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ABSTRACT 

 

 Stroke has been considered one of the most fatal disease identified by mankind, 

killing at least five million people per year. In order to combat this disease, several 

mitigation measures have been discovered through research, namely thrombolysis 

drug through consumption or mechanical devices through surgery such as balloon 

angioplasty, embolectomy and Mechanical Embolus Removal in Cerebral Ischemia 

(MERCI). Each of these methods have their disadvantages, more prevalently on heavy 

requirements and potential damage to the artery. However, a proposed device named 

Gillian-Pearce (GP) device was introduced which claims having lower surgical risks 

and damage to the patient’s artery, through a simple concept of vacuum suction. The 

device remains untested on a real environment and thus, CFD analysis is done to 

enable simulation of the device in which it is more cost saving, safe and risk free.  

 The GP device is designed, modelled and simulated through CFD using 

ANSYS Design Modeller and FLUENT, using a three phase Volume of Fluid model 

i.e. air, blood and blood clot. Grid sensitivity study is also done to determine the best 

meshing size for the model of which the need to balance between the size of mesh and 

to minimise computational time. Additionally, comparison of two and three phase flow 

model is done in which to study the difference of extraction rate when additional phase 

is introduced, i.e. air, into the system. Furthermore, a proposed new GP2 device with 

different structural tubes is designed that is able to extract blood clot much faster 

compared to the old previous model.  

 It was found out that the best meshing size, i.e. between 0.25 mm, 0.20 mm 

and 0.15 mm, is 0.20 mm which is both fine enough for accuracy of results and short 

enough for computational time. Next, it was found out that the additional phase into 

the system will add to more lag time for the extraction process due to the presence of 

additional viscous fluid, of at least 12% increase in time of removal as compared to 

the two phase model. Finally, the newly proposed GP2 device is able to remove the 

blood clot at a rate of 9% much faster as compared to the old GP2 device due to having 

a larger area of suction for better mass transfer of the blood clot. 
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CHAPTER 1 

INTRODUCTION 

 

 

1. INTRODUCTION 

1.1 Background of Study 

 The devastating effect of stroke has accounted to nearly fifteen million deaths 

worldwide every year, of which five million ended up dead while ten million suffered 

permanent disability (StrokeCenter.org, 2002). In the United States alone, it is by far 

the third leading cause of death and on average, with a shocking statistics that an 

American suffers stroke every 40 seconds (StrokeCenter.org, 2013). Stroke or in 

scientific terms Cerebrovascular Accident (CVA), is an incident whereby the brain 

suffers disturbance of blood supply which is due to ischemia, which is caused either 

by means of blockage or haemorrhage, in laymen’s term the internal bleeding of the 

arteries (Sims et al., 2009). As a result, one might lose even the slightest basic ability 

such as walking, talking or even seeing. Even Jay Humphrey in his book 

Cardiovascular Solid Mechanics: Cells, Tissues and Organs; agrees that nerve cells die 

within minutes without enough supply of oxygen in the blood (Humphrey, 2001). 

 Factors that might induce the occurrence of stroke include elevated cholesterol 

levels, cigarette smoking, diabetes mellitus, genetic predisposition, social stressors and 

a sedentary lifestyle such as lack of exercise, consumption of unhealthy foods and 

unawareness of proper dietary (Humphrey, 2001). Even Donnan et al. and T. B. 

Martonen agree with Humphrey’s statement adding age and high blood pressure to the 

list of factors contributing to stroke (Donnan et al., 2008), with Martonen supported 

that the occurrence of stroke increases with age (Martonen, 2000). Stroke occurrence 

is either ischemic or haemorrhagic, with the initial being the most common by 87% in 

all the cases around the world (Donnan et al., 2008). Proper study for each of the 

phenomena should be carried out on why and how it occurs, in order to combat stroke 

efficiently and successfully, to prolong the lives of mankind.  
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 Ischemic stroke occurs when there is an insufficient supply of blood to the 

brain, thus causing brain dysfunction. The reasons might be due to presence of 

thrombosis, which is a blood clot that obstructs blood flow inside the vessel; embolism, 

which is the formation of embolus that also obstructs the blood flow inside the vessel; 

and hypoperfusion, which is the decrease in blood supply due to sudden shock in the 

human body. On the other hand, haemorrhagic occurs mainly due to internal bleeding 

at the upper section of the human being specifically in the brain. There are two types 

of internal bleeding in the brain; the intra-axial haemorrhage and the extra-axial 

haemorrhage. However, this study will only focus on ischemic stroke, which accounts 

to the most common incident occurred to stroke patients worldwide. 

