, or 

more specifically to make the incident angle of light outside an interface 𝜃1 equal to the refracted 

angle through that interface 𝜃2. The first way is to match the incident index n1 with the refractive 

index n2 such that they are equal, and therefore making 𝜃1 and 𝜃2 equal as well; what is referred to 

as refractive index matching. The second is to ensure that 𝜃1 contacts the interface at the critical angle 

0o, resulting in a refracted angle 𝜃2 that is also 0o, making both sides of the equation zero. This negates 

the relevance of the values for incident index n1 and refractive index n2 in determining incident angle 

and refracted angle, effectively removing the requirement for refractive index matching of fluids to 

remove image distortions. 
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Figure 1: Flow phantom model assembly 

 

Figure 2: Orientation of flow phantom relative to camera and laser head 

As such, a square-channel flow phantom shown in Figure 1 is applied in this study to reduce distortion 

of particles in absence of refractive index matching between the operating fluid and the flow phantom. 

As shown in Figure 1, the flow phantom still applies some curved features to create the shape of an 

idealized aneurysm.  

The orientation of the flow phantom shown in Figure 1 relative to the camera is shown in Figure 2, 

where the broad side of the flow phantom is perpendicular to the direction in which the camera is 

pointed, and the laser light sheet passes through the center of the narrow edge of the flow phantom; 

passing through the center of the flow channel parallel to the broad sides of the flow phantom. 

Referring to Snell’s law in equation (41), refraction is not reduced everywhere in the flow phantom 
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due to the curves in geometry formed by the interior surfaces. However, because these surfaces form 

planes parallel to the direction in which the camera is pointing, all incident angles 𝜃1 and refracted 

angles 𝜃2 occur along the plane formed by the laser light sheet. Therefore, distortions only occur along 

the green line representing the laser light sheet from the perspective of the laser head shown in Figure 

2 (right), and not in the plane of interest from the camera’s perspective (left).  
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3.2.1.2. Flow Phantom Geometry Design 

 

Figure 3: Flow phantom channel (top) and injection panel (bottom) dimensions 

The flow phantom is composed of two components; a partially open-faced square channel shown in 

Figure 3 (top), and a panel with an injection port that fits on top of it (bottom), to allow access to the 
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channel interior for postprocessing discussed in upcoming section 3.2.1.3. The square channel shown 

in Figure 2 and Figure 3 is 6.35x6.35 mm with a cylindrical aneurysm of 6.4 mm radius and 6.35 mm 

height. These flow volume dimensions are used as a rough analog to idealized cerebral aneurysm flow 

phantoms applied in similar studies [65,66,69,72,73,110,111] and furthermore an analog to 

realistically sized intracranial saccular aneurysms per the geometrical considerations described by  

Parlea et al. [112]. Round hoses connect the flow phantom to the pulsatile pump as discussed in 

upcoming section 3.2.4 of the experiment setup, and subsequently a round to square transition of 

1.38 mm in length is applied in the flow phantom near the adaptors internally. The 1mm injection port 

inlet on the flow phantom injection panel shown in Figure 3 (bottom) aligns to the side of the 

cylindrical aneurysm shown in Figure 1 so as not to obstruct the laser light sheet shown in Figure 2. 

3.2.1.3. Flow Phantom Material and Postprocessing 

A Formlab 2 3D printer was used to produce the flow phantom using a clear V4 resin. Clear V4 resin 

has been applied in similar flow research by Ho et al. and Ngoepe et al., and is determined to be 

optimal for its clarity [73,74]. 

The 3D printed flow phantom is post-processed to improve optical clarity specifically via the removal 

of rough edges and the addition of a clear medium on all surfaces. All flat surfaces are polished with 

increasingly fine sandpaper up to a fine 2000 grit. Once sanded, parts are coated with clear acrylic 

spray paint both internally and externally, and the parts are attached. 

3.2.2. Discrete Fourier Transform PIV Theory 
PIVlab, a broadly acclaimed GUI-based tool for PIV flow analysis, is applied for PIV flow analysis in this 

study [113–115]. The PIV technique applied is based upon the acquisition of sets of image pairs that 

are used to derive velocity vectors. The following cross-correlation equation is used to compute these 

velocity vectors: 

𝑣 =
𝑑

𝑀∆𝑡′
 

(42) 

Where: 

𝑑 distance 

𝑀 pixel to distance conversion scale factor 

∆𝑡 separation time 

The cross-correlation algorithm used in PIVLab for this study performs a time-resolved analysis with 

Discrete Fourier Transform (DFT), using decreasing interrogation areas to determine velocity 

magnitude and direction [116]. 
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This is represented by the following equation: 

𝐶(𝑚, 𝑛) = ∑∑𝐴(𝑖, 𝑗)𝐵(𝑖 − 𝑚, 𝑗 − 𝑛)

𝑗𝑖

 (43) 

Where: 

𝐴 interrogation area of first image within image pair 

𝐵 interrogation area of second image within image pair 

𝐶 resultant matrix 

Where the resultant matrix 𝐶 is the expected displacement particles traveling from image A to image 

B, determined by the location of the intensity peak. 

In the Discrete Fourier Transform (DFT) method, the interrogation areas for image A and B are identical 

in size, which creates a degree of error in the correlation matrix. This is mitigated by the reduction of 

separation time ∆𝑡, where ∆𝑡 is kept at less than 1/3rd the size of the interrogation area. This is further 

mitigated by performing several passes of the algorithm, refining the interrogation window with each 

pass [113].  

Additionally to maximize quality control of computed results, an ‘extreme’ correlation robustness is 

applied, such that cross-correlation is repeated five times with shifted interrogation windows and 

correlation values that are not present in each of the five correlation matrices are eliminated from the 

resulting correlation matrix [113,117]. 

3.2.3. Image Preprocessing and Data Postprocessing 
Combinations of the image pre-processing methods described in this section are applied to all images 

derived for each of the flow visualization experiments. 

3.2.3.1. Contrast Limited Adaptive Histogram Equalization (CLAHE) 

CLAHE is a standard preprocessing setting used in PIVLab that significantly improves the probability of 

detecting valid vectors in PIV [114,118]. CLAHE operates by spreading the most common intensities in 

an image histogram to the full range of intensity data for individual small tiles that cover the flow 

region of interest. This allows high exposure regions and low exposure regions to be optimized 

independently of one another. 

3.2.3.2. Intensity Highpass 

An intensity high-pass filter reduces the effects of uneven lighting in particle identification for cross-

correlation. High-pass filters are useful for suppressing low frequency information caused by uneven 

illumination while preserving high frequency information surrounding particles [114]. 
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3.2.3.3. Intensity Capping 

Intensity capping limits the greyscale intensity threshold and assists in normalizing particle 

brightness, preventing bias in correlation signal to bright particles and bright spots caused by uneven 

lighting [118]. 

3.2.3.4. Mean Background Subtraction 

Background elimination removes background noise that contributes error during cross-correlation, 

particularly from internal reflections in the flow channel of the flow phantom. This is accomplished via 

calculating the mean image and subtracting it from each input image, which significantly reduces the 

intensity of stationary features common to each image [113]. 

3.2.3.5. Smoothing in Postprocessing 

Data smoothing is an effective method for noise reduction [114,119]. A least squares method of data 

smoothing called the ‘Smoothn’ algorithm can be applied in postprocessing, and is used to increase 

the quality and accuracy of velocity estimation [114,119].  
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3.2.4. PIV Setup 

 

Figure 4: Physical PIV configuration relative to camera perspective (top), and laser head perspective (bottom) 
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Figure 5: Flow phantom relative to camera perspective (left) and laser head perspective (right) 

The detailed physical orientation of the PIV experiment setup is shown in Figure 4, and the 

accompanying orientation of the PIV flow phantom is shown in Figure 5. As shown in Figure 2, the top 

of the aneurysm is oriented towards the laser sheet so that the particles in the aneurysm are 

illuminated with as little interference as possible. As shown in Figure 4 (top), a reservoir is oriented 

directly above the pump, and the pump is connected with as short of a feed as possible to the flow 

phantom, which is fixed at a height roughly level with the feed from the pump. The exit tube flows to 

an exit tank roughly at the same height as the inlet tank to prevent the flow from being affected 

gravitationally. The length of tube from the inlet tank to the outlet tank is made as short as possible 

to efficiently fill the system with fibrinogen solution. As shown in Figure 4 (bottom), the camera is held 

from a length of 30cm which is optimal for the focal length of the lens applied, described in section 

3.2.4.4.  

 

Figure 6: DynamicStudio timer box configuration 
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The DynamicStudio PIV platform is used to synchronize the laser with the camera. The timer box 

configuration shown in Figure 6 is applied to accomplish this. 

3.2.4.1. Harvard Apparatus Pulsatile Pump 

A Harvard apparatus pulsatile pump is applied to provide a pulsatile flow pattern through the PIV flow 

phantom. The pump is set to provide 38 ± 1 strokes/min at 15 ml per stroke for an average flow 

velocity of 30 cm/s into the flow phantom, which is reasonably close to flow rates measured in 

intracranial arteries [120]. 

3.2.4.2. Seeding Particles 

The seeding particles applied are Dantec Dynamics borosilicate glass hollow glass sphere (HGS) 

particles that have a mean diameter of 20 µm and a density of 1.1 g/cm3. 

3.2.4.3. Litron LDY300-PIV Lasers 

The PIV experiments use Litron LDY300-PIV series DPSS Nd:YLF lasers. This system consists of two 

independently pulsed Nd:YLF DPSS laser resonators that produce an infrared laser light at 1053 nm, 

which are then converted to 527 nm green light beams via a harmonic generation assembly, and then 

exit through a single port of the laser head. For this experiment, only a low pulse frequency is 

necessary, so only one laser resonator is active to produce a pulse frequency of 0.5 kHz and a pulse 

duration of 12 µs. 50% of the maximum lasers power is applied for optimal laser light brightness. 

3.2.4.4. SpeedSense Miro 110 PIV Camera 

Camera Specifications Units 

Resolution (horizontal x vertical) 1280 x 800 pixels 

Pixel size (horizontal x vertical 10 µm 

Minimum Exposure time 2 µs 

Image frequency (frame rate) 1600 fps 

Memory 3 GB 

Table 3: SpeedSense Miro 110 PIV Camera 

A SpeedSense Miro 110 PIV camera is used for image capture in the PIV experiment. The relevant 

specifications for this camera model can be seen in Table 3 and exceed the requirements for the PIV 

experiment being performed, which does not require such a high frame rate and resolution, nor very 

low exposure times enabled by the shutter speed. 
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Camera Settings Units 

Image Pair Capture Frequency 20 Hz (20 image pairs / s) 

Time Step 2000 µs 

Exposure Time 3000 µs 

Image Area 512 x 512 pixels 

Table 4: Camera Settings for PIV experiment 

The camera settings applied for the PIV experiment are shown in Table 4. An image pair capture 

frequency of 20 Hz is applied in combination with the image area of 512 x 512 pixels to compensate 

for memory limitations of the camera while still capturing a sufficient number of images for analysis 

of the flow area in question. The time step and exposure time optimize particle brightness and 

minimize blur. 

3.2.4.4.1. Nikon 105mm F2.8 G VR Macro Lens 

The lens applied on the Speedsense Miro 110 PIV Camera is a Nikon 105mm F2.8 G VR Macro Lens. 

This lens is applied due to its short focal length of 105 mm, which allows for closeup images on the 

flow phantom; ensuring maximum resolution on regions of interest. 

3.2.5. Equations for Flow Results Comparison 

Evaluation of flow is accomplished in part by the calculation of Reynolds Re, Womersley α, and Dean 

De numbers as conventionally defined for standard square channel geometries. These values are 

standard across flow experiments, as each operating fluid theoretically has identical density and 

viscosity. 

4. Flow Experiments 

This chapter details experimental design, results, and discussion specific to each flow experiment 

performed. These flow experiments are analyzed using a PIV framework and include an analysis of 

flow within the flow phantom shown in Figure 1. The experimental design and results for two 

experiments are presented in sections 4.1-4.3 and include a water-gelatin flow experiment and a 

thrombin-fibrinogen flow experiment, where the latter experiment is addressed across multiple 

sections (4.2-4.3).  

The water-gelatin flow experiment measures flow of room temperature water through the flow 

phantom shown in Figure 1 before and after injection of gelatin into the aneurysm. This experiment 
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is performed once and is used as a preliminary test to determine the feasibility of flow analysis and 

clot-identification for the thrombin-fibrinogen flow experiment. 

The thrombin-fibrinogen flow experiment measures the flow of a fibrinogen-saline solution through 

the flow phantom shown in Figure 1. A thrombin-saline solution is injected into the aneurysm, and the 

interaction between fibrinogen and thrombin generates fibrin, which forms a fibrin mesh once a 

sufficient concentration of fibrin is accumulated. The thrombin-fibrinogen flow experiment is 

conducted twice and each is evaluated across two cases (once per) in sections 4.2 and 4.3, due to a 

difference in experimental design and results analysis pre- and post-clotting. 

Finally, a discussion of the two experiments results is presented in section 4.4, where a comparison to 

results from similar studies is made.  

4.1. Water-Gelatin Flow Experiment 

The water-gelatin flow experiment is a preliminary test aimed at determining whether a separate 

material such as a clot could be identified independently of the surrounding flow field and vice-versa. 

In this case, water is used instead of a fibrinogen-saline mixture, and household kitchen gelatin is used 

instead of thrombin. The water and gelatin do not react with one another like fibrinogen and thrombin 

do when they create a fibrin clot. However, gelatin is visually and behaviorally distinct from water, 

similarly to a fibrin clot within a fibrinogen-saline solution as seen in previous thrombin-fibrinogen 

flow experiments [73,75]. It is therefore able to act as a rudimentary trial material for determining the 

efficacy of clot and valid vector identification for the subsequent fibrinogen-thrombin flow 

experiments as well as help to streamline any methodology before moving onto the actual material 

which is very expensive. 

4.1.1. Experimental Design 

4.1.1.1. Materials, Physical Setup, and Procedure 

The experiment operates as described in section 3.2.4 of the broad PIV methodology described in 

chapter 3.2, where room-temperature tap water is used as the working fluid. Once water has filled 

the system shown in Figure 4, and circulated for 30 seconds by the pulsatile pump described in section  

3.2.4.1, a syringe pump releases 0.2 ml of gelatin mixture over 1s via the injection port shown in Figure 

4 (bottom). 

To create the gelatin-mixture for the gelatin-injection, 10 grams of 120 bloom strength household 

flavorless gelatin are added to 60 ml of hot water and allowed to cool for 30 minutes before the 

experiment is performed. This allows the gelatin to reach a consistency where it has not solidified and 
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can still flow at relatively low shear-rates, which is qualitatively tested by adjusting the orientation of 

its mixing-container and observing its change in position. 

Camera Settings Units 

Image Pair Capture Frequency 30 Hz (30 image pairs / s) 

Time Step 1500 µs 

Exposure Time 2000 µs 

Image Area 1280 x 800 pixels 

Table 5: Camera Settings for water-gelatin experiment 

The camera is positioned 60 cm away from the flow phantom for this experiment to capture flow 

within both the parent artery and the aneurysm, and uses the settings shown in Table 5. This is done 

in part to measure the pulsatile waveform for use in the validation simulation discussed in upcoming 

chapter 5. 

4.1.1.2. Image Pre-Processing and FFT Settings 

Image Pre-Processing Settings Units 

CLAHE window size 64 pixels 

Intensity High-Pass kernel size 15 pixels 

Wiener Denoise Filter and Gaussian Low Pass window size 2 pixels 

Mean Intensity Background Subtraction Enabled 

Table 6: Image pre-processing for the water-gelatin experiment 

The relevant image pre-processing techniques described in section 3.2.3 are applied for the images 

derived in this experiment, and the values applied for each technique can be found in Table 6. 

FFT Window Deformation Settings Interrogation Area Step Size 

Pass 1 128 pixels 64 pixels 

Pass 2 64 pixels 32 pixels 

Pass 3 32 pixels 16 pixels 

Pass 4 16 pixels 8 pixels 

Sub-pixel estimator 2x3 Gauss 

Sub-pixel estimator auto-correlation Disabled 

Correlation robustness Extreme 

Table 7: FFT Window Deformation Settings for the water-gelatin experiment 

The image pre-processing setting’s values are based on recommended default settings in PIVlab and 

the FFT pass window sizes shown in Table 7. The CLAHE window size is equivalent to the pass 1 step-
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size and pass 2 interrogation area, such that each interrogation area for the 2nd pass is optimized 

independently. This value is unaltered from the default value provided in PIVlab to optimize intensities 

for accurate particle identification for high and mean flow rates. The intensity high-pass kernel size is 

set to 15 pixels to suppress background noise. The Wiener denoise filter and Gaussian low pass 

window size of 2 pixels are selected to further eliminate background noise and are based on image 

resolution with consideration that the lowest particle displacement is 2 pixels, and a higher window 

size may cause loss of particle displacement information. Mean intensity background subtraction is 

applied to remove background noise that is consistent across all images. 

The FFT pass window sizes are selected based on the maximum and minimum particle displacements, 

which are 8 pixels and 2 pixels respectively, as well as particle count. Particle count informs the 1st and 

2nd interrogation areas, which are necessary once gelatin is injected, since the intensity of the gelatin 

can interfere with the detection of surrounding and enveloped particles and can therefore interfere 

with accurate displacement detection. The maximum particle displacement is no greater than ¼ of the 

3rd interrogation area, and the minimum particle displacement is no greater than ¼ of the final 

interrogation area.  

2D Gauss subpixel estimation is selected for increased accuracy when motion blur is present, with 

auto-correlation disabled to reduce detection of invalid vectors from background noise caused by the 

gelatin injection [113]. The highest and most computationally expensive setting for correlation 

robustness quality in PIVlab is selected to ensure further accuracy. 

4.1.1.3. Image Calibration and Post-Processing 

Image Calibration Settings Units 

Reference length [px] 729.95 pixels 

Real distance of reference length [mm] 76 mm 

Time Step 1.5 ms 

Pixel to distance conversion 1 pixel = 1.04115e-4 m 

Pixel/frame to velocity conversion 1 pixel/timestep = 0.06941 m/s 

Table 8: Image calibration settings for water-gealtin experiment 

The image calibration settings applied to determine the velocity values for vectors derived from the 

FFT cross-correlation are shown in Table 8. These are derived from the characteristic length of 76 mm 

of the top side of the flow phantom shown in Figure 3, which is measured to be 729.95 pixels in length 

for the PIV derived images. When the pixel to distance conversion is divided by the time step between 

image pairs of 1.5 ms, the pixel/timestep of each vector for an image pair can be converted to velocity, 

where 1 pixel/frame is equivalent to 0.06941 m/s. 
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Image-Based Vector Validation Settings Units 

Bright Object Filter Threshold 0.46471 

Table 9: Image-based vector validation settings for water-gelatin experiment 

Due to the high correlation robustness algorithm applied, and the use of data-smoothing in the 

derivation of spatial parameters, velocity-based postprocessing is not applied. Image-based vector 

validation is used, however, specifically to filter out vectors derived from above the intensity threshold 

shown in Table 9, since this value is associated with areas of flow that include large fragments of 

gelatin. 