 It is a well-known fact that there are millions of arteries within the human body. 

The mean inner diameter and wall thickness of the artery is around 2.5 cm and 2 mm 

respectively (Humphrey, 2001). Within the arteries contains a solid section that is 

primarily composed of elastin, collagen, smooth muscles, endothelium and fluid 

section that is mainly extracellular water (Humphrey, 2001). The endothelium acts as 

a smooth lining that separates the wall contents from blood and allows transport of 

substances through the wall. This part of the human artery is considered the key event 

in the development of arterial diseases including stroke. Damage to these endothelium 

walls will trigger the release of pathological quantities of von Willebrand Factor (vWF) 

that promotes the formation of thrombus within the artery. Figure 1 below shows the 

formation of blood clot in the artery. 

 

Figure 1: Thrombus causing blood flow disturbance (Masterlife.com, 2013) 
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 There are several devices to cure the occurrence of blood clot namely 

thrombolysis or the induce of drug to destroy the blood clot, mechanical devices such 

as angioplasty, balloon embolectomy and MERCI (Mechanical Embolus Removal in 

Cerebral Ischemia); and also the TAD (Thrombus Aspiration Device) such as the 

model proposed by Professor Gillian Pearce of Wolverhampton University, United 

Kingdom or famously known as the GP device (Pearce, Patrick, & Jaegle, 2006).  

 

1.2 Problem Statement 

Although mechanical thrombectomy device (MTD) provides an alternative to 

blood clot removal, it is known that it has its own limitations and risk when conducting 

such procedure. According to Kwak & Kiris, the devices might cause a highly chaotic 

or turbulent flow that disrupt and damage red blood cells as it goes through high-shear 

flows and attempt for such simulation will be a difficult and challenging task to be 

conducted (Kwak & Kiris, 2011). The recently invented Gwen-Pearce device or ‘GP’ 

device counters this problem by not having any mechanical parts on the device, which 

allows smooth transition phases between insertion of the device, removing the blood 

clot inside the artery and finally the complete removal of the device from the system. 

The GP device uses the concept of vacuum suction whereby it creates a 

differential pressure within the artery to remove the blood clot solely through suction 

alone. This will prevent any tissue damage or penetration of arterial wall (Pearce et al., 

2006). The initial device involves using a vacuum pump joined to a catheter of 100 cm 

long and 2 – 5 mm diameter and place approximately 3 mm from the blood clot 

(Romero et al., 2011). Early experimentation conducted required around 10 kPa to 15 

kPa of pressure to extract the blood clot (Romero et al., 2011). Additionally, more and 

more modifications were done to this GP device that allows faster extraction with 

increased number of tubes. This has proven an even more efficient procedure, which 

was modelled by (Rahaman, 2012), through her modified GP2 device, having nine 

cylindrical tubes, allowing faster suction rate and breaking of the clot fragments into 

smaller pieces (Rahaman, 2012) (Kuzilati, Rahman, & Pearce, 2012). 
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Nonetheless, the main goal is to implement and prove that the device is 

applicable on human beings and does not possess any threat during the removal 

procedure. Tests and experiments were done to ensure the capability of its safety on 

the middle cerebral artery and will surely be a breakthrough for mankind in the field 

of biomedical engineering. Thus, the role of CFD proves to be the most clinical and 

the safest way to simulate as closely as possible to the real arterial environment, i.e. 

having blood, blood clot, artery wall, air, and the behaviour of artery upon conducting 

the procedure. 

 

1.3 Objectives and Scope of Study 

 The objective of this study is to simulate using 3D ANSYS FLUENT, with a 

three phase flow model simulating the removal of blood clot in the artery through a 

GP device. The three phases are blood, blood clot and air present within the system. 

Simulation will be done to oversee the interaction of each of the phases and to compare 

the results with previous two phase research and to determine if the presence of air 

will influence the outcome of the extraction in terms of removal time. Figure 2 shows 

the sketch done by (Rahaman, 2012), a modification from the initial GP device and 

table 1 shows the specifications of the device. 