4.1.1.4. Gelatin identification 

To adequately assess the validity and/or cause of localized flow effects after a gelatin injection, it is 

critical to identify the location of nearby gelatin fragments. Large gelatin fragments can be easily 

identified visually, but smaller fragments are not as easily identified and may affect the surrounding 

flow area. Fragments of gelatin in a flow area are identified using a preprocessing technique that 

specifically includes mean background subtraction and intensity capping. This method helps to 

capture not only the gelatin intersecting with the laser light sheet, which is usually visible without 

image-processing, but also gelatin in the far field, which may affect the trajectory of nearby particles 

even if they are not acting on the same plane perpendicular from the camera, shown in Figure 5. The 

locations of gelatin fragments are shown as regions of bright white in subsequent “gelatin 

identification” results presented in section 4.1.4.1. 
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4.1.2. Pulsatile Inlet Velocity Waveform 

 

Figure 7: Waveform of PIV inlet velocity data indicating waveform features with yellow dots 

Figure 7 demonstrates a single velocity waveform derived from flow exiting the inlet channel, and 

indicates waveform features in a pulse that will be referenced throughout the flow experiment results 

analysis. The indicated waveform features of the inlet velocity Fourier transform are specifically the 

mean flow as the pulse ascends towards the upper velocity peak (left), the upper velocity peak 

(middle-left), the mean flow as the pulse descends towards the lower velocity peak (middle-right), and 

the lower velocity peak (right). 

The PIV velocity data waveform shown in blue in Figure 7 is derived within the PIV flow phantom 

from the average of velocity measurements across a line probe spanning the width of the artery 

channel (6.35 mm) just downstream of the inlet channel shown in Figure 5 (left). The line probe 

measures flow across 7 interpolated points. Velocities of points interpolated at the walls are 

discarded, leaving a remainder of 5 velocities which are averaged using the following equation: 

𝑣̅ =
1

5
∑𝑣𝑖

5

𝑖=1

 
(44) 

Where: 

𝑣̅ average velocity 

𝑣𝑖 individual sample velocity 
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4.1.3. Pre-Injection Flow Results 

The flow results of water prior to gelatin-injection are presented and analyzed in this section to 

demonstrate a baseline for comparison of flow results for the post-gelatin injection water-gelatin 

experiment results in upcoming section 4.1.4, as well as flow results for the thrombin-fibrinogen 

flow experiment in upcoming sections 4.2-4.3. 

 

Figure 8: Water-gelatin experiment pre-injection arterial flow behavior at different times throughout a pulse wavelength 
shown in Figure 7; mean pulsatile flow velocity ascending towards upper velocity peak (top left), pulsatile flow upper velocity 
peak (top right), mean pulsatile flow velocity descending towards lower velocity peak (bottom left), pulsatile flow lower 
velocity peak (bottom right). 
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The arterial flow behavior of water in the water-gelatin experiment is seen in Figure 8, which presents 

flow at different stages of a pulse wavelength referenced in Figure 7. The flow within the artery during 

the upper velocity peak and the mean of the ascending pulse, shown in the top right and left of Figure 

8 respectively, is well distributed throughout the entire artery. The exception is the neck of the 

aneurysm in the case of the mean, due to the relatively high velocity fluid from the artery being 

diverted into the relatively slow recirculating fluid within the aneurysm. Flow is less well distributed 

during the mean of the descending pulse and the lower velocity peak, where the former demonstrates 

higher velocity flow on one side of the artery than the other by a factor of two, which is possibly due 

to an imbalance of momentum as the velocity in the artery drops. The latter, by contrast, 

demonstrates pockets of low velocity flow near high velocity flow regions likely due to rapid and 

uneven change in direction of flow. 

Womersley number α is 12.39, De ranges from 10 at the lower velocity peak and 50 at the upper 

velocity peak and Re ranges from 500 to 2900, where transitional flow is reached only around the 

upper velocity peak for around 0.3s per pulse. Womersley number α suggests that flow is dominated 

by the inertial effects by comparison to the viscosity of the fluid. Both α and De numbers suggest that 

there are secondary flows present in flow, though the results shown in Figure 8 do not indicate that 

these secondary flows are identifiable on the viewing plane outside of skewing high velocity flow 

towards the outer wall of the artery channel of the flow phantom. 
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Figure 9: Water-gelatin experiment pre-injection aneurysmal flow behavior at different times throughout a pulse wavelength 
shown in Figure 7; mean pulsatile flow velocity ascending towards upper velocity peak (top left), pulsatile flow upper velocity 
peak (top right), mean pulsatile flow velocity descending towards lower velocity peak (bottom left), pulsatile flow lower 
velocity peak (bottom right). 

 

The aneurysmal flow behavior of water in the water-gelatin experiment is shown in Figure 9, which 

presents flow at different stages of a pulse wavelength similar to Figure 8. Flow within the aneurysm 

is lowest during the ascending mean, shown in the upper left of Figure 9, when the pulse is increasing 

towards the upper velocity peak. High velocity flow from the aneurysm is diverted downstream as it 

reaches the neck of the aneurysm. This interaction triggers a higher rate of flow along the walls of the 

aneurysm by the time the upper velocity peak is reached, as shown in the top right of Figure 9. As the 

pulse decreases towards the descending mean, shown in the bottom left of Figure 9, the high 

recirculatory flow within the aneurysm becomes well distributed around the center of the aneurysm. 

This recirculatory behavior appears to be mostly eliminated by the time the lower velocity peak is 

reached, as show in the bottom right of Figure 9, coinciding with the change in flow direction within 

the artery. 
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4.1.4. Post-Injection Flow Results 

4.1.4.1. Gelatin Location Identification 

 

Figure 10: Gelatin identification (bottom) and corresponding vector maps (top) at different times throughout a pulse 
wavelength shown in Figure 7; mean pulsatile flow velocity ascending towards upper velocity peak (left), pulsatile flow upper 
velocity peak (middle left), mean pulsatile flow velocity descending towards lower velocity peak (middle right), pulsatile flow 
lower velocity peak (right). 

 

The results of the gelatin identification preprocessing method described in section 4.1.1.4 are shown 

in Figure 10. The corresponding gelatin-identification images (bottom) are mapped relative to 

corresponding pre-processed vector diagrams at different stages of a pulse (top), starting with the 

mean flow of an ascending pulse waveform 0.87s after thrombin injection. The upper row of images 

shows the locations of the highest concentrations of gelatin in the laser field and demonstrate that 

vectors of nearby particles can be captured so long as they are not engulfed by large fragments of 

gelatin. The bottom row illuminates all areas with gelatin concentration of equal intensity and 

demonstrates that some vector capture from particle displacement is occurring even in areas with 

gelatin present in the view plane.  
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4.1.4.2. Flow Field Results and Quality Assessment 

 

Figure 11: Water-gelatin experiment pre-injection arterial flow behavior (top) comparison with post-injection aneurysmal 
flow behavior (middle) with images of relative gelatin position (bottom) at different times throughout a pulse wavelength 
shown in Figure 7; mean pulsatile flow velocity ascending towards upper velocity peak (left), pulsatile flow upper velocity 
peak (center left), mean pulsatile flow velocity descending towards lower velocity peak (center right), pulsatile flow lower 
velocity peak (right). 

 

A comparison of arterial flow behavior of water before and after the gelatin-injection in the water-

gelatin experiment is seen in Figure 11. This presents flow at different stages of a pulse wavelength 

shown in Figure 7. Except for minor velocity magnitude differences, the flow behavior in the artery 

with gelatin present, as seen in Figure 11 (middle and bottom) is nearly identical to flow behavior 
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without gelatin present (top). This is possibly due to the thixotropic properties of partially set gelatin 

where apparent viscosity decreases with increased shear stress over time, allowing it to demonstrate 

higher viscosity within the low flow environment within the aneurysm and lower viscosity within the 

periodically high shear environment of the artery [121]. Otherwise it is possible that gelatin in water 

takes on localized non-Newtonian behavior due to it having some characteristics of a suspension, due 

to gelatin fragments behaving as semi-solid particles in water, and some characteristics of a colloid, 

due to the mixture of water with the large collagen proteins of which the partially-set gelatin 

(relevantly, a colloidal gel) is composed [122,123]. The derivation of material properties for gelatin is 

however a broad field of study, and without rheological measurements for the gelatin applied 

specifically to this experiment, only broad speculations can be made on the topic of its behavior in 

flow [123]. 
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Figure 12: Water-gelatin experiment pre-injection aneurysmal flow behavior (left) comparison with post-injection aneurysmal 
flow behavior (middle) with images of relative gelatin position (right) at different times throughout a pulse wavelength shown 
in Figure 7; mean pulsatile flow velocity ascending towards upper velocity peak (top), pulsatile flow upper velocity peak (upper 
middle), mean pulsatile flow velocity descending towards lower velocity peak (lower middle), pulsatile flow lower velocity 
peak (bottom). 

 

The aneurysmal flow behavior in the presence of gelatin is shown in Figure 12 (middle and right) and 

is presented with the corresponding flow behavior prior to the gelatin injection (left), at different 

stages in the pulsatile wavelength. Notably, because data-smoothing is applied for the derivation of 
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spatial parameters, vector interpolation is forced on areas that lack vectors. In the context of this 

experiment, this means that vectors that are discarded, either due to lack of robust correlation or 

image-based validation brightness filtering, are assigned vectors interpolated from the surrounding 

vectors. Vectors assigned this way appear in white in Figure 12, and their directions and magnitudes 

are less accurate. Consequently, the direction and magnitudes of white vectors shown in Figure 12 

should be given less weight, and should rather be considered an indicator for high gelatin 

concentration in areas that they occupy.  

Taking this factor into account, the valid vectors for the water-gelatin experiment with gelatin present, 

shown in Figure 12 (center), bear a strong resemblance to the vectors derived prior to the gelatin-

injection shown in Figure 12 (left), apart from the flow behavior at the lower velocity peak (bottom). 

At the ascending mean velocity, shown in Figure 12 (upper middle), flow is similarly low within the 

aneurysm both pre- and post-injection. Both the upper velocity peak and descending mean velocity, 

shown in Figure 12 (upper middle & lower middle), demonstrate that the velocity at the bottom of the 

aneurysm is similar in profile between pre- and post-injection results, though a little lower in 

magnitude for the post-injection results, perhaps due to differences in viscosity between water and 

gelatin which can significantly exceed the viscosity of water based on concentration and application 

[8,124]. The lower velocity peak shown in Figure 12 (bottom), by contrast, demonstrates significantly 

different profiles between the pre- and post-injection results. Referencing the location of the 

concentrated gelatin fragments in Figure 10 (right), it is possible that this discrepancy is also due to 

differences in viscosity between the water and gelatin, which appears to have been squeezed into the 

top left of the aneurysm. 

Overall, for flow fields where gelatin is present, Figure 10 demonstrates that areas including gelatin 

can be identified using preprocessing techniques. Figure 12 demonstrates that using the PIVlab 

settings described in section 4.1.1 enables identification of areas with large gelatin fragments and 

derivation of valid vectors surrounding these areas, even when particles in these areas are immersed 

in smaller fragments of gelatin. 

This experimental outcome indicates that clot capture in PIV for the thrombin-fibrinogen flow 

experiment is feasible under similar conditions.  

4.2. Thrombin-Fibrinogen Flow Experiment (Pre-Clot) 

The thrombin-fibrinogen flow experiments utilize the same reagents and concentrations for the pre- 

and post-clot PIV image gathering. However, the presence (or lack thereof) of a clot makes a significant 

difference in the PIV analysis method required to adequately capture flow, where a FFT method is 

sufficient to capture flow before the clot has been formed, and an ensemble correlation method 
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tailored for this experiment is required once a clot has developed. As such, the thrombin-fibrinogen 

flow experiment is analyzed across two sections, where this section discusses methods and results of 

the thrombin-fibrinogen experiment prior to clotting. 

4.2.1. Experiment-Specific Framework & PIV Settings 

4.2.1.1. Materials, Physical Setup, and Procedure 

Fluid Concentrations Units 

Fibrinogen-Saline Solution (0.9% NaCl) 0.25 mg / ml 

Thrombin-Saline Solution (0.9% NaCl) 1 mg / ml 

Table 10: Fluid concentrations for thrombin-fibrinogen experiment 

The primary operating fluid for the thrombin-fibrinogen experiment is fibrinogen combined with 4l of 

0.9% NaCl saline solution to make a concentration of 0.25 mg / ml shown in Table 10. The syringe is 

filled with thrombin combined with saline solution to make a concentration of 1 mg/ml and is attached 

to the syringe pump. Afterwards, the fibrinogen-saline inlet tank shown in Figure 4 is filled with 1.34 

liters of the fibrinogen-saline solution, which is then seeded with density-neutral microparticles and 

briefly pumped into the system before each experiment to ensure that the flow phantom is filled 

entirely with fibrinogen-saline solution and no bubbles are present. Once the laser is switched on, the 

pump is activated again using the settings detailed in section 3.2.4.1. Following the first pulse, image 

acquisition is started, followed immediately by the syringe pump, which injects 1 ml of thrombin-saline 

solution into the aneurysm over 5 seconds. Image acquisition lasts for 3 minutes.  

Camera Settings Units 

Image Pair Capture Frequency 20 Hz (20 image pairs / s) 

Time Step 1700 µs 

Exposure Time 3000 µs 

Image Area 512 x 512 pixels 

Table 11: Camera Settings for thrombin-fibrinogen experiment 

The camera is positioned 30 cm away from the flow phantom for this experiment to maximize flow 

resolution within the aneurysm, and uses the settings shown in Table 11, where the time step and 

exposure time are optimized to capture particle transport with sufficient brightness and minimal 

blurring. The image area is optimized to capture clotting effects and camera memory usage. 
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4.2.1.2. Image Pre-Processing and FFT Settings 

Image Pre-Processing Settings Units 

CLAHE window size 64 pixels 

Intensity Capping Enabled 

Wiener Denoise Filter and Gaussian Low Pass window size 3 pixels 

Mean Intensity Background Subtraction Enabled 

Table 12: Image pre-processing for thrombin-fibrinogen experiment 

Select image preprocessing techniques described in section 3.2.3 are applied for the images derived 

in this experiment, and the values applied for each technique can be found in Table 12.  

FFT Window Deformation Settings Interrogation Area Step Size 

Pass 1 128 pixels 64 pixels 

Pass 2 64 pixels 32 pixels 

Pass 3 32 pixels 16 pixels 

Sub-pixel estimator 2x3 point Gauss 

Disabled 

Extreme 

Auto-Correlation 

Correlation robustness quality 

Table 13: FFT Window Deformation Settings for fibrinogen-thrombin experiment 

The image pre-processing setting’s values have been selected in part based upon recommended 

default settings in PIVlab and the FFT pass window sizes shown in Table 13. The CLAHE window size is 

equivalent to the pass 1 step-size and pass 2 interrogation area, such that each interrogation area for 

the 2nd pass is optimized independently. This value is unaltered from the default value provided in 

PIVlab to optimize intensities for accurate particle identification for high flow rates. The Wiener 

denoise filter and Gaussian low pass window size of 3 pixels is selected to eliminate background noise 

and is based upon image resolution. Mean intensity background subtraction is applied to remove 

background noise that is consistent across all images, and intensity capping is enabled to assign the 

same intensity to all flow field particles.  

The FFT pass window sizes shown in Table 13 are selected based primarily upon the maximum particle 

displacement and particle count. The large displacements that occur at high flow rates, coupled with 

the interference of the fibrin clots that form on particle seeds prior to thrombin injection necessitates 

the use of the interrogation area of 128 pixels for pass 1. The subsequent pass 2 and pass 3 
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interrogation areas of 64 and 32 pixels, respectively, are selected to capture finer flow features, 

particularly at low flow rates. 

2x3 Gauss subpixel estimation is selected, with auto-correlation disabled to reduce detection of invalid 

vectors from background noise caused by clotting [113]. The highest and most computationally 

expensive setting for correlation robustness quality in PIVlab is selected to ensure further accuracy. 

4.2.1.3. Image Calibration 

Image Calibration Settings Units 

Reference length [px] 422.74 pixels 

Real distance of reference length [mm] 12.8 mm 

Time Step 1.7 ms 

Pixel to distance conversion 1 pixel = 3e-5 m 

Pixel/frame to velocity conversion 1 pixel/frame = 0.01815 m/s 

Table 14: Image calibration settings for thrombin-fibrinogen experiment 

The image calibration settings applied to determine the velocity values for vectors derived from the 

FFT cross-correlation are shown in Table 14 and are derived from the 12.8 mm diameter of the 

aneurysm of the flow phantom shown in Figure 3, which is measured to be 422.74 pixels in length for 

the PIV derived images. When the pixel to distance conversion is divided by the time step between 

image pairs of 1.7 ms, the pixel/frame of each vector for an image pair can be converted to velocity, 

where 1 pixel/frame is equivalent to 0.01815 m/s. 
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4.2.2. Pre-Clot Flow Analysis 

 

Figure 13: Thrombin-fibrinogen experiment pre-clot aneurysmal pulsatile flow behavior at different times throughout a pulse 
wavelength shown in Figure 7; mean pulsatile flow velocity ascending towards upper velocity peak (top left), pulsatile flow 
upper velocity peak (top right), mean pulsatile flow velocity descending towards lower velocity peak (bottom left), pulsatile 
flow lower velocity peak (bottom right). 

 

The flow behavior within the aneurysm at different times during a pulsatile wavelength for the 

thrombin-fibrinogen flow experiment prior to the formation of a detectable clot is shown in Figure 13, 

specifically at the upper and lower velocity peaks as well as the mean velocities between these two 

peaks. Flow within the aneurysm is lowest during the ascending mean velocity, shown in Figure 13 

(top left), and the lower pulsatile velocity peak also shown in Figure 13 (bottom right). This flow  
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behavior is similar to that seen in Figure 9 for the water-gelatin flow experiment described in section 

4.1, where both cases demonstrate similar flow distributions and magnitudes for corresponding flow 

behaviors.  

The flow distribution of the upper velocity peak and descending mean velocity, shown in Figure 13 

(top right & bottom left), is well distributed along most of the aneurysmal wall, where the highest flow 

of the upper velocity peak is distributed towards the top and left side of the aneurysm with 

comparatively low flow at the bottom of the aneurysm, and the highest flow of the mean is distributed 

towards the bottom and right side of the aneurysm, with comparatively low flow at the top of the 

aneurysm. The magnitudes of corresponding flow behaviors in the water-gelatin experiment, shown 

in Figure 9, are significantly lower in magnitude, indicating a difference in viscous behavior between 

the operating fluids of the two experiments. 

Flow in the channel is not measured for the thrombin-fibrinogen experiments, however the fluid 

properties of thrombin-saline solution are considered virtually identical to that of water with 

consideration towards Archimedes principle as it relates to the mass of reagents within the solution. 

It is therefore assumed that α, Re, and De are identical to that described in section 4.1.3. for the pre-

injection water-gelatin experiment. 

4.3. Thrombin-Fibrinogen Flow Experiment (Clot Capture) 

This section describes the post-clot fibrinogen-thrombin experiment procedure, ensemble correlation 

methodology, and an analysis of flow vectors derived from the PIV images taken during clot formation.  

4.3.1. Procedure 

Clot capture for the thrombin-fibrinogen flow experiment involves identical materials, physical setup, 

procedure, preprocessing, and postprocessing to the same pre-clot experiment with the exception 

that thrombin-saline solution is injected into the system twice at the amounts described in section 

4.2.1.1, where the first injection takes place approximately 2 minutes prior to the activation of the 

camera and laser, and the second injection takes place just after the activation of the camera and 

laser. The pump is activated for a short period of time during the first injection at a high pulse 

frequency to remove bubbles from the system after the injection. 
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4.3.2. Ensemble Correlation Methodology and Settings 

 

Figure 14: Raw PIV image for thrombin-fibrinogen flow experiment with strand-like clot attached to the bottom of the 

aneurysm 

Figure 14 shows the resulting fibrin clot which is bound to the bottom surface of the flow phantom 

aneurysm. Fibrin is a surfactant, and through adsorption are able to quickly bind to foreign surfaces  

[125]. The FFT method employed for pre-clot images is insufficient for capturing flow once a clot has 

been formed due to the interference that clotting against the channel walls has on particle detection. 

Instead, an ensemble correlation method is employed to analyze flow behaviors at select times in the 

duration of the flow pulse to provide a more robust understanding of flow at different stages of a 

pulse. This is enabled in part by the nature of fibrin formation in this experiment, where the clot takes 

the form of a long strand shown in Figure 14. This strand shifts in position based on the surrounding 

flow and thereby has diminished impact on the surrounding flow features by comparison to a 

stationary clot. 

An ensemble correlation method is applied to sets of 10 image pairs for each recorded time in a pulse 

to ensure that a complete flow field is captured. Using the pump settings described in section 3.2.4.1, 

the wavelength of each pulse is 1.55s. Accounting for this when considering the applied image pair 

capture frequency described in Table 11 means that the flow for each wavelength is captured across 

31 images. Therefore, an ensemble correlation was performed for 31 sets of 10 image pairs to capture 

the average flow for each 0.05s of the 1.55s pulsatile wavelength. This is possible due to the dynamic 
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position of the clot, which is strand-like in nature as shown in Figure 14. Window deformation settings 

are otherwise identical to that applied for the FFT correlation applied to pre-clot images as detailed in 

Table 13. 

4.3.3. Clot and Flow Analysis 

4.3.3.1. Exploring the Effects of Periodic Movement of Clot on Valid Vector Detection 

 

Figure 15: Pre-processed PIV image for thrombin-fibrinogen flow experiment with strand-like clot attached to the bottom of 
the aneurysm 

 

Owing to the formed clot appearing as a high-intensity non-stationary object that has the potential to 

interfere with the calculation of valid vectors for nearby particle displacements, and that no feasible 

pre-processing methods exist that can suitably reduce the intensity of this structure relative to 

surrounding particles, an analysis of its impact on the derived flow vector maps is necessary. To 

accomplish this, the images belonging to each ensemble correlation are analyzed with and without 

the inclusion of a mask placed over the fibrin clot where it intersects with the laser sheet. For the 

masked case, this is determined after preprocessing for each individual image pair by qualitatively 

identifying bright areas in the shape of the fibrin strand clot, like that shown in Figure 15, and masking 
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it. This is repeated for each image pair of an ensemble, where the clot mask for each image pair as 

part of the same ensemble is aggregated together, and the sum aggregate clot mask is then applied 

to all image pairs prior to performing the ensemble correlation analysis.  
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4.3.3.2. Mid-Clot Vector Flow Field Results and Analysis Including the Effects of Strand-Like 

Clot on Valid Vector Detection  

 

Figure 16: Fibrinogen-thrombin experiment post-clot ensemble correlation results excluding (left) and including (right) clot 
masking at different times throughout a pulse wavelength shown in Figure 7; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). 
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Figure 16 demonstrates a comparison of the derived post-clot flow field of the thrombin-fibrinogen 

flow comparison with and without the inclusion of the clot masking method described in section 

4.3.3.1. The flow velocity magnitudes and flow distribution of the masked and unmasked flow fields 

bear strong resemblance to one another with some exceptions. The masking of the clot appears to 

eliminate the derivation of nearby flow vectors for the upper velocity peak (upper-middle) and 

descending mean flow (lower-middle) as seen in Figure 16, where flow in the bottom of the aneurysm 

is significantly lower when a mask is present. At the ascending mean flow (top), downward flow 

vectors of approximately 0.02 m/s are eliminated in the masked case specifically in the location of the 

fibrin strand, indicating that vectors in this location are mapped by the cross-correlation algorithm 

based upon the intensity of the fibrin strand. The vectors in the unmasked case (left) indicate that 

during the ascending mean pulsatile flow (top), the fibrin strand is being pulled downwards.  

The unmasked case vector maps (left) may be valid with consideration towards the change in position 

of the clot between the ascending mean (top) and upper velocity peak (upper-middle) with reference 

to the general location of the clot indicated by the masked regions (right) in Figure 16, where the 

average position of the clot shifts downwards by the upper velocity peak. With consideration that an 

‘extreme’ robustness correlation is applied as described in section 3.2.2, wherein the cross-correlation 

algorithm repeats five times per frame analysis with slightly shifted interrogation windows each time, 

and eliminates any vector that is not produced in all five frame analyses; it is plausible that the cross-

correlation algorithm is correctly identifying the movement of the strand-like fibrin clot [113,117].  

Looking at the rest of the pulse (left upper-middle, …, bottom) for the unmasked case in Figure 16, 

this rationale potentially provides an explanation for the areas at the bottom of the aneurysm wall 

that have very low velocity regions relative to surrounding high velocity vectors. With reference to the 

masked case (right), these low flow areas correspond with the location of the strand-like fibrin clot. 

This indicates that the ‘extreme’ robustness algorithm either eliminates vectors in these regions due 

the presence of the fibrin clot, or these regions are demonstrating low velocity because they are 

representative of the movement of the fibrin clot. Cross-referencing this rationale with the fact that 

vectors farther away from the aneurysm wall in the unmasked case (left upper-middle, …, bottom) are 

representative of surrounding flow patterns even if they are located in regions that are occupied by 

the clot as indicated by the masked case (right), it is possible that the unmasked case vectors are  

representative of the movement of the strand-like clot. 
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4.3.3.3. Pre- and Post-Clot Flow Comparison 

 

Figure 17: Fibrinogen-thrombin experiment pre-clot FFT results (left) and post-clot ensemble correlation results (right) at 
different times throughout a pulse wavelength shown in Figure 7; mean pulsatile flow velocity ascending towards upper 
velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards lower 
velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). 
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When further cross-referencing the derived flow-field of the unmasked post-clot case with the flow 

field derived prior to clot formation using FFT window deformation analysis as shown in Figure 17, it 

is apparent that the flow field derived with the presence of the fibrin clot strongly resembles the flow 

field prior to clot formation with small exceptions; all of which are attributable to the presence of the 

fibrin clot strand. These exceptions, shown on the right of Figure 17, include the bottom of the 

aneurysm at 0.4-0.95s, where there is a pocket of low flow at the location of fibrin-strand clot 

attachment to the aneurysm, the center of recirculation at 0.4-0.95s that is shifted slightly to the right 

and downwards, and at the lower velocity peak which lacks the second recirculation zone at the 

bottom of the aneurysm nearby the location of fibrin-strand clot attachment to the aneurysm.  

Broadly, the flow magnitudes and distribution at different stages of the pulse wavelength are nearly 

the same in both cases, indicating that the fibrin-clot strand at this stage of clotting has minimal effect 

on the flow field. The ensemble correlation methodology applied for post-clot flow analysis 

demonstrates effectiveness in capturing flow despite high levels of background noise caused by fibrin 

formation on the flow channel faces.  

Cross-referencing the comparison of the pre-and post-clot flow fields shown in Figure 17 with the 

comparison of post-clot flow-fields with and without clot masking shown in Figure 16, clot-masking  

removes vectors that otherwise agree with the pre-clot flow field, which is particularly prevalent at 

the upper velocity peak and mean velocity of the descending pulse.  

When further considering in that the flow vectors derived at the location of the fibrin clot at the 

ascending mean flow in Figure 16 are of similar magnitude to similarly positioned vectors in the 

corresponding pre-clot case shown in Figure 17, there is indication that the vectors derived from the 

intensity of the fibrin strand clot are capturing its average movement.  

4.4. Comparison of Thrombin-Fibrinogen Flow Experiment Results and to Flow 

Experiments in Literature 

The framework of the fibrinogen-thrombin flow experiments described and analyzed in this section is 

built on work from Hume & Tshimanga et al., where flow within an idealized cerebral aneurysm vessel 

is analyzed using PIV to validate a pulsatile model of direct thrombosis in cerebral aneurysms, and the 

clotting flow experiments designed by Jimoh-Taiwo et al. and Ngoepe et al., that qualitatively measure 

clot formation using similar reagents in a straight channel under pulsatile conditions and an idealized 

cerebral aneurysm vessel under steady flow conditions, respectively  [71,73,75]. These experiments 

are designed as validation tools, but individually do not accommodate the analysis of fibrin formation 

under physiological flow conditions simultaneously to measurement of the flow field.  
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The thrombin-fibrinogen PIV-based flow experiment, by comparison to these experiments, combines 

flow visualization and clotting into a single flow experiment with physiological flow conditions, such 

that it can be used to simultaneously validate clot formation and flow for the CFD thrombosis model 

for each individual timestep, which each directly correspond to a PIV image pair taken at an identical 

time. This has resulted in a novel and comprehensive validation method for macroscopic clotting in a 

flowing environment built upon the in-vitro flow experiments by Ngoepe et al., Hume & Tshimanga et 

al., and Jimoh Taiwo et al. [71,73,75]. 

The fibrinogen-thrombin experiment presented in sections 4.2-4.3 combines many of the features of 

the experiments described in addition to that of Gester et al. and Clauser et al., and further allows the 

measurement of flow simultaneously to clot development. The clot grown in the fibrinogen-thrombin 

experiment, however, differs greatly in structure from the clots grown in these prior flow studies, 

wherein the clots are relatively stationary and concentrated, as compared to the strand-like fibrin clot 

formed in this study which changes position subject to local flow conditions as shown in Figure 16 

[68,72,73,75].  

Studies by Campbell et al. and Gersch et al. address the strong influence of flow effects on the 

structure of fibrin formation, demonstrating that fibrin fibers align in the direction of flow, and that 

this alignment increases dramatically with increase in shear [126,127]. Fibrin is also well documented 

as having non-linear elasticity and high extensibility. A fibrin clot can extend 2.5-3.3 times their original 

length before rupturing [128–132]. A variety of factors likely contribute to this discrepancy [126,131]. 

These include the use of a pulsatile waveform with relatively high periodic velocities and the 

comparatively lower concentration of fibrinogen in saline than in other studies [126]. High periodic 

velocities associated with physiological flow patterns have been associated with loss of thrombin 

concentration within the aneurysm according to Hume & Tshimanga et al., and the flow velocities 

applied by the pulse in this study are significantly higher than similar in-vitro flow studies apart from 

Clauser et al. and Gersch et al., wherein a physiologically representative clot was not formed [68,71–

73,75]. Coupled with the relative sparseness of fibrinogen in saline by comparison to studies Jimoh-

Taiwo et al. and Ngoepe et al., the tendency of thick fibrin strands to form in parallel under higher 

flow conditions according to Campbell et al., and the high elasticity and extensibility of fibrin as a 

polymer, the difference in clot development from similar studies is logically explicable [68,71–

73,75,126,128–132]. Further, the in vitro experiment of high-shear thrombi-formation by van Rooij et 

al. demonstrates ‘mountains-and-valleys-like’ platelet aggregates for under high shear, which appear 

as strand-like aggregates outward from the vessel walls, perhaps indicating similar behavior [133]. 
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There are, however, many limitations for the thrombin-fibrinogen experiment as a validation tool for 

computational models of thrombosis. Despite the application of physiological materials, the idealized 

nature of the experiment means it is only crudely representative of physiological flow and clotting 

therein. Furthermore, due to the necessity of a square channel to circumvent refractive-index-

matching between the PIV fluid and the flow phantom, analysis of flow in more complicated patient-

derived arterial vessels is not possible for the thrombin-fibrinogen experiment in its current form.   

From an operational perspective there are many limitations as well, including seeding particles 

vulnerable to fibrin aggregation, fibrin formation against the vessel wall obscuring particles within the 

channel, limited fibrinogen concentration in the operating fluid, the necessity of a square channel to 

limit light refraction, a PIV setup that is not optimized to operate for long periods of time to capture 

the entire clot formation, and internal light refraction caused by the introduction of a clot within the 

flow field. These limitations were difficult to account for ahead of this study. Outside of inference from 

some medical studies of clots, there are few similar flow experiment studies that can be referenced 

for guidance.  

However, since the operational limitations have been made apparent with the results of the 

fibrinogen-thrombin flow experiment, they should be relatively trivial to correct for future studies and 

recommendations for such changes are as follows:  

- To prevent embolization of seeding particles during the experiment, either switch seeding

particles to a material option that does not promote fibrin aggregation, or only mix fibrinogen-

saline solution with particles immediately before conducting the experiment.

- Develop a method to distribute seeding particles more effectively in the fibrinogen-saline

solution, since they tend to float.

- Coat channel surfaces perpendicular to the camera with either an anti-adhesive surface or

serum albumin to prevent clots and biofilms from forming over them that may prevent

accurate capture of flow.

- Increase fibrinogen content of fibrinogen-saline solution to be more consistent with blood to

induce faster and more significant fibrin generation upon contact with injected thrombin

within the aneurysm.

- Change the location of the injection port of flow phantom because unintended light scattering

illuminates it and causes background noise that interferes with particle detection during PIV

analysis. This might be achieved by orienting the injection port to the top of the aneurysm,

although this was attempted for this study, and reorientation of the flow phantom sideways

relative to the laser head resulted in uneven lighting within the artery channel, potentially
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caused by compounding light-refraction from the laser lightsheet, which can pass through up 

to four solid-liquid interfaces within the flow phantom in this configuration. 

- Change camera resolution to ideally capture flow in the artery as well as the aneurysm, which 

was not possible for this experiment due to memory limitations. 

- Should it be feasible to acquire 5l of human plasma, consider using human-plasma derived 

PIV-Fluid in place of the fibrinogen-saline solution for even more physiologically 

representative flow and clotting behavior such as that developed in work by Clauser et al. [72]. 

- Consider switch to bovine model to simplify acquisition of large volumes of plasma and blood-

derived reagents  

4.5. Conclusion and Data Quantities 

The PIV-based thrombin-fibrinogen clotting flow experiment approach builds and innovates upon 

previous in-vitro flow experiments and provides a novel and comprehensive validation method for 

macroscopic clotting in a flowing environment. By integrating flow visualization with clotting under a 

physiological flow profile, this setup allows for validation of clot formation and flow for the CFD 

thrombosis model at each individual timestep, which correspond directly to PIV image pairs. 

This experiment results in a strand-like fibrin clot that changes position with local flow conditions, 

contrasting with the relatively stationary and concentrated clots observed in previous studies. This 

result appears to agree with the results of microscopic studies measuring fibrin fiber alignment under 

high shear, which indicates that high flow rates may have a significant effect upon fibrin clot 

macrostructure as well. Given the lack of similar macrovascular clotting experiments and macroscale 

fibrin clot structure studies, this highlights an area that may benefit from further research. 

While the idealized nature of this experiment leaves it only crudely representative of an in-vivo 

environment, its reductionist design allows for validation of flow and acute thrombosis clot 

development predicted by the presented thrombosis model that cannot be achieved by other existing 

experiments. With refinement to the PIV-based thrombin-fibrinogen clotting flow experiment design, 

this formula presents a comprehensive validation method for direct thrombosis models that is a 

crucial stepping-stone to achieving their application in clinical environments as sorely needed patient 

intervention planning tools. 
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Flow Behavior and location Pre-Injection Post-Injection 

Water-Gelatin Experiment Max Velocity 

Arterial Mean (Ascending) Velocity 0.16 m/s 0.19 m/s 

Arterial Upper Velocity Peak 0.45 m/s 0.425 m/s 

Arterial Mean (Descending) Velocity 0.14 m/s 0.14 m/s 

Arterial Lower Velocity Peak 0.09 m/s 0.1 m/s 

Aneurysmal Mean (Ascending) Velocity 0.09 m/s 0.09 m/s 

Aneurysmal Upper Velocity Peak 0.25 m/s 0.275 m/s 

Aneurysmal Mean (Descending) Velocity 0.07 m/s 0.09 m/s 

Aneurysmal Lower Velocity Peak 0.045 m/s 0.055 m/s 

Thrombin-Fibrinogen Experiment Max Velocity 

Aneurysmal Mean (Ascending) Velocity 0.04 m/s 0.035 m/s 

Aneurysmal Upper Velocity Peak 0.25 m/s 0.25 m/s 

Aneurysmal Mean (Descending) Velocity 0.16 m/s 0.15 m/s 

Aneurysmal Lower Velocity Peak 0.0575 m/s 0.075 m/s 

Thrombin-Fibrinogen Clot Subtraction Max Velocity 

Aneurysmal Mean (Ascending) Velocity 0.035 m/s 

Aneurysmal Upper Velocity Peak 0.25 m/s 

Aneurysmal Mean (Descending) Velocity 0.14 m/s 

Aneurysmal Lower Velocity Peak 0.075 m/s 

Dimensionless Quantities Common Across Experiments 

𝛼 = 12.39 Mean (Asc) Upper Peak Mean (Desc) Lower Peak 

De 19.1 53.74 16.71 10.75 

Re 1016 2857.5 889 571.5 

Table 15: Data quantities for PIV-based flow experiments 
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5. Validation Simulation 

This chapter addresses the methods, results, and discussion specific to the experimental validation of 

the computational thrombosis model of cerebral aneurysms via a validation simulation that mimics 

the flow field, flow properties and clotting reagents within the fibrinogen-thrombin flow experiment 

discussed in chapter 4.  

Specifically, this chapter includes: 

1. The methodology of the validation simulation. 

2. A comparison of computational flow results with no-slip and free-slip wall boundary 

conditions to the results of the pre-clot fibrinogen-thrombin experiment detailed in section 

4.2.  

3. A comparison of computational clot results to the results of the post-clot fibrinogen-thrombin 

experiment detailed in section 4.3.  

4. A comparison of the computational results to similar models in literature. 

5.1. Validation Simulation Specific Methodology 

The computational framework specific to the validation simulation is presented. This expands on the 

computational framework described in chapter 3.1. This specifically includes relevant features of the 

idealized PIV aneurysm geometry and mesh, the specific boundary conditions applied to the validation 

simulation, and a discussion of wall boundary theory that includes and provides necessary context for 

a grid independence study. 