 

Figure 2: GP2 device (Rahaman, 2012) 
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Table 1: Dimensions of GP2 Device (Rahaman, 2012) 

Criteria GP-2 

Number of tubes 9 

Diameter of each tube (mm) 0.6 

Horizontal length (mm) 20 

 

 The model consist of two sections namely the artery section and the tubing 

section. The blood clot is situated at the artery section together with the blood, whereas 

the tubing section consist of air phase and both of the fluid, i.e. blood and blood clot, 

will slowly move towards the tubing section. The GP2 device consists of nine identical 

tubes of similar diameter of 0.6 mm arranged in a circular manner. The main purpose 

of having smaller tubes is for breaking the blood clots into fragmentations for better 

extraction. The length of the tubes will be 20 mm. 

 The GP2 device is slightly different as compared to the original GP device. 

First, it is separated into nine different smaller tubes as compared to one large tube for 

GP device. It is claimed that the smaller tubes are used to break down the clots into 

smaller fragments for easier removal. However, a newly proposed GP2 device with a 

combination features of GP and GP2 device, has a central tube surrounded by smaller 

tubes will also be deployed to effectively combine a better suction power and at the 

same time smaller tubes to provide breakdown of the clots into fragments and 

simulation will be done to determine if the theory is correct that having a larger suction 

area is much effective in terms of removal time. 

 Thus, the scope of research for this project would be to carry out grid sensitivity 

study to determine the best chosen mesh size to be used throughout the simulation. A 

balance of computational time and accurate results are what the industry requires to 

effectively understand and in the future, able to implement the simulated results into 

real life procedure. Secondly, the scope will be to determine the effect of varying 

pressures, i.e. 40, 50 and 60 kPa to the removal time of the blood clot.  
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 It is theorised that higher pressures will result in faster rate of removal. 

Therefore, the simulation will determine if the theory is true. Finally, the last job scope 

would be to propose a better model of GP2 device that is both able to have better 

suction power and at the same time is able to break fragments of the blood clot so that 

reoccurrence of clotting will not occur. This will be done during the research whereby 

a new device will be designed, modelled and finally simulated to prove the theoretical 

statement. 
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CHAPTER 2 

LITERATURE REVIEW AND THEORY 

 

 

2.1 Literature Review 

 Hippocrates, the father of medicine, first recognized stroke over 2400 years 

ago. Physicians had little knowledge of the anatomy and function of the brain, the 

cause of stroke, and methods of treatment. It was not until the seventeenth century that 

Jacob Wepfer found that patients who died with apoplexy had bleeding in the brain. 

He also discovered that a blockage in one of the brain's blood vessels could be the 

probable cause of this phenomenon (NewYork-Presbyterian.org, 2008). 

 Medical science continued to study the cause, symptoms, and treatment of 

apoplexy and, finally, in 1928, apoplexy was divided into categories based on the cause 

of the blood vessel problem. This led to the terms stroke or “cerebral vascular accident” 

(CVA). Stroke is now often referred to as a "brain attack" to denote the fact that it is 

caused by a lack of blood supply to the brain, very much like a "heart attack" is caused 

by a lack of blood supply to the heart. There are several methods of removing blood 

clot that have been discovered by mankind. This process of blood clot removal include 

thrombolysis, mechanical device (mechanical thrombectomy device) and surgical 

method.  

 Thrombolysis is a method through induction of ‘clot-busting’ drug called tissue 

plasminogen activator (t-PA) into the human body (Stroke.co.uk, 2013). Unfortunately, 

thrombolysis can only be given within a four and a half hour time frame only, with 

which the earlier will be better. Besides this requirement, other patients must comply 

to other prerequisite that includes not under age of 18 or over 80, must not had major 

surgery within the past two weeks, must not have bleeding disorder and must not have 

bleeding in the brain (Stroke.co.uk, 2013). These requirements narrows down the 

probability of patients to induce the drug thus require other alternatives for stroke 

recovery. 
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 Angioplasty is one of the mechanical techniques used to combat stroke. A 

conventional balloon angioplasty uses the principle of a balloon-tipped catheter which 

is inflated within an atherosclerotic artery to enlarge the lumen and therefore improve 

blood flow (Vliestra & Holmes, 1987). However, there are several drawbacks from 

this technique. The arterial wall where the balloon is located might damage the wall, 

thus becomes more fibrotic due to increase in number of collagen (Zollikofer et al., 

1984). Whereas, the long term consequences of balloon angioplasty is the effect of 

restenosis, with chances of occurrence of about 25% to 50% (Glagov, 1994). 

 Restenosis is the occurrence of stenosis, a phenomenon whereby the blood 

vessel will re-narrow itself after receiving treatment. The action of introducing the 

stent within the artery might cause damage to the walls, thus causing physiological 

mechanisms to react and counter act the presence of foreign substance within the artery. 