5.1.1. Idealized PIV Aneurysm Geometry 

 

Figure 18: Front view of PIV flow phantom channel dimensions and features 
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Figure 19: Side view PIV flow phantom channel dimensions (inclusive of thrombin injection zone) 

 

Figure 20: Rear view PIV flow phantom channel dimensions (inclusive of relative position of injection port) 
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A 3D simulation geometry with the flow phantom’s dimensions is used for the validation simulation 

and is illustrated in Figure 18-Figure 20. This mimics the flow boundaries of the thrombin-fibrinogen 

flow experiment, described in sections 4.2-4.3. The geometry consists of four fluid zones, including 

the inlet zone, outlet zone and artery shown in Figure 18, and thrombin injection zone shown in Figure 

19-Figure 20. As shown in Figure 18, an inlet boundary condition is set at the inlet zone and an outlet 

boundary condition is set at the outlet zone. As shown in Figure 19, an inlet boundary condition is set 

at the thrombin injection zone. The aneurysm shown in Figure 18-Figure 20 is part of the artery fluid 

zone. Fluid properties are consistent across these four fluid boundaries, with the exception of the 

Michaelis-Menten model and porosity-based clotting model described in sections 3.1.4-3.1.5 which 

only activate in the artery and aneurysm in order to reduce the potential of convergence errors from 

clots forming nearby inlet and outlet flow boundaries as described previously in section 3.1.6. 

 

Figure 21: Front view of PIV simulation mesh 



University of Cape Town  Struan Robertson Hume 
 

68 
 

 

Figure 22: Side view of PIV simulation mesh 

 

 

Figure 23: PIV simulation mesh inflation layers 

The mesh shown in Figure 21 and Figure 22 is tailored to be computationally efficient in the inlet zone, 

outlet zone and thrombin injection zone, and to provide higher resolution results in the aneurysm and 

artery. As such the thrombin inlet zone, inlet zone and outlet zone are composed of quadrilaterals, 

shown in Figure 22, and the rest of the flow field is composed of tetrahedrons. An inflation layer of 5 

cells shown in Figure 23 is added to the walls of the inlet zone, outlet zone, artery and aneurysm shown 
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in Figure 18 to reduce skewness in the geometry and enhance the user-defined scalar residual 

robustness within the ANSYS Fluent framework. This inflation layer uses a smooth transition algorithm 

based on the global element size producing a total boundary layer of approximately 0.0006 m in the 

artery zone and 0.0003 in the aneurysm. 

 Orthogonal Quality Skewness 

Minimum 0.30053 2.6533e-4 

Maximum 0.99999 0.69947 

Average 0.80909 0.21296 

Standard Deviation 0.10771 0.11073 

Table 16: Quality metrics for PIV simulation mesh 

This results in a mesh with a sum of 507857 elements and 1309359 nodes as shown in Figure 21, where 

the orthogonal quality and skewness metrics can be viewed on Table 16. 

Details of the grid-independence study used to arrive at this mesh is provided later in section 5.1.3.2. 

5.1.2. Boundary Conditions 

The boundary conditions specific to the validation experiment are detailed in this section. These 

broadly include velocity inlet and pressure outlet pulsatile flow functions derived from velocity-data 

of the water-gelatin experiment of the chapter 4 flow experiments shown in Figure 7, the thrombin 

inlet whose location is shown in Figure 19, and the wall boundary conditions applied at all solid 

surfaces for which there is an accompanying discussion of theory and details for the grid independence 

study.  
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5.1.2.1. PIV-Derived Velocity Inlet and Pressure Outlet Pulsatile Flow Functions 

 

Figure 24: PIV velocity data (blue) and PIV-derived velocity inlet waveform (orange) 

𝑣(𝑡) =  𝑎1sin(𝑏1𝑡 + 𝑐1) + 𝑎2sin(𝑏2𝑡 + 𝑐2) + ⋯𝑎8sin(𝑏8𝑡 + 𝑐8) (45) 

 

Sinusoid number a b c 

1 0.2333 2.389 0.02324 

2 0.2313 4.666 0.3514 

3 0.02571 10.5 -4.156 

4 0.03799 15.7 2.37 

5 0.01468 24.65 0.1259 

6 0.00766 60.47 -2.211 

7 0.01389 57.46 -1.898 

8 0.01076 47.23 2.526 

Table 17: Constants for PIV-derived velocity inlet waveform function equation (45) 

The PIV-derived velocity inlet waveform shown in orange in Figure 24 is derived at the inlet of the PIV 

flow phantom from velocity-data of the water-gelatin experiment of the chapter 4 flow experiments 

shown in Figure 7. The sum of sines fit was accomplished using the Matlab Curve Fitting Toolbox 

version 3.5.12., and the resulting PIV-derived velocity inlet waveform function is described using 

equation (45) and corresponding Table 17.  
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Figure 25: PIV-derived velocity inlet waveform (orange) and PIV-derived pressure outlet waveform (blue) 

Importantly however, although the PIV-velocity data produces a repeating waveform, the PIV-derived 

velocity inlet waveform function shown in (45) does not, and rather only captures a single wavelength 

of the PIV-velocity data. As such the function is altered to repeat after every 1.55s for use in a UDF 

(user-defined function) to define the PIV simulation velocity inlet as shown in equations (46) and (48) 

below: 

𝑣(𝑡) =  𝑎1sin(𝑏1(𝑡 − 1.55𝑛) + 𝑐1) + 𝑎2sin(𝑏2(𝑡 − 1.55𝑛) + 𝑐2)

+ ⋯𝑎8sin(𝑏8(𝑡 − 1.55𝑛) + 𝑐8) 

(46) 

𝑃(𝑡) =  (24000(𝑎1sin(𝑏1(𝑡 − 1.55𝑛) + 𝑐1) + 𝑎2sin(𝑏2(𝑡 − 1.55𝑛) + 𝑐2)

+ ⋯𝑎8sin(𝑏8(𝑡 − 1.55𝑛) + 𝑐8)) + 5500)(7.5 × 10−3) 

(47) 

Where: 

𝑛 =  ⌊𝑡⌋ − 1.55 (48) 

 

Pressure is not measured for any of the experiments however the inlet and outlet functions, shown in 

Figure 35 for the patient-specific aneurysm simulation in upcoming chapter 6, demonstrate that the 

applied in-vivo pressure waveforms demonstrate a nearly identical periodicity and sinusoidal structure 

to corresponding velocity waveforms. With this consideration, the PIV simulation pressure outlet 

function shown in equation (47) is derived from a further alteration of equation (46) by increasing the 

scale and shifting the mean to create a similar function in scale to that derived from patient-data 

shown in Figure 35 for the patient-specific aneurysm geometries  discussed in section 6.1.2.1.  



University of Cape Town  Struan Robertson Hume 
 

72 
 

The velocity flow profile is otherwise defined as plug flow at inlet, and the extended inlet zone is 

applied to parabolically distribute ahead of the artery zone, shown in Figure 18.  

5.1.2.1.1. Reference Features of Velocity Inlet Waveform 

 

Figure 26: Waveform of PIV-derived velocity inlet waveform indicating waveform features with yellow dots 

Figure 26 indicates waveform features in a pulse that will be referenced throughout the PIV-

validation simulation results analysis. The indicated waveform features of the inlet velocity Fourier 

transform are specifically the mean flow as the pulse ascends towards the upper velocity peak (left), 

the upper velocity peak (middle-left), the mean flow as the pulse descends towards the lower 

velocity peak (middle-right), and the lower velocity peak (right). 

5.1.2.1.2. Fibrinogen at the Velocity Inlet Boundary 

The velocity inlet described broadly in section 3.1.6.3 is designed to represent the flow of 0.25 mg/ml 

concentration fibrinogen in saline solution described in section 4.2.1.1 of the thrombin-fibrinogen flow 

experiment. As such the velocity inlet continuously outputs a fixed user-defined scalar boundary value 

of 7.41 nMol of fibrinogen, such that a fixed scalar value of 7.41 nMol of fibrinogen is always present 

in the flow field prior to biochemical interactions.  

5.1.2.2. Thrombin Inlet 

The thrombin inlet is designed to represent the thrombin injection of 0.1 ml of 1 mg/ml concentration 

thrombin in saline solution described in section 4.2.1.1 of the thrombin-fibrinogen flow experiment. 

As such the thrombin velocity inlet has a steady velocity of 0.025 m/s and outputs a user-defined scalar 

boundary value of 0.524 nMol/s of thrombin for 5 seconds once as described in the pre-clot thrombin-
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fibrinogen flow experiment in section 4.2.1.1, and twice as described  in the thrombin-fibrinogen flow 

experiment for clot capture in section 4.3.1. 

5.1.2.3. Porosity Clotting Threshold 

The porosity clotting model is adjusted based on the clotting times in the PIV experiment, where the 

concentrations of thrombin and fibrinogen described in section 4.2.1.1 produce fibrin structures 

shortly after the first thrombin injection and produce a full clot in roughly 2 minutes in the clot-capture 

thrombin-fibrinogen flow experiment as described in section 4.3.1. As such, a porosity value of 0.75 

and permeability of 1e12 m-1 is reached when a fibrin concentration of 1.25 nMol is reached, which is 

achieved slightly under 10s in the clotting PIV-validation simulation as described later in section 5.3.1. 

5.1.3. No-Slip and Free-Slip Wall Boundary Conditions 

The majority of CFD thrombosis models apply a no-slip wall boundary condition [55,57,64,71,75,134]. 

There has long been evidence, however, that a partial-slip wall boundary is more appropriate for 

representing some of the non-Newtonian flow behavior of blood [100,135]. While the effects of the 

non-Newtonian characteristics of blood are usually considered negligible in arterial flow modeling 

with exception to flow through very small vessels such as arterioles, there are a growing number of 

models demonstrating that these non-Newtonian effects are significant even in large vessels with 

predominantly high shear rates [83]. 

The modelling of a partial-slip wall boundary function for macro-vessels is outside the scope of the 

presented thrombosis model, however due to its allowance of near-wall flow, a free-slip wall boundary 

theoretically provides a better approximation to this behavior than a no-slip wall boundary. Therefore, 

a comparison of flow results between wall boundaries with free-slip and no-slip conditions to the flow 

results of thrombin-fibrinogen pre-clot flow experiment shown in section 4.2.2 is applied to determine 

the extent to which a partial-slip wall boundary may be relevant, and whether it is better 

approximated by a free-slip or no-slip wall boundary condition. 

5.1.3.1. Free-Slip vs No-Slip Theory 

A no-slip boundary condition at a wall causes fluid to stick to it and match its velocity, if any, where 

the specified shear boundary condition at a wall allows you to specify the directional components of 

shear stress.  
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For a no-slip wall boundary condition in a laminar flow case, shear stress on the fluid at the wall is 

determined by the normal velocity gradient at the wall shown in equation (49). 

𝜏𝑤𝑎𝑙𝑙 = µ
𝑑𝑣

𝑑𝑛
 

(49) 

Where µ is dynamic viscosity and 
𝑑𝑣

𝑑𝑛
 is the velocity gradient [136]. 

Holding dynamic viscosity µ constant, specifying a shear 𝜏𝑤𝑎𝑙𝑙 to zero sets the velocity gradient 
𝑑𝑣

𝑑𝑛
  to 

0 as well, which eliminates the velocity gradient altogether. 

5.1.3.2. Grid Independence Study 

 

Figure 27: Idealized-PIV Flow Geometry 

 

Elements Wall Condition Average (mm/s) Maximum (mm/s) 

X Y Z X Y Z 

527,133 

(Baseline) 

NS 25.7879  11.1729 5.91543 240.763 35.7266 7.65218 

ZS 36.7498 23.8064 10.0096 161.671 62.1783 12.2116 

55,657 

 

NS 30.7328 12.1966 5.46411 211.69 50.0761 6.91521 

ZS 44.868 32.9134 3.48265 161.063 80.7226 4.0747 

98,637 NS 29.8763 12.838 5.53014 214.836 48.5532 7.03183 

ZS 42.8024 31.2326 3.5314 161.45 77.2224 3.95331 

1,024,379 NS 24.6126 11.3296 7.18399 237.902 31.9238 9.65115 

ZS 39.4962 26.471 4.68757 162.563 75.4565 4.92174 

Table 18: Grid independence study of both no-slip and free-slip CFD flow phantom geometry cases comparing average, 
maximum, and minimum velocity magnitudes within the aneurysm along the X, Y, and Z axes. 
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Elements Wall Condition Average Maximum 

X Y Z X Y Z 

527,133 

(Baseline) 

NS 0% 0% 0% 0% 0% 0% 

ZS 0% 0% 0% 0% 0% 0% 

55,657 

 

NS -19.18% -9.16% 7.63% 12.08% -40.16% 9.63% 

ZS -22.09% -38.25% 65.21% 0.38% -29.82% 66.63% 

98,637 NS -15.85% -14.90% 6.51% 10.77% -35.90% 8.11% 

ZS -16.47% -31.19% 64.72% 0.14% -24.20% 67.63% 

1,024,379 NS 4.56% -1.40% -21.44% 1.19% 10.64% -26.12% 

ZS -7.47% -11.19% 53.17% --0.55% -21.36% 59.70% 

Table 19: Grid independence study average deviation from grid baseline for both no-slip and free-slip CFD flow phantom 
geometry cases for average, and maximum velocity magnitudes within the aneurysm along the X, Y, and Z axes. 

 

To arrive at the mesh shown in Figure 21-Figure 22, a grid independence study is performed using a 

steady velocity inlet boundary of 0.23 m/s, a pressure outlet boundary of 11000 Pa. A transient solver 

with a timestep size of 0.01s and 1000 time-steps is applied using the solver settings described in 

section 3.1.2 without the addition of the UDS’ and related functions. The thrombin inlet boundary is 

set at 0 m/s, as it is not critical to capture high resolution flow effects from this inlet.  

To reduce mesh size and retain sufficient accuracy, the simulation is repeated for coarser meshes, and 

subsequent probe values are compared to previously measured probe values of the maximum 

cell/node mesh. 

To accomplish this, three probes are employed within the center of the aneurysm across the x, y, and 

z axis respectively, as shown in Figure 27. The maximum and average velocity across these probes is 

measured and compared as shown in Table 18. Average and maximum velocity are chosen as metrics 

for grid independence to reflect the influence of grid size on velocity distribution within the flow field. 

Because of considerations towards multiple wall boundary conditions, discussed in detail in section 

5.1.3, the grid independence study is performed for different meshes with both free-slip and no-slip 

wall boundary conditions. Table 19 shows the average deviation of each mesh size from a baseline 

grid of roughly 500,000 elements, which is selected due to the relatively low deviation it has from the 

1,000,000-element mesh in the x and y directions when considering velocity average. The x and y 

directions are considered the most important due to the z-axis being perpendicular to the direction of 

flow throughout the entire aneurysm.  The velocity average standard deviation of the 1,000,000-

element mesh is 4.56% and -1.4% in the x and y direction for the no-slip case, and -7.47% and -11.19% 

in the x and y direction for the free-slip case. 



University of Cape Town  Struan Robertson Hume 
 

76 
 

5.2. Validation Simulation Flow Results Comparison to Flow Experiments 
This section describes the validation simulation pre-clot flow procedure and results, and compares the 

flow results to the PIV-derived flow results of the thrombin-fibrinogen experiment discussed in section 

4.2.2, followed by the water-gelatin experiment discussed in section 4.1.3.  

Following this general analysis, distinctions in flow behavior observed between the in-vitro 

experiments as well as the wall-boundary-specific flow results of the simulation are cross-referenced 

with the agreement of each flow experiment with the simulation dependent upon the wall-boundary 

applied, and a discussion of this phenomenon relative to existing literature is presented.   

5.2.1. Validation Simulation Pre-Clot Flow Procedure 

Velocity Inlet Thrombin-Injection Inlet Time 

Pulsatile velocity equation (46) 0.025 m/s 0-5s 

Pulsatile velocity equation (46) 0 m/s 5-120s 

Table 20: PIV-validation simulation pre-clot flow inlet boundaries’ order of operations; velocity inlet (left), thrombin-injection 

inlet (middle), relative simulation time (right) 

To compare the validation simulation flow results to the flow results of the pre-clot thrombin-

fibrinogen flow experiment discussed in section 4.2.2, the validation simulation applies a similar 

procedure as described in section 4.2.1.1, and as shown in Table 20. 
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5.2.2. PIV-Validation Simulation Flow Results Comparison to Thrombin-Fibrinogen Flow 

Experiment Results (Pre-Clot) 

 

Figure 28: Flow comparison between thrombin-fibrinogen flow experiment (pre-clot) results (left) described in section 4.1.3 
and PIV-validation simulation with free-slip (middle) and no-slip (right) wall boundary conditions at different times 
throughout a pulse wavelength shown in Figure 26; mean pulsatile flow velocity ascending towards upper velocity peak (top), 
pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards lower velocity peak (lower 
middle), pulsatile flow lower velocity peak (bottom). 

 
Figure 28 illustrates the comparison of flow patterns between the pre-clot thrombin-fibrinogen flow 

experiment results described in section 4.1.3, and the validation simulation with free-slip and no-slip 

wall boundaries at different times relative to the PIV-derived velocity inlet waveform shown in Figure 

25.  
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The validation simulation free-slip case shown in Figure 28 (middle) generally has significant 

recirculation within the aneurysm and high velocity flow at the aneurysm wall.  The CFD no-slip case 

(right) by comparison generally has relatively low velocity within the aneurysm apart from the bottom 

of the aneurysm near where it connects with the artery. 

In Figure 28, the no-slip case (right) bears similar vector distribution to the pre-clot thrombin-

fibrinogen flow experiment (left) at t=0s (top), t=0.7s (lower-middle) and t=0.95s (bottom), but is not 

representative of the experiment flow magnitude except during periods of relatively low flow within 

the aneurysm at t=0s and t=0.95s. The validation simulation free-slip case shown in Figure 28 (middle) 

also bears similar vector distribution to the pre-clot thrombin-fibrinogen flow experiment (left) at t=0s 

(top), t=0.7s (lower-middle) and t=0.95s (bottom), and is representative of the experiment flow 

magnitude at t=0.4s (upper-middle), t=0.7s and t=0.95s, with notable exception of the recirculation 

zone at t=0.95s which is roughly twice the magnitude as seen in the flow experiment.  

 
Figure 29: Flow comparison between thrombin-fibrinogen flow experiment (pre-clot) flow field (left) described in section 4.1.3 
and PIV-validation simulation result with free-slip wall boundary condition (right) between the ascending mean velocity and 
upper velocity peak of the pulse wavelength shown in Figure 25 at t = 0.55s. 

 

Overall, Figure 28 demonstrates that the free-slip case has qualitatively better vector agreement with 

the flow experiment results than the no-slip case at all times except t=0s (top), as well as better 

velocity magnitude agreement with the flow experiment at t=0.4s (upper-middle) and t=0.7s (lower-

middle) than the no-slip case, where velocity magnitude agreement with the flow experiment at 

t=0.95s (bottom) is only slightly worse in the free-slip case due to the presence of the recirculation 

zone. Both computational cases, however, differ from the flow experiment in terms of flow 

distribution at t=0.4s. This appears to be due to flow in the thrombin-fibrinogen flow experiment 

quickly distributing across the walls of the aneurysm at t=0.4s, although the free-slip computational 

case distributes flow in a similar way closely afterwards at t=0.55s as shown in Figure 29.  



University of Cape Town  Struan Robertson Hume 
 

79 
 

In  Figure 28, the difference between the results of the validation flow simulation with the no-slip and 

free-slip wall boundary conditions, and the reason that the free-slip case more closely resembles 

thrombin-fibrinogen flow results, is due to the no-slip wall boundary condition that causes high 

velocity flow along the aneurysm wall to disperse into significantly lower velocity flow towards the 

top of the aneurysm as can be seen at t = 0.7s (lower middle). This is likely caused by a dampening 

effect on flow near the wall boundary as a consequence of the velocity gradient described in equation 

(49), either indicating an over-estimate in wall shear-stress or slip behavior of the fibrinogen-saline 

solution described in section 4.2.1.1.  
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5.2.3. PIV-Validation No-Slip Wall Boundary Simulation Flow Results Comparison to 

Gelatin-Injection Flow Experiment Results (Pre-Injection) 

 

Figure 30: Flow comparison between gelatin-injection flow experiment (pre-injection) results (left) described in section 4.1.3 
and PIV-validation simulation with a no-slip wall boundary condition (right) at different times throughout a pulse wavelength 
shown in Figure 26; mean pulsatile flow velocity ascending towards upper velocity peak (top), pulsatile flow upper velocity 
peak (upper middle), mean pulsatile flow velocity descending towards lower velocity peak (lower middle), pulsatile flow lower 
velocity peak (bottom). 
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Figure 30 provides a similar comparison of simulation to experimental results as Figure 28, and 

comparing both flow magnitude and direction of vectors for the no-slip simulation (right) by 

comparison to the flow-field derived for Newtonian tap water prior to gelatin-injection (left) in Figure 

30, there is a high amount of agreement between the computational and experimental results, where 

flow magnitude and distribution is nearly the same across the entire pulse wavelength as shown in 

t=0-0.95s (top-bottom).  

When considering the agreement of results in the flow comparison in Figure 30 of the PIV-validation 

simulation results with the no-slip boundary (right) to the flow results of tap water prior to gelatin-

injection in the gelatin-injection experiment described in section 4.1.3 (left), and the lack of fit of the 

no-slip boundary simulation results to the fibrinogen-thrombin flow experiment by comparison to the 

free-slip boundary simulation discussed in 5.2.2, this is potentially an indication of non-Newtonian 

behavior by the fibrinogen-saline solution. 

5.2.4. Comparison between PIV-Validation Simulation Flow Results with free-slip and 

No-Slip Wall Conditions 
As discussed in section 5.2.2, Figure 28 demonstrates that the validation flow simulation with a free-

slip wall boundary condition yields results that are representative of the pre-clot thrombin-fibrinogen 

flow experiment over the course of the entire pulse of the PIV-derived velocity inlet waveform shown 

in Figure 25. The validation flow simulation with a free-slip wall boundary condition is furthermore 

significantly more representative of the pre-clot thrombin-fibrinogen flow experiment results than 

with a no-slip wall boundary condition, which fails to capture high velocity flow features throughout 

the majority of a pulse wavelength.  

As discussed in section 5.2.3, Figure 30 demonstrates that the validation simulation with a no-slip 

condition succeeds in capturing the magnitude and flow features of the gelatin-injection experiment 

prior to gelatin injection.  

Given that the difference between the experimental framework of thrombin-fibrinogen flow 

experiment and the gelatin-injection flow experiment is primarily the operating fluid, which is 

fibrinogen-saline solution (section 4.2.1.1) and room temperature water (section 4.1.1.1) respectively, 

these experiments are potentially better represented by different wall boundary conditions due to 

the presence or lack thereof of fibrinogen.  

Fibrinogen has been suggested to be a significant contributor to yield stress and thixotropic properties 

of blood, and has been proposed as the main contributor to the viscoelastic features of blood plasma 

[137,138]. Blood plasma has demonstrated exponential shear-thinning behavior by contrast to 

Newtonian fluids as shown by Brust et al. [139,140].  
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When comparing the pre-clot flow results of the thrombin-fibrinogen experiment in Figure 28 to the 

pre-injection flow results of the gelatin-injection experiment in Figure 30, the velocity distribution 

within the aneurysm differs significantly between the two experiments at t=0.4s during the upper 

pulsatile velocity peak and mean (descending) pulsatile velocity at t=0.7s, where much higher flow 

rates are observed throughout the aneurysm in the thrombin-fibrinogen flow experiment; a difference 

that may be accounted for by non-Newtonian behavior of fibrinogen-saline solution, as opposed to 

the Newtonian behavior of tap-water.  

The lack of a velocity gradient at the aneurysm wall due to the free-slip wall boundary condition 

prevents the flow dampening effect caused by the no-slip wall boundary as discussed in section 5.2.2. 

Due to this, the free-slip wall boundary condition appears to allow the fluid to artificially emulate 

shear-thinning behavior at high velocities, but since the fluid is still fundamentally defined as 

Newtonian, the flow magnitude is similarly high across the low velocity periods within the aneurysm, 

as shown in Figure 28 at 0s and 0.95s.  

In previous work by Hume & Tshimanga et al., differences in results between the PIV experiment and 

the computational validation simulation are speculated to be due to the no-slip condition applied at 

the walls of the simulation, which create an easily identifiable zero-velocity region along the walls that 

causes a more even distribution of flow through the artery than is seen in the PIV experiment which 

distributes high velocity flow more on one side of a curved channel than the other [71]. This 

phenomenon is not directly identified in other PIV-validated studies, though zero-velocity regions at 

the walls are readily identifiable in simulations and may be similarly responsible for mismatched flow 

distribution [68,69,141]. This zero-velocity region can be identified in the no-slip validation simulation 

shown in Figure 30, although it is less pronounced due to the inflation layers applied for the mesh 

described in section 5.1. Overall, this indicates that even without other considerations, the velocity-

gradient of the no-slip condition can have an outsized effect on flow distribution that can be 

unrepresentative of PIV experiment results if not appropriately accounted for. However, it is 

important to consider that the presence (or there lack of) of slip is difficult to directly capture in PIV 

due to limitations of resolution, since adequate distribution of particles to capture flow in the near-

wall region is nontrivial, and cross-correlation windows and flow averaging algorithms can include part 

of the wall in addition to particle capture [142]. 

It can be concluded that the fibrinogen-saline solution described in section 4.2.1.1 of the thrombin-

fibrinogen pre-clot experiment did not exhibit the same behavior as a well understood Newtonian 

fluid under identical flow conditions (see Figure 9-Figure 13), and that simulations assuming a 

Newtonian fluid with a free-slip wall boundary condition represent this flow behavior significantly 
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more accurately than with a no-slip boundary condition as shown in Figure 29. The simulation with 

the no-slip boundary condition furthermore replicates the Newtonian flow behavior of tap-water in 

the pre-injection gelatin-injection experiment as shown in Figure 30. This seems to indicate the 

presence of non-Newtonian slip and shear-thinning features consistent with literature, though further 

studies similar to that by Brust et al. are required to verify such properties [139].  

The presence of macrovascular slip is not considered for most existing cardiovascular models. With 

consideration towards the results presented in this section though the following considerations should 

be made regarding this seeming contradiction: 

1. It is unclear whether slip manifests outside of clotting conditions, and specifically the presence 

of fibrin. 

2. The full-slip wall condition is an approximation made for this study, and a partial-slip wall 

model will likely more realistically captures the flow behavior of the thrombin-fibrinogen PIV 

experiment 

3. The fibrinogen-saline solution is not analogous to full blood. Though extrapolating from 

fibrinogen-saline solution’s similarities to blood plasma, and blood plasma being the transport 

medium for blood cells, some measure of slip is potentially present for full blood in 

macrovascular environments. 

4. Cardiovascular models that apply a no-slip condition may also be valid with a partial-slip 

condition, since mechanistically the features of near-wall flow such as vortices and wall shear 

stress are present for both cases [94] 

5.3. Validation Simulation Clot Results Comparison to Thrombin-Fibrinogen Flow 

Experiment Clotting Outcome 

5.3.1. Validation Simulation Post-Clot Flow Procedure 

Velocity Inlet Thrombin-Injection Inlet Time 

0 m/s 0.0625 m/s 0-2s 

0 m/s 0 m/s 2-10s 

Pulsatile velocity equation (46) 0 m/s 10-15s 

0 m/s 0 m/s 15-120s 

Pulsatile velocity equation (46) 0.025 m/s 120-125s 

Pulsatile velocity equation (46) 0 m/s 125-300s 

Table 21: PIV-validation simulation post-clot flow inlet boundaries' order of operations; velocity inlet (left), thrombin-
injection inlet (middle), relative simulation time (right) 
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To compare the validation simulation clot results to the clot results of the clot capture thrombin-

fibrinogen flow experiment discussed in section 4.3.3, the validation simulation applies a similar 

procedure as described in section 4.3.1 and shown in Table 21.  

5.3.2. PIV-Validation Simulation Clotting Results Comparison to Thrombin-Fibrinogen 

Flow Experiment (Post-Clot) 

 

Figure 31: Clot comparison between thrombin-fibrinogen flow experiment circled in yellow (left) and Validation simulation 
highlighted in red (right) 

 

Figure 31 compares the location of clot formation between the thrombin-fibrinogen flow experiment 

and the PIV-validation simulation.  In both cases, a clot begins to form on both the top and the bottom 

of the aneurysm shortly after the first thrombin injection and continues to develop marginally over 2 

minutes, where in the flow experiment the clots form closer to the neck of the aneurysm than the 

simulation. The most notable difference between the two cases is the formation of the fibrin strand 

in the flow experiment, which is not capable of being reproduced in ANSYS Fluent. 



University of Cape Town  Struan Robertson Hume 
 

85 
 

5.3.3. PIV-Validation Simulation Flow Results Comparison to Thrombin-Fibrinogen Flow 

Experiment (Post-Clot) 

 

Figure 32: Flow comparison between thrombin-fibrinogen flow experiment post-clot results (left) described in section 4.1.3 
(see Figure 16 for clot position) and PIV-validation simulation with free-slip wall boundary conditions inclusive of clot location 
(red) at different times throughout a pulse wavelength shown in Figure 26; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). 

 

Figure 32 demonstrates a comparison between the flow patterns between the post-clot thrombin-

fibrinogen flow experiment results described in section 4.1.3, and the clotting validation simulation 

with free-slip at different times relative to the PIV-derived velocity inlet waveform shown in Figure 25.  
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Similarly to the free-slip case comparison to the pre-clot thrombin-fibrinogen experiment discussed in 

section 5.2.2, the validation simulation free-slip clotting case shown in Figure 32 bears similar vector 

distribution to the post-clot thrombin-fibrinogen flow experiment at t=0s (top), t=0.7s (lower-middle) 

and t=0.95s (bottom), and is representative of the experiment flow magnitude at t=0.4s (upper-

middle), and t=0.7s (lower-middle). Deviation from the flow experiment vector distribution occurs at 

0.4s and 0.7s due to the difference in clot position between the flow experiment and the 

computational case, where at 0.4s the clot provides a buffer against high velocity flow against the 

aneurysm wall when compared to the free-slip simulation flow results at the same time in Figure 28. 

Other deviations occur at 0.7s where the clot at the top of the aneurysm also buffers flow when 

compared to the free-slip simulation flow results at the same time in Figure 28. Similarly, in the 

thrombin-fibrinogen post-clot experiment flow results shown in Figure 32, at 0.4s (upper-middle) and 

0.7s (lower-middle) flow at the top of the aneurysm decreases after passing through the clot that has 

formed there shown in Figure 31. To a lesser degree, this also occurs along the aneurysm wall at the 

bottom of the aneurysm in the post-clot experiment at 0.4s and 0.7s as shown in Figure 32.  

Otherwise, the simulation flow behavior at t=0.95s is roughly twice the magnitude as seen in the flow 

experiment in the clotting case, and as in section 5.2.2 the clotting simulation differs from the post-

clot flow experiment in terms of flow distribution at t=0.4s, which again appears to be due to a delay 

in flow distribution across the walls of the aneurysm at t=0.4s in the computational case.  

5.4. Post-Clot Validation Simulation Comparison to Experimentally Validated 

Clotting Models in Literature 
The clotting outcome of the validation simulation as discussed in section 5.3.2 is representative of the 

clotting outcome of the thrombin-fibrinogen flow experiment apart from the formation of a fibrin 

strand seen in Figure 31. This complex structure requires fluid-structure-interface modelling to be 

accounted for and is therefore not capable of being addressed by the current model framework. It 

furthermore appears, to the best of the authors knowledge, not to have been accounted for by any 

other clotting model to date. This is perhaps in part due to it being an unusual clotting outcome with 

reference to similar flow experiments for validation of computational thrombosis models, though 

these are few in number and there is a lot of variability in experimental clotting outcomes in general 

[65,73,75,131].  

The computational model of thrombosis used in the validation simulation is built upon work by Jimoh-

Taiwo et al. and Ngoepe et al. [73,75]. Jimoh-Taiwo et al.’s own validation simulation demonstrates 

good agreement with the corresponding flow experiment clot [75]. The clotting flow model by Ngoepe 

et al. produces similarly shaped clots to Jimoh-Taiwo et al. Considering this, as well as the agreement 

of the locations of validation simulation clots to the thrombin-fibrinogen experiment clots in this 
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study, there is sufficient evidence to suggest that the clot prediction by the thrombosis model applied 

in this study demonstrates a level of accuracy. 

Other studies apply a variety of methods for experimental validation of computational results 

[64,65,68,71,75,87,143,144]. Of these studies only a few use flow visualization methods [65,68,71,75]. 

Fewer models still are validated via both flow visualization and clotting outcomes [65,68,75], and 

virtually none include the simultaneous measurement of flow and clot growth, nor validation via flow 

visualization and clotting outcomes both under realistic pulsatile blood flow patterns. 

There is furthermore a lack of macroscopic computational thrombosis models and corresponding 

validation experiments that directly account for the clot formation observed in the thrombin-

fibrinogen flow experiment, where most models either form a large thrombus as seen in work by 

Gester et al., Sarrami-Foroushani et al. and Ou et al. [64,65,68], or small clots similar to that observed 

in the simulation clot results in Figure 31 as seen in work by Blum et al. for a rotary blood pump driving 

similarly high flow rates to the thrombin-fibrinogen experiment [145]. These models all consider 

platelets as a component of clotting, which the model presented in this study eschews due to a variety 

of factors.  

This study applies a thrombin generation curve (derived from work by Wagenvoord, Hemker & 

Kremers) at the aneurysm wall for the patient-specific thrombosis simulations discussed in upcoming 

section 6.1.2.3, which presents a computationally efficient method to account for the complex 

network of biochemical interactions leading to the activation of thrombin [63,71]. Given thrombin’s 

central role in clotting, being responsible for both the conversion of fibrinogen to fibrin and platelet 

activation, it is a meaningful surrogate for both fibrin and platelet activity [146].   Furthermore, given 

that fibrin is the primary contributor to clot structure, and the potentially chronic use of anti-platelet 

medication following flow diverter treatment which inhibit binding of fibrinogen to platelets and 

thereby inhibit platelet aggregation, the role of platelets are deprioritized relative to the role of fibrin 

for the consideration of clot structure in the presented model [147,148]. 

The inclusion of platelets in the thrombin-fibrinogen flow experiment like in the experiment by Clauser 

et al. could potentially result in a more clump-like clot as seen in work by Gester et al. and Sarrami-

Foroushani et al., which in turn could potentially match the PIV-validation clotting results shown in 

Figure 31 more closely [65,68,72]. The inclusion of platelets in the flow-experiment, however, would 

necessitate testing for a broader biochemical model inclusive of platelet interactions, which may be 

addressed in future studies. Inclusion of a power-law model and partial-slip wall boundary to capture 

the non-Newtonian behavior of fibrinogen-saline solution discussed in section 5.2.3 may also further 

the accuracy of clot prediction of the validation simulation.  
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The model described in this thesis combines flow visualization and clotting into a single flow 

experiment, such that it can be used to simultaneously validate clot formation and flow for the CFD 

thrombosis model at each individual timestep, which directly corresponds to a PIV image pair taken 

at an identical time.  

This presents a novel proof-of-concept for macroscopic clotting in a flowing environment built upon 

the in-vitro flow experiment by Ngoepe et al., that validates a thrombosis model built upon work by 

Hume & Tshimanga et al. and Jimoh Taiwo et al. [71,73,75]. 

5.5. Conclusion and Data Quantities 

The study presents a novel approach to simultaneously validate computationally simulated flow and 

clot formation from a single experiment, resulting in a novel proof-of-concept for macroscopic clotting 

in a flowing environment that validates a thrombosis model. 

The exploration of wall boundaries in this study highlight differences between the flow of water and 

fibrinogen-saline solution, despite being subject to identical pulsatile flow conditions. The PIV-

validation flow simulation with a free-slip wall boundary condition closely matches the thrombin-

fibrinogen flow experiment results, unlike the no-slip condition, which fails to capture high-velocity 

flow features within the aneurysm. The no-slip condition otherwise successfully replicates the pre-

injection gelatin-injection experiment results. 

Given the well-understood Newtonian properties of water applied as the gelatin-injection flow 

experiment operating fluid, the fibrinogen-saline solution of the thrombin-fibrinogen experiment by 

comparison appears to demonstrate non-Newtonian behavior. This non-Newtonian behavior is 

emulated by the free-slip wall condition, indicating that both non-Newtonian flow and corresponding 

slip wall modelling are important inclusions for modelling macrovascular flows under clotting 

conditions when extrapolating the importance of fibrinogen to the material properties of blood 

plasma.  

The free-slip condition applied in this study is otherwise an idealized approximation that likely 

overestimates shear-thinning effects of the fibrinogen-saline solution, and viscometric quantification 

of this fluid paired with a partial-slip wall model will likely result in a closer match between 

experimental and computational results. Slip in macrovascular environments is poorly understood, 

and as of current partial-slip models are included only for microvascular and stenosed cases, 

highlighting an area for future vascular flow modelling research. 

The PIV-validation simulation with a free-slip wall boundary condition closely represents the 

thrombin-fibrinogen flow experiment's clotting outcome, except for the complex fibrin strand 
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formation. Fluid-structure-interface modelling is necessary to account for this kind of structure, which 

this framework is incapable of addressing. The thrombosis model shows good agreement with similar 

preceding studies, and is novelly validated such that direct comparison of the velocity distribution and 

corresponding clot development under a physiologically realistic pulsatile flow profile can be made to 

experimental results for any 0.05s interval of the simulation (e.g. 0.05s, 0.1s, 0.15s,…). 