This is done by sending in immune system response i.e. platelets, which might further 

lead to the narrowing of the wall. Figure 3 shows how restenosis occurs when 

angioplasty is introduced to the artery. 

 

Figure 3: Balloon Angioplasty (NHLBI, 2013) 
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Balloon embolectomy is another mechanical technique in the removal of 

thrombus in the human artery. First introduced by Fogarty et al in the year 1963, it 

uses an inflated intravascular balloon-tipped catheter that extracts emboli and thrombi 

(Humphrey, 2001). It is found out however, that several risks might occur during the 

procedure including removal of the endothelium, fracture of atheromatous plaque, 

fragmentation of the internal elastic lamina, damage to connective tissue and smooth 

muscle cells and worst case scenario; a complete rupture towards the artery wall 

(Foster et al., 1970; O’Donnell & Hobson, 1978; Goldberg et al., 1983; Jamal et al., 

1992). Figure 4 shows how the balloon embolectomy is used to remove blood clot 

from the artery. 

 

 Figure 4: Balloon Embolectomy (HotspurTechnologies, 2013) 

Another technique that involves removal of embolus is the Mechanical 

Embolus Removal in Cerebral Ischemia (MERCI). Gobin et al. conducted an 

experiment and produced a report regarding the outcome of the procedure (Gobin et 

al., 2004). He has conducted the experiment on thirty patients throughout the seven 

US Medical Centres, of which only twenty eight was chosen whereas the remaining 

two failed to comply with the requirement of procedure. The procedures were 

performed with the MERCI Retrieval System specially designed for intracranial 

embolectomy. It consists of the MERCI Retriever itself, a Balloon Guide Catheter 

(BGC) and MERCI microcatheter. The BGC is a 9-French catheter with a large 2.1 

mm lumen and a balloon located at its distal tip. The retriever uses an elastic material 

made from nickel titanium and tapered with wire of five helical loops of decreasing 

diameter at the end, which is then connected to the microcatheter.  
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 Upon inducing the MERCI device into the human body, a selective angiogram 

was performed away from the thrombus to determine the size and tortuosity of the 

arteries to avoid risk of damaging the arterial wall. The MERCI Retriever is then 

deployed beyond the thrombus and the BGC was inflated to ‘hook’ the thrombus 

within the artery and five clockwise rotations were applied to the MERCI Retriever to 

further ensnare the thrombus. Finally, the MERCI retriever together with the ensnared 

thrombus was removed from the artery and continuous aspiration was applied to ensure 

complete removal. Figure 5 show how the MERCI device captures the blood clot. 

 

Figure 5: Summary of MERCI Procedure (AJNR, 2006) 
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Results obtained from the experiment showed that successful recanalisation 

was achieved in twelve of the patients or accounted to 43% success rate. Eight of the 

patients (29%) were unsuccessful and were given the intra-arterial t-PA and further 

recanalisation conducted which resulted to six successful procedures after 

administrating the drug. However, Gobin et al. confessed that there was technical 

complication during the procedure when the tip of the retriever detached from the 

device, and the team used another MERCI retriever to retrieve back the lost tip from 

the vasculature. They reassured that no clinical consequence was detected, but 

however there were ten deaths (36%) during the first month after the surgery. They 

stated that the patients’ death was disease related and was not due to the study device 

(Gobin et al., 2004).  

Another study was conducted by Tennuci et al. whereby a comparison of 

various recanalisation methods were done, namely using thrombus aspiration via 4F 

catheter, thrombus aspiration using ‘GP’ thromboaspiration device and mechanical 

thrombectomy using solitaire thrombectomy device. The experiment was done via 

simulated human body by creating an artificial human artery. The blood used is the 

Hartmann’s solution and a peristaltic pump was used to create a pulsatile flow of eighty 

pulses per minute, an average of human heart rate. The thrombus was also created 

artificially using Hartmann’s solution and drip dried. The rest of the apparatus was set 

as shown in figure 6. 

 

Figure 6: Pulsatile Flow System (Tennuci, et al., 2011) 
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 Results from the experimentation showed that all three methods were 

successful, with only particular parameters differentiate between these methods 

namely clot length, recanalisation rate, clot fragmentation, time and device interaction. 