Overall, this validation framework presents a promising tool for evaluating computational direct 

thrombosis models and the validity or limitations of assumptions and simplifications applied therein 

such that they may yield more accurate results on a patient-specific basis. 
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Flow Behavior and location Pre-Injection Post-Injection 

Water-Gelatin Experiment Max Velocity 

Arterial Mean (Ascending) Velocity 0.16 m/s 0.19 m/s 

Arterial Upper Velocity Peak 0.45 m/s 0.425 m/s 

Arterial Mean (Descending) Velocity 0.14 m/s 0.14 m/s 

Arterial Lower Velocity Peak 0.09 m/s 0.1 m/s 

Aneurysmal Mean (Ascending) Velocity 0.09 m/s 0.09 m/s 

Aneurysmal Upper Velocity Peak 0.25 m/s 0.275 m/s 

Aneurysmal Mean (Descending) Velocity 0.07 m/s 0.09 m/s 

Aneurysmal Lower Velocity Peak 0.045 m/s 0.055 m/s 

Thrombin-Fibrinogen Experiment Max Velocity 

Aneurysmal Mean (Ascending) Velocity 0.04 m/s 0.035 m/s 

Aneurysmal Upper Velocity Peak 0.25 m/s 0.25 m/s 

Aneurysmal Mean (Descending) Velocity 0.16 m/s 0.15 m/s 

Aneurysmal Lower Velocity Peak 0.0575 m/s 0.075 m/s 

Free-Slip PIV Validation Simulation Max Velocity 

Aneurysmal Mean (Ascending) Velocity  0.114 m/s 0.123 m/s 

Aneurysmal Upper Velocity Peak  0.25 m/s 0.298 m/s 

Aneurysmal Mean (Descending) Velocity  0.18 m/s 0.16 m/s 

Aneurysmal Lower Velocity Peak  0.13 m/s 0.141 m/s 

No-Slip PIV Validation Simulation Max Velocity 

Aneurysmal Mean (Ascending) Velocity  0.114 m/s  

Aneurysmal Upper Velocity Peak  0.318 m/s  

Aneurysmal Mean (Descending) Velocity  0.14 m/s  

Aneurysmal Lower Velocity Peak  0.07 m/s  

Dimensionless Quantities Common Across Simulations and Experiments 

𝛼 = 12.39 Mean (Asc) Upper Peak Mean (Desc) Lower Peak 

De 19.1 53.74 16.71 10.75 

Re 1016 2857.5 889 571.5 

Table 22: Data quantities for PIV-based flow experiments and PIV-validation simulations 
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6. Patient Specific Aneurysm Simulation 

In this chapter, the computational framework of the thrombosis model of cerebral aneurysms 

described in the section 3.1 CFD methodology is applied to three patient-derived aneurysm flow 

geometries to compare aneurysm clotting outcomes with and without the inclusion of a flow diverter 

stent.  

The methodology of the patient specific aneurysm simulation as it differs or expands upon the section 

3.1 CFD methodology is discussed in section 6.1, followed by a presentation and analysis of results in 

section 6.2.  

This chapter is concluded by a discussion in section 6.3, where the sum of results and analysis is 

compared with in vivo clotting outcomes and comparable direct thrombosis and clotting 

computational models in literature. 

6.1. Patient Specific Aneurysm Simulation Methodology 

This section details the patient specific aneurysm simulation methodology as it differs or expands 

upon the broad CFD methodology described in section 3.1. Section 6.1.1 presents the patient-

specific aneurysm and corresponding flow diverter geometries and indicates relevant boundary and 

fluid zone locations. Section 6.1.2 provides details for the in vivo data derived pulsatile velocity inlet 

and pressure outlet boundary functions, the free-slip wall boundary selected based upon literature 

and results in section 5.2.4 of the chapter 5 validation simulation, and the aneurysm wall scalar 

function responsible for thrombin-release. Finally, section 6.1.3 describes the meshing methodology 

and provides metrics for grid element quality and quantity for the stented and unstented case for 

each patient-derived geometry. 
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6.1.1. Patient-Specific Aneurysm Geometries 

 

Figure 33: Patient-specific aneurysms and corresponding flow diverters 

The patient-derived aneurysm geometries and accompanying stents are shown in Figure 33. Flow and 

clotting results for each patient-derived aneurysm are computed for flow volumes with and without 

the inclusion of a flow diverter stent, where for the stented cases the flow diverter geometries shown 

in Figure 33 (bottom) are subtracted from the corresponding patient-specific aneurysm volumes (top). 

This totals six simulations; one for each stented, and each unstented volume, of each patient-specific 

aneurysm geometry. 

Outside of what is discussed in section 6.1, the flow boundary conditions and solver settings for each 

flow volume shown in Figure 33 with and without the inclusion of its accompanying flow diverter are 

defined as described in the section 3.1 CFD methodology.  
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Figure 34: Location of fluid zones, inlet/outlet boundaries, and aneurysm wall boundaries for each patient-specific aneurysm 
case geometry for both stented and unstented cases 
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As shown in Figure 34, each geometry consists of 3 fluid zones including the inlet zone, outlet zone, 

and artery zone. The inlet and outlet zones are included to allow flow to fully develop from the inlet 

and to prevent clotting near the inlet and outlet boundaries. This is accomplished by excluding the 

porosity-based clotting model described in section 3.1.5 from the inlet zone and outlet zone.  

The artery zone is the fluid zone of interest and as such the porosity-based clotting model operates 

normally in this volume. The aneurysm wall for each case shown in Figure 34 is responsible for 

thrombin expression, which is accomplished through the aneurysm wall thrombin-release function 

described further in subsequent section 6.1.2.3. 

6.1.2. Boundary Conditions 

6.1.2.1. In-Vivo Data-Derived Pulsatile Flow Velocity Inlet and Pressure Outlet Functions 

 

Figure 35: Pressure outlet and velocity inlet Fourier transforms 

Pressure Fourier Transform: 

𝑃(𝑡) = −30.44 ∗ sin(2𝜋(0.89)𝑡 − 13.19) + 2.96 ∗ sin(2𝜋(−1.93)𝑡 + 0.5) + 1.39 ∗ sin(2𝜋(15.86)𝑡 − 2.01) + 75.07 (50) 

Velocity Fourier Transform: 

𝑈(𝑡) = −15.49 ∗ sin(2𝜋(0.89)𝑡 − 12.84) + 9.42 ∗ sin(2𝜋(−1.78)𝑡 − 1.61) + 0.27 ∗ sin(2𝜋(18.44)𝑡 − 1.44) + 19.59 (51) 

 

The Fourier transforms shown in equations (50)-(51) and plotted in Figure 35 are derived from Ferns 

et al. for a thrombin transport computational study by Hume & Tshimanga et al., and are applied as 

the velocity inlet and pressure outlet boundary functions across each case geometry shown in Figure 

34 [71,120]. 
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Figure 36: Waveform of inlet velocity Fourier transform indicating waveform features with yellow dots 

Figure 36 demonstrates a single pulse waveform of the inlet velocity Fourier transform initially shown 

in Figure 35 and described by equation (51), and indicates waveform features in a pulse that will be 

referenced throughout the upcoming patient specific aneurysm results analysis in section 6.2. The 

indicated waveform features of the inlet velocity Fourier transform are specifically the mean flow as 

the pulse ascends towards the upper velocity peak (left), the upper velocity peak (middle-left), the 

mean flow as the pulse descends towards the lower velocity peak (middle-right), and the lower 

velocity peak (right). 

6.1.2.1.1. Fibrinogen at the Velocity Inlet Boundary 

A UDS defined at the velocity inlet distributes a value of 7000 nMol of fibrinogen across the flow field 

for each timestep. This value is derived from work by Ou et al. [64]. 

6.1.2.2. Free-slip Wall Boundary 

The wall boundaries across all three fluid zones for each case geometry shown in Figure 34 are defined 

as having zero shear stress based upon the reasoning presented in sections 5.1.3 of the validation 

simulation, cross referenced with the discussion of results and their comparison to relevant literature 

in section 5.2.4. 



University of Cape Town  Struan Robertson Hume 
 

96 
 

6.1.2.3. Aneurysm Wall Thrombin Release Function 

 

Figure 37: Aneurysm wall thrombin release function vs time 

To account for the expression of thrombin from the aneurysm wall, a thrombin release function, 

shown plotted against time in Figure 37, is applied at the aneurysm wall of each case shown in Figure 

34. The variable thrombin release model is derived from a thrombin generation curve fitting function 

developed by Wagenvoord, Hemker & Kremers, and is applied in a thrombin transport computational 

study by Hume & Tshimanga et al. [63,71]. This model is derived from thrombin generation curves 

derived from a stagnant assay. Thrombin generation may not necessarily behave the same way under 

flow in vivo, but the strength of this model has a clearly defined simple formula and limited variables 

that may be feasibly extracted from samples for individual patients [63]. This function’s value 

represents the damaged tissue of aneurysm and assists in activating clotting in combination with the 

Michaelis-Menten model described in section 3.1.4 of the CFD methodology. 

The function is as follows: 

𝐹(𝑡) =
(2.73)(𝜋)2

𝜀
𝑒−2.73(𝑡−𝜏)𝑒

−(
𝜋
𝜀
)𝑒−2.73(𝑡−𝜏)

 
(52) 

Where: 

𝜋  Peak Thrombin Generation Value (nMol) 

𝜀  Total Thrombin Generation (nMol.min) 

𝜏  Time to peak (min) 

Where the values of 𝜋, 𝜀, and 𝜏 are 160 nM, 800 nMol.min and 3.02 min, respectively, and result in 

the curve shown in Figure 37. 
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The concentration of thrombin released is represented in part by a user-defined scalar (UDS) and the 

value is effected by the aneurysm wall thrombin release function changing the UDS diffusion near the 

aneurysm wall [107]. 

The aneurysm wall function relates to the diffusion value in the following way: 

𝐹(𝑡) = 𝛤𝑘
𝜕𝜙𝑘

𝜕𝑥𝑖
∙ 𝑛⃑  

(53) 

Where: 

𝜙𝑘  Arbitrary Scalar 

𝛤𝑘  Diffusion coefficient 

𝑛⃑   Vector normal to the surface 

See section 3.1.2.8 of the CFD methodology for the overall UDS equation for the simulation. 

6.1.2.4. Porosity Clotting Threshold 

The porosity clotting model operates as described in section 3.1.5 of the CFD methodology, such that 

a porosity value of 0.75 and a permeability of 1e12 m-1 is reached when fibrin concentration exceeds 

600 nMol, provided prerequisite flow conditions are met. 

6.1.3. Patient-Specific Aneurysm Geometry Meshes 

The initial mesh for each unstented and stented case is created using ANSYS Mesher. The inlet/outlet 

zones shown in Figure 34 are composed of hexahedral cells to ensure numerical stability of cells 

surrounding the inlet/outlet boundaries, and the artery zones are composed of tetrahedral cells to 

capture the highly complex geometry of the patient-specific geometries; particularly in the stented 

cases for which fine elements are required for the wall boundary surrounding the subtracted stent. 

To produce meshes of similar global scale for each stented/unstented geometry comparison, the 

global element size specific to each stented case mesh is applied to each corresponding unstented 

case mesh. 
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Figure 38: Surface mesh for each patient-specific aneurysm case with and without a flow diverter installed 

After being imported to ANSYS FLUENT, the tetrahedral mesh of the artery zone is converted to a 

polyhedral mesh for each stented and unstented patient case, as shown in Figure 38. In accordance 

with findings by Sosnowski et al., the conversion to a polyhedral mesh  from a tetrahedral mesh 

significantly improves the convergence of the stented cases by improving the quality of approximation 

of cell gradients and reducing numerical diffusion of cells surrounding a subtracted stent [149].  
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Figure 39: Surface mesh of subtracted flow diverter volume for each stented patient-specific aneurysm case 

 

Furthermore, the conversion to a polyhedral mesh increases the cell size of cells surrounding the stent 

wall boundary shown in Figure 39, and consequently significantly decreases the cell count of the 

stented cases, which in turn significantly decreases the otherwise prohibitive computational cost of 

the stented case simulations. The polyhedral mesh is not necessary for the unstented cases, though is 

still applied to make the mesh of the unstented cases as analogous to the corresponding stented cases 

as possible for adequate comparison of flow and clot results. 
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Case Stent Presence Cells Nodes Minimum Orthogonal Quality 

Case 1 Unstented 307,658 1,330,823 0.231596 

Stented 2,041,788 6,653,958 0.0830319 

Case 2 Unstented 173,377 984,366 0.0243124 

Stented 12,153,868 52,619,937 0.0105560 

Case 3 Unstented 294,945 1,097,626 0.160887 

Stented 1,781,822 5,616,422 0.120884 

Table 23: Polyhedral mesh quantity of cells and nodes, and minimum orthogonal quality for each case with and without the 
inclusion of a stent 

 

The broad statistics of the polyhedral mesh for each case is shown in Table 23, where the number of 

cells and nodes indicate the complexity of the mesh, and minimum orthogonal quality indicates the 

quality for each mesh. Each mesh produces a convergent and stable solution across 300s with 

timesteps of 0.005s for each stented and unstented case.  

6.2. Results 

In this section the clotting and flow results for each patient-specific aneurysm case with and without 

a flow-diverter present are analyzed at different stages of clotting; when a stable clot initially 

develops, the middle of clot development, and soon after a clot fully develops. The clotting UDS 

described in section 3.1.4 and 3.1.5 of the CFD methodology reaches a value of 1 when a stable clot is 

formed via the porosity-based clotting model described in equations (34) and (35) as determined by 

the formation of sufficient fibrin UDS concentration via the Michaelis-Menten formulation described 

in equation (33). A volume report indicates the maximum value of the clot UDS in the artery zone for 

each timestep, and is thus used to determine the beginning of clot development. Full development of 

a stable clot is determined qualitatively when the formation of a clot UDS  reaches a steady state until 

the end of the simulation, which can be reasonably assumed not to occur by 200s due to the significant 

reduction in thrombin expression by this time in the aneurysm wall thrombin release function shown 

in Figure 37. The middle of clot development is identified as being roughly halfway between the initial 

development of a stable clot and the full clot development. 

For each case, three figures are used to demonstrate each stage of clot development, wherein flow 

and clotting within the artery zone shown in Figure 34 are demonstrated across each stage of a pulse 

wavelength shown in Figure 36, including the mean flow of an ascending pulse (top), the upper 

velocity peak (upper-middle), the mean of a descending pulse (lower middle), and the lower velocity 

peak (bottom). Velocity is demonstrated via a streamline, and clot presence is indicated in red by a 

contour, which is applied to the wall boundaries of the artery zone (transparent red), as well as a plane 

intersecting the aneurysm to demonstrate a cross-section of the clot (solid red). 
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6.2.1. Case 1 

6.2.1.1. Initial Clot 

 

Figure 40: Velocity and initial clot comparison between patient geometry 1 without a stent (left) and with a stent (right) at 
different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards upper 
velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards lower 
velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to the 
outward flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 1 during initial clot 

formation is shown in Figure 40, and is interpreted as described in the introductory paragraphs of 

results section 6.2.  

Flow between the two cases is very similar in both magnitude and location of streamlines, except 

during the mean descending velocity (lower-middle), where the stent of the stented case appears to 

prevent much of the flow into the aneurysm by comparison to the unstented case, for which there is 

relatively high velocity recirculation within the aneurysm. Maximum flow magnitudes in both cases 

are otherwise much higher than the corresponding inlet Fourier transform velocity shown in Figure 

36, though these high velocities appear to be localized to certain areas of the flow volume, particularly 

at the inner curves of the parent artery near where fluid enters and leaves the artery zone, 

corresponding with local narrowing of the parent artery.  

Notably, the high velocity flow along the streamline at the inner curve of the parent artery just 

downstream of the inlet zone drops in magnitude significantly as it passes by the aneurysm neck in 

unstented case. The corresponding streamlines in the stented case, by contrast, maintain a high 

velocity magnitude as they pass by the stent at all demonstrated times in Figure 40, indicating the flow 

diverter geometry successfully directs flow away from the aneurysm opening for this patient-derived 

aneurysm case. 

Otherwise, the median velocity of streamlines indicated by the legends in Figure 40 for a particular 

time is roughly analogous to the corresponding inlet Fourier transform velocity shown in Figure 36. 

The stented case begins clotting roughly 4s earlier than the unstented case and produces a small but 

visible clot at the aneurysm wall just downstream of the stent. 
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6.2.1.2. Mid-Development Clot 

 

Figure 41: Velocity and mid-development clot comparison between patient geometry 2 without a stent (left) and with a stent 
(right) at different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to 
the outward flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 1 during the middle of 

clot development is shown in Figure 41, and is interpreted as described in the introductory paragraphs 

of results section 6.2.  

Observations made for flow during initial clot development shown in Figure 40 remain valid for flow 

during the middle of clot development shown in Figure 41, except for  the flow streamlines within the 

aneurysm of the unstented case, which by the middle of clot development demonstrate significantly 

lower recirculation velocity across all stages of the pulse due to the growing presence of porous clot 

(red). 

As shown in Figure 41, the clot during the middle of clot development is more advanced in the 

unstented case than the stented case for the times shown. This is due to the significantly slower rate 

of clot propagation in the unstented case than the stented case, which produces a fully developed clot 

by 117s. In both cases the clot grows outwards from the aneurysm wall, and reduces the effective flow 

volume in the aneurysm as evidenced by the change in location of streamlines during mean 

descending flow (lower-middle) from along the aneurysm wall at the initial formation of a stable clot 

shown in Figure 40 to circulating around the middle of the aneurysm and away from formed clot (red) 

during the middle of clot development shown in Figure 41. 
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6.2.1.3. Fully Developed Clot 

 

Figure 42: Velocity and fully developed clot comparison between patient geometry 1 without a stent (left) and with a stent 
(right) at different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to 
the outward flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 1 just after full clot 

development is shown in Figure 42, , and is interpreted as described in the introductory paragraphs 

of results section 6.2.  

As shown in Figure 42, the fully developed clot in the stented case completely occludes the aneurysm. 

The fully developed clot in the unstented case, by comparison, leaves a residual volume in the 

aneurysm, through which velocity streamlines continue to travel.  

These results indicate that the flow diverter is successful in redirecting flow away from the aneurysm, 

such that sufficiently low shear rates can be achieved within the aneurysm to fully occlude. Although 

shear rates within the aneurysm are periodically low enough for a clot to develop without a flow 

diverter as in the unstented case, high rates of flow enter the aneurysm and create periodically high 

shear rates and rapid flow patterns that eject clotting reagents into the parent artery, resulting in an 

environment unsuitable for sustained clot formation during thrombosis. 
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6.2.2. Case 2 

6.2.2.1. Initial Clot 

 

Figure 43: Velocity and initial clot comparison between patient geometry 1 without a stent (left) and with a stent (right) at 
different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards upper 
velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards lower 
velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to the 
incoming flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 2 during initial clot 

formation is shown in Figure 43, and is interpreted as described in the introductory paragraphs of 

results section 6.2.  