Cloth length for the 4F was up to 68 mm, 55 mm for the GPTAD and 45 mm for the 

Solitaire. There was slight difference in terms of recanalisation rates for all devices, at 

62%, 77% and 85% respectively. In terms of chances of clot fragmentation, 4F is the 

most likely to occur at 53%, against GPTAD and Solitaire both at 23%. The time to 

complete the clot removal process is the fastest for the aspiration devices (4F and 

GPTAD) and slowest using Solitaire method. It is also showed that the GPTAD 

grasped the thrombus far more efficient compared to the 4F, thus causing less artery 

obstruction and ultimately less fragmentation. 

 Unfortunately, there were several experimental limitations. This test was done 

in an artificial human body and thus does not reflect in a true human body. The 

artificial blood, Hartmann’s solution, is indeed close to a human blood, but ultimately 

does not depict true characteristics of the human blood. The middle cerebral artery 

used was also straight, as compared to reality of bending arteries and the artificial clots 

might not be exactly how the natural clots are. Tennuci et al. concluded that aspiration 

devices have much better success rate and might even be better and faster than 

thrombectomy although they stressed that further research must be done to truly 

simulate an arterial environment. 

 The study of CFD is essential in any fluid dynamics simulation especially in 

biomedical engineering such as development of mechanical heart devices, surgical 

planning, biomedical studies, and areas for analysis and treatment of artery related 

disease, particularly in determining the effect of the GP device to the arterial wall of 

the human being (Kwak & Kiris, 2011). Initial simulation conducted by Pearce et al 

used water to replace blood as the fluid in the experiment (Pearce et al., 2006). 

According to Kwak & Kiris, blood flows can be assumed to be in continuum and 

incompressible right up until it reaches the capillaries. Thus, in order to simulate blood 

flows it is best to use the unsteady, incompressible Navier-Stokes equation with 

constant density as follow: 
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𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 

𝜕𝑢𝑖

𝜕𝑡
+ 

𝜕(𝑢𝑖 ∗ 𝑢𝑗)

𝜕𝑥𝑗
=  

𝜕𝑝

𝜕𝑥𝑖
+  

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
 

where, 

t = Time 

xi = Cartesian coordinates 

ui = Corresponding velocity components 

P = Pressure 

τij = Viscous-stress tensor,  

with, 

τij = 2vSij for Newtonian flow 

τij = 2ȠSij for non-Newtonian flow 

𝑆𝑖𝑗 =  
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+  

𝜕𝑢𝑗

𝜕𝑥𝑖
) 

Ƞ = 𝑓𝑐𝑛(ẏ) 

ẏ = 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =  √2(𝑆𝑖𝑗 ∗ 𝑆𝑖𝑗 − 𝑆2) 

 

 The Volume of Fluid (VOF) model has been chosen to simulate the blood clot 

phenomena within the arterial wall as it is able to model two or more Eulerian fluids 

and enables surface-tracking technique. It belongs to the class of Eulerian methods 

which are characterised by a mesh that is either stationary or is moving in a certain 

prescribed manner to accommodate the evolving shape of the interface. VOF allows 

the user to track the shape and position of the interface, but it is not a standalone flow 

solving algorithm. The Navier–Stokes equations describing the motion of the flow 

have to be solved separately. The same applies for all other advection algorithms. 
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 However, the VOF formulation requires that those fluids or phases are not 

interpenetrating. Whenever the model requires addition of phases, a new variable must 

be introduced to the formulation and the volume fractions of the entire phases sum to 

unity. Simply put, if the fluid’s volume fraction in the cell is denoted by αq, an empty 

cell is equals to zero, a full cell is equals to 1 and finally a partially filled cell is in the 

range between one to none. 

The volume fraction can be calculated as below: 

 

 

 

where, 

ṁqp = Mass transfer from phase q to p  

ṁpq = Mass transfer from p to q  

Sα = equals to zero (Fluent 6.3 Documentation, 2006) 

 

The primary-phase volume fraction is: 
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 There are two schemes when interpolation near the interface of different phases 

is done; namely geometric reconstruction and donor-acceptor scheme. Geometric 

reconstruction uses piecewise-linear approach, accurate and applicable for general 

unstructured meshes. It assumes the interface between the two phases has a linear slope, 

and therefore uses this linear shape for calculation of the advection of fluid. Meanwhile, 

donor-acceptor scheme identifies one cell as a donor and another cell as the acceptor, 

usually the neighbouring cells. The amount of fluid from a phase is limited to two 

values: the filled volume in the donor cell or the free volume in the acceptor cell. Figure 

7 below shows the difference between the actual interface shape with the geometric 

reconstruction and donor-acceptor schemes, respectively. 