Flow magnitudes between the two cases are similar at corresponding times of the pulse, but there is 

significantly more recirculation and higher magnitude flow within the aneurysm for the unstented 

case than the stented case across all stages of a pulse. This is evidenced by the vortex-like structure 

created by the flow streamlines within the aneurysm of the unstented case. This difference is reflected 

by the time-gap for initial clot formation between the two cases, where the stented case begins 

producing a stable clot roughly 30s earlier than the unstented case, which only produces a stable clot 

at roughly 150s, just after peak thrombin expression by the aneurysm wall shown in Figure 37. The 

difference in flow patterns within the aneurysm also affects the location of clot development for each 

case, where in the unstented case clot growth begins at the very top portion of the aneurysm, and in 

the stented case clot growth begins at the side of the aneurysm closest to the incoming flow from the 

parent artery. 

Maximum flow magnitudes in both cases are otherwise much higher than the corresponding inlet 

Fourier transform velocity shown in Figure 36, though these high velocities appear to be localized to 

certain areas of the artery, particularly at the inner curves of the parent artery ahead of the outlet 

zone potentially corresponding with local narrowing of the artery. Otherwise, the median velocity of 

streamlines indicated by the legends in Figure 43 are roughly analogous to corresponding inlet Fourier 

transform velocity shown in Figure 36. 



University of Cape Town  Struan Robertson Hume 
 

109 
 

6.2.2.2. Mid-Development Clot 

 

Figure 44: Velocity and mid-development clot comparison between patient geometry 2 without a stent (left) and with a stent 
(right) at different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to 
the incoming flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 2 during the middle of 

clot development is shown in Figure 44, and is interpreted as described in the introductory paragraphs 

of results section 6.2.  

Observations made for flow during initial clot development shown in Figure 43 remain consistent for 

flow during the middle of clot development shown in Figure 44, which appears to have a large effect 

on clot development for both cases. Specifically, clot propagation since the initial formation of stable 

clot in Figure 43 is marginal for the unstented case relative to the size of the aneurysm as shown in 

Figure 44. This is true to a lesser extent for the stented case, in which a large enough clot has formed 

at the top of the aneurysm to slightly alter flow trajectory within the aneurysm, and a separate clot 

has formed tightly against the bottom wall of the aneurysm. 
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6.2.2.3. Fully Developed Clot 

 

Figure 45: Velocity and fully developed clot comparison between patient geometry 2 without a stent (left) and with a stent 
(right) at different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending 
towards lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated 
relative to the incoming flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 2 just after full clot 

development is shown in Figure 45, and is interpreted as described in the introductory paragraphs of 

results section 6.2.  

As shown in Figure 45, the flow diverter is unsuccessful in sufficiently redirecting flow away from the 

aneurysm wall to allow for significant occlusion of the aneurysm. As such, the fully developed clot in 

both the stented and unstented case leaves an enormous residual aneurysm that qualitatively is not 

significantly smaller than the original aneurysm. 

Although shear rates within the aneurysm are periodically low enough for a clot to develop in portions 

of the aneurysm, the high rates of flow entering the aneurysm create periodically high shear rates and 

rapid flow patterns that eject clotting reagents into the parent artery, resulting in an environment 

unsuitable for sustained clot formation in either case.  

A different flow diverter or perhaps different placement of the same flow diverter shown in Figure 33 

may be more successful in creating such an environment under the prescribed inlet flow velocity 

shown in Figure 36, though it is important to consider that the prescribed inlet and outlet boundary 

conditions are not specific to the patient from which the aneurysm geometry was derived, and may 

create more overpronounced or even subdued flow conditions within the aneurysm than is present in 

vivo. 
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6.2.3. Case 3 

6.2.3.1. Initial Clot 

 

Figure 46: Velocity and initial clot comparison between patient geometry 3 without a stent (left) and with a stent (right) at 
different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards upper 
velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards lower 
velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to the 
incoming flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 3 during initial clot 

formation is shown in Figure 46, and is interpreted as described in the introductory paragraphs of 

results section 6.2.  

Flow between the two cases is similar, though the unstented case demonstrates significantly higher 

flow rates within the aneurysm than the stented case at corresponding stages of a pulse, and the 

maximum velocity magnitude of the stented case is significantly higher than the unstented case at the 

upper velocity peak and the lower velocity peak, though this may potentially be attributed to a slight 

mismatch in timesteps corresponding to a pulse stage as indicated by Figure 36 due to the 0.05s 

timestep data file save intervals for both simulations. The stented case also demonstrates streamlines 

that end within the aneurysm during the mean descending pulse and lower velocity peak, as opposed 

to the unstented case which demonstrates streamlines entering the aneurysm and circulating back 

out into the parent artery. Otherwise, high velocity sections of the velocity streamlines occur at the 

narrowing of the artery ahead of the aneurysm and towards the artery ahead of the outlet zone shown 

in Figure 34. 

Maximum flow magnitudes in both cases are much higher than the corresponding inlet Fourier 

transform velocity shown in Figure 36,  potentially corresponding with narrowing of the artery ahead 

of the aneurysm.  

Otherwise, median velocity of the streamlines is roughly analogous to corresponding inlet Fourier 

transform velocity shown in Figure 36 across most of a pulse save for the upper velocity peak for both 

cases. 

The stented case begins clotting roughly 2s earlier than the unstented case, though the clot 

propagates at a faster rate in the unstented case as shown in Figure 46, where at the lower velocity 

peak the unstented case produces a larger clotted area along the aneurysm wall than the stented case. 
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6.2.3.2. Mid-Development Clot 

 

Figure 47: Velocity and mid-development clot comparison between patient geometry 3 without a stent (left) and with a stent 
(right) at different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to 
the incoming flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 3 during the middle of 

clot development is shown in Figure 47, and is interpreted as described in the introductory paragraphs 

of results section 6.2.  

Observations made for flow during initial clot development shown in Figure 46 remain mostly valid for 

flow during the middle of clot development shown in Figure 47. However, at the middle of clot 

development circulation from the artery into the aneurysm narrows with the growth of the clot in the 

unstented case, and is reduced significantly in the stented case, evidenced by the lack of flow 

streamlines into the aneurysm. Maximum velocity magnitudes also become more comparable 

between the two cases at corresponding stages of a pulse shown in Figure 36, and maximum velocity 

within the aneurysm consistently occurs at the narrowing of the artery ahead of the aneurysm and 

the inner bending wall of the artery ahead of the outlet zone.  

Clot development for the stented case progresses significantly faster than the unstented case, where 

in the stented case the aneurysm occludes rapidly over the course of the pulse as shown in Figure 47, 

and by comparison the unstented case does not grow significantly over a pulse 7s ahead of the stented 

case due to the high velocity flow entering the aneurysm from the parent artery. 
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6.2.3.3. Fully Developed Clot 

 

Figure 48: Velocity and fully developed clot comparison between patient geometry 3 without a stent (left) and with a stent 
(right) at different times throughout a pulse wavelength shown in Figure 36; mean pulsatile flow velocity ascending towards 
upper velocity peak (top), pulsatile flow upper velocity peak (upper middle), mean pulsatile flow velocity descending towards 
lower velocity peak (lower middle), pulsatile flow lower velocity peak (bottom). Direction of flow is demonstrated relative to 
the incoming flow boundary by an arrow (top left). 
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A comparison between the stented and unstented case of patient geometry 3 just after full clot 

development is shown in Figure 48, and is interpreted as described in the introductory paragraphs of 

results section 6.2.  

As shown in Figure 48, the fully developed clot in the stented case completely occludes the aneurysm. 

The fully developed clot in the unstented case, by comparison, creates a residual neck.  

These results indicate that the flow diverter is successful in redirecting flow away from the aneurysm, 

such that sufficiently low shear rates can be achieved within the aneurysm to fully occlude.  

Due to the size and position of the aneurysm, flow rates within the aneurysm are periodically low 

enough for a large clot to form that nearly fully occludes the aneurysm without a stent. However, as 

the clot approaches the parent artery it becomes subject to much higher flow rates, which significantly 

increase the shear rate, and carry clotting reagents downstream the parent vessel. 

6.3. Discussion of Results and Comparison to Literature 

The computational model of direct thrombosis in cerebral aneurysms compared to the novel PIV-

based in vitro clotting flow experiment produces a clotting outcome within individual patient-derived 

aneurysm geometries with and without the inclusion of a flow diverter to determine the efficacy of 

flow diverter placement in full occlusion of anatomically accurate aneurysms. Figure 42 demonstrates 

that the clotting outcome produced by the thrombosis model in the case 1 aneurysm leaves a residual 

aneurysm absent of a flow altering device (left), and a fully occluded aneurysm with the placement of 

a flow diverter (right). In the case 3 aneurysm shown in Figure 48, flow diverter placement similarly 

results in full occlusion of the giant aneurysm (right), as opposed to the residual neck left in the 

aneurysm without surgical intervention (left). By contrast, the clotting outcome produced by the 

thrombosis model for the case 2 aneurysm shown in Figure 45 results in a large residual aneurysm 

regardless of whether a flow diverter is installed. 

Spontaneous thrombosis, although rare, has been reported to occur in saccular aneurysms such as 

the patient geometries case 1 and case 3 shown in Figure 33 [150]. Spontaneous full thrombosis of 

giant saccular aneurysms such as in the case 3 patient geometry seen in Figure 42 (left) is also well 

documented [150,151]. Full occlusion of the aneurysm with no residual volume is the intended 

outcome of flow diverter placement in an artery, and as such the fully occluded aneurysms for the 

stented cases of patient geometries  case 1 and case 3 shown in Figure 42 and Figure 48, respectively, 

are outcomes that can be reasonably assumed to occur.  

Fusiform aneurysms such as the case 2 patient geometry shown in Figure 33 are not trivial to treat, 

and according to a retrospective analysis of pipe embolization devices by Griffin et al. may require 
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multiple flow diverters and endovascular coiling to reach a favorable aneurysm occlusion rate, which 

was not achieved in roughly a quarter of cases [152]. With this insight, the lack of clot formation 

despite the presence of a flow diverter in the case 2 patient geometry shown in Figure 45 (right) is a 

realistic outcome, if not a favorable one, that may still be overcome with the inclusion of endovascular 

coiling or a second flow diverter. 

The thrombosis model of cerebral aneurysms presented in this research applies a free-slip or zero-

shear boundary condition at all the wall boundaries, a departure from nearly every computational 

model for predicting clot development to date, which almost universally apply no-slip boundary 

conditions to artery walls in the case of finite-volume-method CFD simulations [55,57,64,71,75,134]. 

There has long been evidence, however, that a partial-slip wall boundary is more appropriate for 

representing some of the non-Newtonian flow behavior of blood [100,135]. While the effects of the 

non-Newtonian characteristics of blood are usually considered negligible in arterial flow modeling 

with exception to flow through small vessels, there are a growing number of models demonstrating 

that these non-Newtonian effects are significant even in large vessels with predominantly high shear 

rates [83]. 

While the modelling and inclusion of a partial-slip wall boundary function is outside the scope of the 

presented thrombosis model, the results of the validation simulation presented in Figure 28-Figure 29 

of section 5.2.2 clearly demonstrate better alignment to the flow results of the PIV-based thrombin-

fibrinogen experiment with free-slip wall boundaries as opposed to no-slip wall boundaries, despite 

the fibrinogen-saline solution being modelled with Newtonian fluid properties as demonstrated in the 

validation simulation specific methodology detailed in section 5.1.  

Given that the fibrinogen-saline solution for the PIV-based thrombin-fibrinogen experiment described 

in section 4.2.1.1 is a colloid similar to blood plasma but lacking other macromolecules, that blood 

plasma demonstrates non-Newtonian viscoelastic properties and shear-thinning, and there is 

reasonable evidence that the elastic properties of fibrinogen are potentially the most significant 

contributor to non-Newtonian shear-thinning in blood plasma; fibrinogen-saline solution appears to 

have some analog to blood plasma for flow modeling [137,139,140]. Therefore there are grounds to 

assume that a partial-slip wall boundary may also be applicable to blood plasma, and given that blood 

plasma is the fluid in which red blood cells are suspended there is a possibility that partial-slip wall 

boundary is significant to model flow in thrombosis models for full blood. By this thread of reasoning, 

the fibrinogen-saline solution has some analog to blood with respect to wall boundary exploration. As 

such, the free-slip wall boundary is favored over the no-slip wall boundary as the mathematical 
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simplification of the more physiologically accurate but unparameterized partial-slip condition to 

determine clotting outcomes for the patient-specific aneurysm case geometries. 

This, however, introduces complications when comparing clotting outcomes to aneurysm clotting 

models that use wall shear stress as a determinant or marker for locations of clot development, since 

in the case of a free-slip wall boundary, wall shear stress is zero. This unfortunately allows only for 

speculative comparison of clotting outcomes using this metric, which is of questionable value. 

Although in the model by Rayz et al., the cross-sectional plane demonstrating increased flow residence 

times with the ink scalar method for patient 3 shown in their figure 6 demonstrates good agreement 

with the clotting outcomes of the fusiform aneurysm of the case 2 patient aneurysm geometry shown 

in Figure 45 of the model presented here [153]. 

Otherwise, several models demonstrate similar flow behavior to the patient geometry cases. The non-

Newtonian pulsatile flow model by Yang et al. demonstrates the decrease of flow within the aneurysm 

with the increase of coiling porosity, which shows agreement with the gradual decrease in flow within 

the aneurysm of patient geometries 1 and 3 shown across Figure 40-Figure 43 and Figure 46-Figure 48 

due to the porosity > 0.75 in the aneurysm (not visible) [154]. The MRI and corresponding CFD 

streamlines for cerebral arteries in work by Cebral et al. demonstrate similar velocity magnitude at 

peak systole to the upper velocity peaks across all patient geometries presented in this chapter and 

shown in Figure 40-Figure 48 where areas of highest velocity correlate with narrowing of blood vessels 

for both models [82].  

There is some analog between the flow streamline distribution of the patient geometry cases shown 

in Figure 40-Figure 43, and Figure 46 (right) to the flow streamlines presented by Ou et al. in patient 

geometries with stents modeled as porous media, despite their use of a steady flow inlet and no-slip 

wall boundaries [141]. 

Only two computational models of thrombosis in cerebral aneurysm studies exist that employ similar 

biochemical models, and apply the model to realistic aneurysms with and without flow diverters 

[57,65,67]. Of these models, only Sarrami et al. features flow and clot validation [65,68].  

The model presented in this thesis is partially built upon the model by Ngoepe et al., and departs from 

their framework with pulsatile inlet/outlet and free-slip wall boundaries, and a reduced biochemical 

model built upon work by Jimoh-Taiwo et al. [57,75]. The clotting outcomes generated by Ngoepe et 

al. in both stented and unstented cases of the ICA giant aneurysm shown in their figure 4 appear more 

conservative than clotting outcomes for the patient geometry case 3 shown in Figure 48. This 

discrepancy is potentially due to a variety of factors. When considering flow in isolation, the steady 
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flow boundaries applied by Ngoepe et al., which have been demonstrated to significantly impact 

protein transport, do not account for periodically shifting shear rates which for their model impacts 

the expression of tissue factor [57]. Otherwise the model presented in this thesis simplifies and 

bypasses many biochemical mechanisms that otherwise would limit clot growth, potentially 

contributing to an overestimate in clotting by comparison to Ngoepe et al. [57]. 

The model by Sarrami et al. features in vitro flow and clot validation by an experiment presented by 

Gester et al.  [65,68]. Sarrami et al. has applied this model to patient-specific geometries to predict 

flow-diversion success rates [67]. The validation experiment by Gester et al. differs from the novel PIV-

based thrombin-fibrinogen clotting flow experiment insofar as clotting and flow are not measured 

simultaneously, as discussed in sections 4.4 and 5.4. The computational model of direct thrombosis in 

cerebral aneurysms presented in this thesis also differs from the model by Sarrami et al. insofar as it 

features a reduced biochemical model inclusive of only three proteins, and includes a biomechanical 

representation of clotting which is not considered by Sarrami et al. [65]. Their model is applied to four 

giant saccular aneurysms, and their stented geometry clotting predictions align well with the clotting 

outcome of the stented case 3 patient geometry simulation for a giant aneurysm shown in Figure 48 

[67]. Sarrami et al. reports, however, that their model produces no clot for their unstented cases, a 

departure from the results of the unstented case 3 patient geometry clotting outcome shown in Figure 

48. This difference may be accounted for by either, the difference in biochemical approach by Sarrami 

et al. which includes a wall shear stress threshold for tissue factor expression as opposed to the direct 

expression of thrombin from the aneurysm wall in our model, or for the inclusion of biomechanical 

consideration of clot development in our model, which significantly alters the flow field within the 

aneurysm as shown in both the patient geometry case 1 and 3 in Figure 40-Figure 42 and Figure 46-

Figure 48. Crucially, however, both results are plausible, as full occlusion of giant saccular aneurysms 

independent of invasive treatment is well documented in cases of acute thrombosis [150,151]. 

Ultimately, the computational model of direct thrombosis in cerebral aneurysms validated by a novel 

PIV-based in vitro thrombin-fibrinogen clotting flow experiment demonstrates reasonable clotting 

outcomes. There are relatively few models with which it can be adequately compared to, however, 

and further validation of assumptions against macroscale in vitro flow experiments employing 

biological blood-derived fluids and against patient-specific clotting outcomes in-vivo are required. 

 

 



University of Cape Town  Struan Robertson Hume 
 

122 
 

6.4. Conclusion and Data Quantities 

The study presents a comparison of patient-specific clotting outcomes of three cases with and without 

diverters for a validated model of direct thrombosis of cerebral aneurysms. 

The computational thrombosis model shows that aneurysms can be fully occluded with the placement 

of a flow diverter, as seen in case 1 and case 3. Without a flow diverter, residual aneurysms remain. 

Spontaneous thrombosis can occur in saccular aneurysms, and the occlusion observed in case 3 is 

consistent with documented outcomes for giant saccular aneurysms. In case 2, the model predicts a 

large residual aneurysm regardless of flow diverter placement, reflecting the complexity of treating 

fusiform aneurysms, which often require additional interventions like endovascular coiling. 

The model uses a free-slip wall boundary condition as a simplification of a theoretically more 

physiologically accurate but thus far unparameterized macrovascular partial-slip condition. The 

application of free-slip at the wall boundary contrasts with most models that use no-slip boundaries. 

This is done to align the model with the non-Newtonian flow behavior observed in the PIV-based 

thrombin-fibrinogen experiment, which are assumed to be relevant to whole blood based upon 

fibrinogen’s theorized primary contribution to the non-Newtonian properties of blood plasma.  

Overall, the computational model of direct thrombosis in cerebral aneurysms, validated by a novel 

PIV-based in vitro clotting flow experiment, produces reasonable clotting outcomes by comparison to 

literature. There are relatively few models with which it can be adequately compared to however, and 

further validation of assumptions by comparison to macroscale in vitro and in vivo clotting outcomes 

is required. 
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Max Velocity Mean (Asc) Upper Peak Mean (Desc) Lower Peak 

Patient 1 (Initial) No Stent 0.42 m/s 0.95 m/s 0.52 m/s 0.16 m/s 

Stent 0.44 m/s 0.81 m/s 0.45 m/s 0.16 m/s 

Patient 1 (Mid) No Stent 0.47 m/s 0.85 m/s 0.51 m/s 0.18 m/s 

Stent 0.38 m/s 0.8 m/s 0.48 m/s 0.13 m/s 

Patient 1 (Full) No Stent 0.41 m/s 0.86 m/s 0.58 m/s 0.2 m/s 

Stent 0.37 m/s 0.81 m/s  0.48 m/s 0.16 m/s 

Patient 2 (Initial) No Stent 0.87 m/s 1.65 m/s 1.08 m/s 0.52 m/s 

Stent 0.6 m/s 2.01 m/s 1.14 m/s 0.35 m/s 

Patient 2 (Mid) No Stent 0.93 m/s 1.53 m/s 0.9 m/s 0.51 m/s 

Stent 1.01 m/s 1.68 m/s 0.92 m/s 0.43 m/s 

Patient 2 (Full) No Stent 1.03 m/s 1.73 m/s 1.1 m/s 0.52 m/s 

Stent 0.55 m/s 1.7 m/s 1.21 m/s 0.39 m/s 

Patient 3 (Initial) No Stent 0.54 m/s 1.15 m/s 0.55 m/s 0.22 m/s 

Stent 0.5 m/s 1.7 m/s 0.61 m/s 0.59 m/s 

Patient 3 (Mid) No Stent 0.49 m/s 1.09 m/s 0.55 m/s 0.21 m/s 

Stent 0.72 m/s 1.2 m/s 0.62 m/s 0.21 m/s 

Patient 3 (Full) No Stent 0.52 m/s 1.1 m/s 0.73 m/s 0.23 m/s 

Stent 0.47 m/s 1.22 m/s 0.55 m/s 0.22 m/s 

Time Initial Clot Mid Clot Full Clot 

Patient 1  No Stent 109.65s 128.55s 145.2s 

Stent 105.2s 111.85s 117.4s 

Patient 2 No Stent 150.75s 158.55s 164.1s 

Stent 119.6s 135.2s 150.7s 

Patient 3 No Stent 108.5s 117.4s 126.3s 

Stent 106.3s 109.65s 112.95s 

Table 24: Data quantities for patient-specific aneurysm simulation results 
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7. Research Conclusions 

In this thesis, three studies are presented with the combined aim of creating a directly and 

comprehensively validated direct model of thrombosis in cerebral aneurysms. The first of these 

studies presents the results of a  PIV-based idealized cerebral aneurysm thrombin-fibrinogen in vitro 

flow experiment which captures flow fields of fibrinogen-saline solution under physiological flow 

conditions simultaneously to fibrin clot growth induced by the addition of a controlled injection of 

thrombin-saline solution. The second study presents a direct model of thrombosis in cerebral 

aneurysms using a porosity-based clotting model based on a reduced Michaelis-Menten formulation, 

and models the parameters of the PIV-based in vitro flow clotting experiment for validation with an 

accompanying exploration of wall boundaries. The third and final study considers the direct model of 

thrombosis in cerebral aneurysms validated in the second study with consideration towards a clinical 

context, and applies it to patient-specific cases with and without endovascular flow diverter treatment 

to predict reasonably expectable thrombosis clotting outcomes. The novelty of this thesis is a 

framework wherein a pulsatile-flow direct thrombosis fibrin clot-model that predicts plausible clotting 

outcomes in patient-specific cerebral aneurysm cases with and without flow diverter treatment is 

directly validated by a novel PIV-based idealized cerebral aneurysm thrombin-fibrinogen in vitro flow 

experiment which is capable of simultaneous measurement of clot and flow field development under 

physiologically realistic flow. 

In achieving this aim, the objectives of this research to perform a PIV-based in vitro clotting flow 

experiment to directly validate a computational model of thrombosis in cerebral aneurysms for 

predicting reasonable clotting outcomes of flow-diverter treatment in patient-specific cases are met. 

In so doing, these studies highlight a series of unexpected but explicable outcomes with cross-

reference to literature. 

The thrombin-fibrinogen in vitro flow experiment produces a strand-like fibrin clot that does not 

appear to be replicated in comparable macroscale in vitro flow studies. These studies are few 

however, and the outcome aligns with the variability in shape of fibrin clots in microscale studies, 

particularly as they relate to local shear rates and the elastic and extensible properties of fibrin clots. 

The thrombin-fibrinogen experiment further demonstrates significantly higher flow magnitudes and 

recirculation than a prototype water-gelatin flow experiment that uses identical flow patterns and 

geometry.  

The flow field produced by the validation simulation of the direct thrombosis model demonstrates 

agreement with the flow results of the thrombin-fibrinogen experiment when applying free-slip wall 

boundaries and demonstrates agreement with the flow results of the water-gelatin experiment when 
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applying no-slip wall boundaries. Using free-slip wall boundaries, the validation simulation also 

produces similarly sized and located fibrin formations against the aneurysm wall as the thrombin-

fibrinogen in vitro flow experiment, though it lacks the fluid-structure-interaction framework required 

to model the strand-like fibrin clot.  

The patient-specific aneurysm simulations of the validated direct thrombosis model are able to predict 

reasonably expected clotting outcomes with and without the presence of flow diverters within the 

aneurysm using free-slip wall boundaries, a departure from virtually every other comparable direct 

thrombosis model. Flow diversion treatment reliably reduces shear rates within the aneurysm for each 

patient-specific case, and the benefit of patient-specific modelling is highlighted with the poor clotting 

outcome observed for the case 2 fusiform aneurysm despite endovascular flow diversion treatment. 

The cross reference of these studies with literature indicates discrepancies in the validity of the 

commonly held Newtonian assumption for in vitro macroscale flows which may have relevance both 

in terms of fluid properties and wall boundaries, as well as the notable and potentially important 

effects of periodically high flow rates on fibrin clot macrostructure and morphology. There are few 

other similar studies for macroscale vessels, and with further consideration towards the in-part 

exploratory nature of the studies performed and the single sample-size they present, further 

exploration of macroscale in-vitro flow studies of blood and blood-derived fluids is required. 

The studies comprising this thesis have several other limitations to consider. Due to the inherent 

requirements for PIV, coupled with the justified ethical framework preventing a single donor from 

providing a sufficiently large sample of human blood and plasma, the thrombin-fibrinogen 

experiments account only for a reduced order coagulation composed of fibrinogen and thrombin that 

is not fully representative of physiological clotting. Furthermore, the rheological properties of the 

fibrinogen-saline solution are not measured and are therefore not well understood in the context of 

validating a direct thrombosis model. This is reflected in the direct thrombosis model with the use of 

a free-slip wall boundary rather than a more physiologically realistic partial-slip wall, for which to the 

best of the authors knowledge there are no existing models for macroscale vessels, and for this reason 

was considered outside the scope of this thesis. Otherwise, the use of a reduced-order Michaelis-

Menten formulation leads to a significantly accelerated rate of clotting to that in vivo, such that 

clotting outcomes may be over-predicted owing to the lack of regulatory biochemistry. 

Regardless, this thesis presents a framework that combines direct fibrin clot growth with a pulsatile 

flow field both computationally and experimentally, such that a direct comparison of flow and clotting 

between computational and experimental results may be made at any and all points upon a directly 

corresponding timescale. With further refinement to the experimental framework, this thesis 
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demonstrates a comprehensive validation method that gives direct thrombosis models renewed 

potential to quantitatively address questions in need of answer to eventually make the transition to 

direct clinical applications. 
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Appendix A 

Patient-Specific Artery and Flow Diverter Geometry Processing 

Methodology 
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Processing complex nonuniform geometries that have numerous fine features to successfully produce 

a convergent mesh within the Ansys framework is nontrivial. As such, this appendix section presents 

a step-by-step process for how this is accomplished for this study. 

In general, this involves processing a patient-specific flow diverter geometry sufficiently such that it 

may be subtracted from the interior of its corresponding patient geometry. In order to achieve this, it 

must not intersect with the wall of the patient geometry, and must have sufficient distance from the 

walls of the patient-specific geometry such that a sufficient number of cells may be meshed between 

interior and exterior wall boundaries.  

STL files for each patient-specific case are applied in ANSYS SpaceClaim, and must be converted to a 

ANSYS-specific CAD format for use within the ANSYS framework. Direct conversion of these files to 

ANSYS CAD geometries results in geometries with more than 5 million faces before meshing. 

Combined with the lack of support for parallel processing in SpaceClaim, this direct approach is 

infeasible. As such, steps must be taken to significantly reduce the number of faces on each geometry 

in their native STL format such that they may be ‘skinned’ by a ANSYS geometry surface, which 

functions similarly to a shrink-wrap.  

Because of the complexity of the flow-diverter geometry in particular, significant processing and repair 

of the skinned surface must occur prior to its subtraction from the patient-specific artery. The stent 

geometry rarely closes to form a volume after skinning, so surfaces must be manually created and 

aligned, since ensuring that surface edges of a geometry align to each other without folding is critical 

to mesh the geometry without error. 

The broad methods for processing patient-specific artery STL’s into ANSYS CAD geometries is detailed 

first, followed by processing methods for patient-specific flow diverter STL’s; which includes 

conversion to CAD geometries and implementation into patient-specific artery CAD geometries. 

Specific challenges arise in processing each case, and due to some qualitative methods, errors that 

prevent the completion of a step in this guide should be expected. To limit duplicate efforts, it is 

advised to save a new file for each step of each process, should resources to do so be available. 
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Patient-Specific Artery Processing 

1. Open STL in SpaceClaim 

 

2.  Autofix STL 



University of Cape Town Struan Robertson Hume 

4 

3. Place planes at inlet and outlet faces

4. Smooth Facets -> Fix Sharps
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5. Apply Auto skin tool to STL (this forms a 2D CAD surface)

6. Shift planes from step 1 up the axis of the corresponding inlet/outlet-> split CAD body using

planes as cutters
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7. Delete ‘caps’ at either end of the geometry -> merge remaining parts

8. Repair missing faces
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9. Pull inlet and outlet surfaces to desired length -> split CAD body using planes as cutters such

that extensions are separate volumes. Remerge primary artery geometry as needed.
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Flow Diverter Processing 

1. Open STL in SpaceClaim -> autofix

2. Regularize – Max edge length 0.1 mm Curvature Dependent
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3. Fix Sharps (repeat until no sharps are left)-> Reduce Facets (95%)

4. Autofix->Fix sharps (it may be necessary to select triangles by hand and delete manually, if

so continue to perform this step until there are no sharp edges left)

5. Add corresponding artery geometry to the same SpaceClaim file as an assembly part
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6. Cut flow diverter STL using artery STL as a 2D cutting plane
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7. Separate all bodies of the flow diverter

8. Delete all flow diverter bodies falling on the outside of the artery geometry
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9. Delete between 1-2 lengths of wire mesh around the entire stent, ensuring there are no

protruding wire segments of the stent geometry. This is done to ensure that the remaining

geometry is sufficiently far away from the artery wall of the patient geometry. Note that it is

not critical to delete leftover facets separated from the primary geometry.

10. Separate facet bodies -> delete facets outside the region of interest
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11. Auto fix -> fix sharps. This must be repeated several times until all protrusions have been

flattened. Some protrusions may need to be eliminated manually by selecting faces and

deleting them.
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12. Regularize Facets -> Smooth Facets -> fix sharps. Max edge length for regularization must be

very fine. Performing this step well is critical for the expedience of the next step

13. Apply Auto skin tool to remaining flow diverter STL (this forms a 2D CAD surface)

14. Repair missing faces. The automatic face repair tool may not detect very small missing faces

unless the tolerance is tightened. The tool will also likely not repair every face due to some

poor surfaces created during the auto skin. A face blending tool can be applied to create

some of these missing faces. In cases where this is not feasible, problematic faces may be

deleted, although this may leave a gap in the stent. When this step is complete, the 2D CAD

surface will close to form a 3d Object.
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15. Detect Bad Faces and Sharp Edges. The CAD geometry still likely has bad features at this

point that may be removed in one of three ways. In the case of small faces and edges, they

may be either merged with another face, or a ‘repair sphere’ may be placed that merges

with the flow diverter geometry and covers up the problematic geometry. In the case of very

large sharp edges or faces, nearby faces must be deleted and replaced as in step 16.
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16. Fix split edges

17. Add processed CAD patient geometry as an assembly part
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18. Subtract flow diverter CAD geometry from patient artery CAD geometry. If this step is

unsuccessful, either trim faces from the flow diverter cad geometry and repeat step 16, or

go back to step 11 and trim the geometry there.
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APPENDIX B 

UDF Code 
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#include "udf.h" 
#include "prf.h" 
#define bulge_th 9 
DEFINE_PROFILE(AneurysmWall,th,i) 
{ 
 face_t a; 
 real h = 2.7272e0; 
 real PEAK = 160; 
 real TTP = 3.02; 
 real ETP = 800.0e0; 
 begin_f_loop(a,th) 
   { 

 F_PROFILE(a, th, i) = (h)*(PEAK)*exp(-h*((CURRENT_TIME / 60) - (TTP)))*(PEAK / 
ETP)*exp(-exp(-h*((CURRENT_TIME / 60) - (TTP)))*(PEAK / ETP)); 
   } 
 end_f_loop(a,th) 
} 
DEFINE_PROFILE(ThrombinInjection,th,i) 
{ 
 face_t a; 
 begin_f_loop(a,th) 
   { 

if (CURRENT_TIME >=3) 
F_PROFILE(a,th,i) = 2.174; 
else  

F_PROFILE(a,th,i) = 0; 
   } 
 end_f_loop(a,th) 
} 
DEFINE_SOURCE(Source_of_UDS2, c, t, dS, eqn) 
{ 

real kcat = 59.0; 
real Km = 3160.0; 
real Fnmax = 10000.0; 
real source2; 
real Fbng = C_UDSI(c, t, 1); 
real Thr  = C_UDSI(c, t, 0); 
real Fbrn = C_UDSI(c, t, 2); 
real gen =1050.0*kcat * Thr * Fbng / (Km + Fbng); 
if (Fbrn < Fnmax) 

source2 = gen; 
else 

source2 = 0.0; 
return source2; 

} 
DEFINE_SOURCE(Sink_of_UDS1, c, t, dS, eqn) 
{ 

real source1; 
real kcat = 59.0; 
real Km = 3160.0; 
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real Fbng_min = 0.1; 
real Thr =  C_UDSI(c, t, 0); 
real Fbng = C_UDSI(c, t, 1); 
real Fbrn = C_UDSI(c, t, 2); 
real gen = 1050.0*kcat * Thr * Fbng / (Km + Fbng); 
if (Fbng > Fbng_min) 

source1 = gen*-1; 
else 

source1 = 0.0; 
return source1; 

} 
DEFINE_PROFILE(vis_resx, t, nv) 
{ 

real b; 
cell_t c; 
begin_c_loop(c, t) 
{ 

if (C_UDSI(c, t, 3) != 1e0) 
b = 1.0e-12; 

else 
b = 1.0e+12; 

C_PROFILE(c, t, nv) = b; 
} 
end_c_loop(c, t) 

} 
 DEFINE_PROFILE(porosity_function_2, t, nv) 
{ 

real f; 
cell_t c; 
begin_c_loop(c, t) 
{ 

real dudy; 
real dwdy; 
real dudz; 
real dvdz; 
real dvdx; 
real dwdx; 
real x_grad; 
real y_grad; 
real z_grad; 
real shear_rate; 
real fibrin; 
dudy = C_DUDY(c,t); 
dwdy = C_DWDY(c,t); 
dudz = C_DUDZ(c,t); 
dvdz = C_DVDZ(c,t); 
dvdx = C_DVDX(c,t); 
dwdx = C_DWDX(c,t); 
x_grad = pow((dvdx*dvdx)+(dwdx*dwdx),0.5); 
y_grad = pow((dudy*dudy)+(dwdy*dwdy),0.5); 
z_grad = pow((dudz*dudz)+(dvdz*dvdz),0.5); 
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shear_rate = 
pow((x_grad*x_grad)+(y_grad*y_grad)+(z_grad*z_grad),0.5); 

fibrin = C_UDSI(c, t, 2); 
if (C_UDSI_M1(c, t, 3) == 1.0) 
{ 

f = 0.75e0; 
C_UDSI(c, t, 3) = 1.00e0; 

} 
else 
{ 

if (C_UDSI(c, t, 2) >= 600 && shear_rate < 100) 
{ 

f = 0.75e0; 
C_UDSI(c, t, 3) = 1.0e0; 

} 
else if (C_UDSI(c, t, 2) > 0 && C_UDSI(c, t, 2) < 600 && 

shear_rate < 100) 
{ 

f = 1 - ((fibrin / 600) / 4); 
C_UDSI(c, t, 3) = (fibrin / 600); 

} 
else 
{ 

f = 1e0; 
C_UDSI(c, t, 3) = 0e0; 

} 
} 
C_PROFILE(c, t, nv) = f; 

} 
end_c_loop(c, t) 

} 
 DEFINE_PROFILE(inlet_z_velocity_original,th,i) 
{ 
  double x[ND_ND]; 
  double xx, y; 
 face_t f; 
 double a1,f1,ph1,a2,f2,ph2,a3,f3,ph3,offset; 
  begin_f_loop(f,th) 
   { 

double t = (CURRENT_TIME); 
     F_CENTROID(x,f,th); 

xx = x[0]; 
     y = x[1]; 
a1 = 14.598; 
a2 = -7.46; 
a3 = 2.509; 
ph1 = 15.031; 
ph2 = 0.805; 
ph3 = -0.782; 
f1 = 0.9; 
f2 = 1.8; 
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f3 = 2.7; 
offset = 20.804; 

F_PROFILE(f,th,i) = ((a1*sin(2*3.141592*f1*t+ph1)) + 
(a2*sin(2*3.141592*f2*t+ph2))+(a3*sin(2*3.141592*f3*t+ph3))+offset)/100; 
    } 
  end_f_loop(f,th) 
 }  
DEFINE_PROFILE(pressure_profile_original,th,i) 
{ 
  double x[ND_ND]; 
  double xx, y; 
 face_t f; 
int n; 
double a1,f1,ph1,a2,f2,ph2,a3,f3,ph3,offset; 
  begin_f_loop(f,th) 
   { 

double t = (CURRENT_TIME); 
    F_CENTROID(x,f,th); 

xx = x[0]; 
y = x[1]; 

a1 = -26.298; 
a2 = -13.633; 
a3 = 5.891; 
ph1 = 24.082; 
ph2 = 12.730; 
ph3 = -1.789; 
f1 = 0.9; 
f2 = 1.8; 
f3 = 2.7; 
offset = 74.982; 

F_PROFILE(f,th,i) = ((a1*sin(2*3.141592*f1*t+ph1)) + 
(a2*sin(2*3.141592*f2*t+ph2))+(a3*sin(2*3.141592*f3*t+ph3))+offset)*(101325/760); 
    } 
end_f_loop(f,th) 
 } 