Figure 7: Interpolation schemes (FLUENT, 2007) 

 

In calculating material properties e.g. density, viscosity, the following equation is used 

(taking example calculation of density): 

 

 

Surface tension and wall adhesion are also important in simulating blood clot in the 

arterial wall. Surface tension occurs as a result of attractive forces between molecules 

of, in this case, blood, in the fluid. Surface tension can be written in terms of pressure 

difference across the surface and the force on the surface can be expressed using 

divergence theorem, as below: 
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The importance of surface tension in the experiment can also be determined through 

several dimensionless quantities, which are Reynolds number, capillary number and 

Weber number. Surface tension can be neglected if Ca > 1 or We > 1. For Re < 1, use 

capillary number which can be determined by: 

 

For Re > 1, use Weber number which can be determined by:  

  

where, 

U = Free stream velocity 

 

 Another parameter to consider is the wall adhesion on the arterial wall. Rather 

than impose this boundary condition at the wall itself, the contact angle that the fluid 

is assumed to make with the wall is used to adjust the surface normal in cells near the 

wall. The equation involving wall adhesion is as below: 

 

where, 

θw = Contact angle at the wall 

ήw = Normal 

tw = Tangent to the wall. 
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CHAPTER 3 

METHODOLOGY 

 

 

 There will be in total of three parametric studies to be conducted throughout 

the project i.e. grid sensitivity study, comparison between two phase and three phase 

flow model and finally a newly proposed GP2 model that both incorporate the initial 

design consideration of the original GP device and the design consideration of the GP2 

device that is to break fragments of blood clot in the artery. 

 The entire methodology consists of three major parts, namely pre-processing, 

simulation and finally post-processing. Pre-processing will be the design and 

modelling part of the project whereby it is to design according to the given dimensions 

and structure by (Rahaman, 2012). There are basically two parts of the model, namely 

for the nine tubes and the middle cerebral artery. In the latter section will place the 

blood and blood clot to actually simulate that the blood is within the artery in the shape 

of a cylinder of 3 mm in diameter and 4 mm in length. Next will be the modelling in 

terms of building a suitable mesh size for the model to allow the model to be run on 

FLUENT. A mesh size is usually determine using the options available in length value 

i.e. 0.1 mm, 0.2 mm, and 0.3 mm and so forth.  

 Next, the model will go through simulation using ANSYS FLUENT with 

pre-determined sets of options which will be mentioned later. The important parameter 

to be considered will be the pressures applied to the model i.e. 40, 50 and 60 kPa, the 

surface monitor for grid sensitivity study and also the volume monitor to determine 

the removal time for each pressure. Finally, in post-processing the set options i.e. 

surface monitor and volume monitor will be assessed and analysis together with the 

movement of the fluids i.e. air, blood and blood clot and to determine if the objective 

is met. 
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3.1. Grid Size Study 

For the first parameter, grid size study will be done in determining the balance between 

having a short computational time while at the same time retaining computational 

accuracy of the results. 

3.1.1 Pre-processing 

First, geometrical design is done to model the GP2 device using Design Modeller 

under ANSYS 14.0. The model will consist of two major section namely tubing section 

and artery section. The tubing section will consist of nine similar diameter tubing of 

cylinder in shape, and same goes to the artery section having a cylindrical shape to 

simulate an artery, which is as shown from figure 8 to 10. The dimensions for the 

model are as follow – 

Table 2: Dimensions of GP2 Device 

Criteria GP-2 

Number of tubes 9 

Diameter of each tube (mm) 0.6 

Horizontal length (mm) 20 

 

 

Figure 8: Isometric view of GP2 Device 
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Figure 9: Front view of GP2 Device 

 

Figure 10: Side view of GP2 Device 
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Once geometric design is done, meshing is applied on the completed model according 

to suitable grid size i.e. mesh size of 0.2 mm, 0.15 mm and 0.1 mm respectively as per 

recommended by (Rahaman, 2012). The different mesh size is to be used for grid 

sensitivity study to determine the best mesh size to be used throughout the project that 

has both accuracy and lower computational time, as shown from figure 11 and 12. 

 

Figure 11: Meshed model of GP2 Device (fine) 

 

Figure 12: Meshed model of GP2 Device (coarse) 
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3.1.2 Simulation 

Simulation works is under using the FLUENT software to investigate the fluid 

movement in the model for both the artery section and the tubing section. The Volume 

of Fluid model will be incorporated, which the model was designed to study the fluid 

characteristics in an enclosed volume. 

Under the General options, solver type chosen is pressure-based and time chosen is 

transient. Multiphase Volume of Fluid is selected under the Models options and the 

number of Eulerian Phases selected is 3 namely air, blood and blood clot. The Courant 

Number is left default at 0.25. Material properties are carefully specified namely for 

air, blood and blood clot. Table 2 shows the properties of each phases – 

Table 3: Properties of material (Rahaman, 2012) 

Parameter/Phase Air Blood Blood Clot 

Density (g/cm3) 0.001225 1.06 1.08 

Viscosity (poise) 0.00017894 0.035 0.35 

  

Under Phases options, air is chosen as the primary phase, while blood and blood clot 

are chosen as secondary phases. The interaction between blood and blood clot is also 

specified under the interaction options, whereby surface tension is set as constant of 

0.1 N/m (Rahaman, 2012), and wall & jump adhesion are checked. Boundary 

conditions for the inlet and outlet is specified under Boundary Conditions, as 

summarise below. However, for this part of parametric study, only 40 kPa of pressure 

will be used as on the model – 

Table 4: Boundary conditions at pressure inlet and outlet 

Location Value (kPa) 

Inlet 40, 50, 60 

Outlet -40, 50, 60 
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Under the Solution Methods options, scheme selected is PISO and Non-Iterative Time 

Advancement to reduce calculation time. Solution is initialised, the blood and blood 

clot’s location are identified, adapted and patched into the artery. Both the blood and 

blood clot are cylindrical shape having radius of 1.5 mm and 3 mm in length and 

distance of 0.5 mm from the tubes, while the blood fills the entire artery, i.e. 1.5 mm 

in radius and 4 mm in length. 

 

3.1.3 Post processing 

Post processing is finally done to actually investigate how the fluid moves in the model 

through proper depiction of the fluid. Hence, the data for each iteration is loaded 

initially. Surface monitor is loaded for analysis of the grid sensitivity study and to be 

graphed for easier depiction. 

 

3.2 Two phase versus three phase flow study 

The second parametric study will be on the comparison between the two phase and 

three phase flow model. Comparative value will be in terms of removal time of the 

blood clot to determine if there will be any effect to the removal time should another 

phase i.e. air is introduced into the model. 

 

3.2.1 Pre-processing 

 The initially designed model will be used to compare the difference between 

two phase flow model and three phase flow model, thus the dimensions and design of 

the model will remain the same from the previous section. 
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3.2.2 Simulation 

Simulation will be conducted in total of six times using the same GP device model, i.e. 

40, 50 and 60 kPa for two phase flow model and also 40, 50 and 60 kPa for three phase 

flow model. Simulation options are also similar to previous section except for step two 

whereby for two phase flow model, only two Eulerian phases will be chosen i.e. blood 

and blood clot. Blood will be the primary phase while blood clot will be the secondary 

phase for this model. As for three phase flow model, the steps are very much similar 

to the previous section of the method and retaining all the given options. Pressure used 

will be 40, 50 and 60 kPa for both models. 

 

3.2.3 Post processing 

Similarly, the data for each iteration is loaded initially. Contours is chosen under 

Graphics and Animations option, to visualise the removal of blood clot in the artery 

into the GP tubing. After the model together with the visualisation of the fluid 

movement i.e. air, blood and blood clot for three phase model and blood and blood 

clot for two phase model, is shown, the pictures are saved. Volume monitors are also 

loaded and graphed to analyse the time taken for the removal of blood clot. 

 

3.3 Proposed New GP2 Device 

A new GP2 device is proposed that incorporates features of both the original GP device 

and the slight modification of the GP2 device. The resultant modification is having the 

arrangements of the tubes that has a central tube surrounded by eight similar sized 

tubes which have relatively smaller diameter. It is claimed that having a bigger area of 

suction will contribute to better mass transfer while at the same time, having the 

smaller tubes is to break down the blood clot into fragmentations for a more thorough 

removal of the blood clot. 
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3.3.1 Pre-processing 

First, geometrical design is done to model the new GP2 device using Design Modeller 

under ANSYS 14.0. The model will consist of two major section namely tubing section 

and artery section. The tubing section will consist of eight similar diameter tubing of 

cylinder in shape and a central tube of larger diameter, and same goes to the artery 

section having a cylindrical shape to simulate an artery, which is as shown from figure 

13 and 14. The dimensions for the model are as follow – 

Table 5: Dimensions of new GP2 Device 

Criteria GP-2 

Number of tubes 9 

Diameter of major tube (mm) 1.6 

Diameter of minor tube (mm) 0.5 

Horizontal length (mm) 20 

 

 

Figure 13: Isometric view of the new GP2 device 
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Figure 14: Front view of the new GP2 device 

  

Once geometric design is done, meshing is applied on the completed model according 

to the selected grid size based on the grid sensitivity study i.e. either mesh size of 0.2 

mm, 0.15 mm and 0.1 mm, as shown in figure 15 below – 

 

Figure 15: Meshed model of the new GP2 device (coarse) 
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3.3.2 Simulation 

The simulation will be done similarly as section 3.1.2 with three Eulerian phases i.e. 

air, blood and blood clot. The other simulation options are similar, using the same 

options i.e. pressures of 40, 50 and 60 kPa. 

 

3.3.3 Post processing 

The data for each iteration is loaded initially. Contours is chosen under Graphics and 

Animations option, to visualise the removal of blood clot in the artery into the GP 

tubing. After the model together with the visualisation of the fluid movement i.e. air, 

blood and blood clot is shown, the pictures are saved. 

Volume monitors are loaded to analyse the time taken for the removal of blood clot. 

Solution Animation Playback is also selected to produce an animation of the blood clot 

removal. 

 

3.4 Software 

 The software used throughout this project are mainly ANSYS Design Modeller 

for designing and modelling the GP device with varying design and dimensions i.e. for 

the old GP2 device and the new GP2 device, ANSYS ICEM CFD for meshing the 

model into different sizes of mesh i.e. for 0.2 mm, 0.15 mm and 0.10 mm, and finally 

ANSYS FLUENT to actually simulate the blood clot extraction in the device through 

different pressures i.e. 40, 50 and 60 kPa and to be used for post processing to analyse 

results of the simulation using contours, surface monitors and volume monitors to 

study the fluid movement for the contours, velocity at the outlet tubes through the 

deployment of surface monitors for grid sensitivity study and fractions of clot left in 

the artery to determine the removal time. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

 

4.1 Grid Sensitivity Study 

 Grid sensitivity study is conducted to identify the balance between meshing 

size and the computational time. The accuracy of the results obtained is directly 

dependant on the meshing size, with which a fine mesh size will result to a more 

accurate results while coarse mesh will have slightly less accurate results. However, 

the drawback of having fine mesh would be the longer computational time and thus, 

the simulation will be more strenuous and long.  

 Through grid sensitivity study, grid independency can be achieved through 

selection of a mesh size that is fine enough and at the same time short enough in terms 

of computational time, when further refinement in the mesh size will only increase the 

accuracy of the results in a very small amount, or in other words are negligible. Thus, 

the selected mesh size will be chosen throughout the simulation. 

 Grid sensitivity study is conducted by applying surface monitor at the outlet of 

the GP tubes through analysis of the velocity at the outlet of the tube, under the 

Monitors command in FLUENT. The monitor will detect fluid movement in order to 

calculate how fast the fluid i.e. air and blood is moving and it is plotted into a graph 

for easier depiction. Mesh size of 0.15 mm, 0.2 mm and 0.25 mm are chosen as per 

recommended by (Rahaman, 2012). A graph of velocity against flow time is plotted as 

shown in figure 15 below. 
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Figure 16: Grid Sensitivity Study under three phase model 

 From the figure above, it can be seen that all three graphs have quite a similar 

characteristics in terms of velocity with percentage difference at an average of only 

16% and the biggest changes in terms of velocity profile would be at flow time of 

0.003 second, whereby mesh size 0.25 mm have the largest gap from 0.15 mm and 

0.20 mm. Eventually, the velocity profile achieve stability after approximately 0.005 

seconds. After analysis is done for mesh size from 0.25 mm to 0.2 mm to 0.15 mm, it 

is observed that grid dependency is achieved using mesh size of 0.2 mm which is fine 

enough as compared to 0.25 mm i.e. velocity profile did not have huge gap, and at the 

same time accurate enough to compare the results with mesh size of the most fine and 

accurate meshing i.e. 0.15 mm. This will of course serve the purpose of cutting 

computational time while at the same time achieving a moderate but acceptable 

accuracy. Henceforth, the mesh size of 0.2 mm will be chosen to be used for the 

subsequent simulations. 

 

4.2 Clot Behaviour Study 

 There are basically two parts for this section, namely the comparison of two 

phase flow model with the three phase flow model and also the comparison of three 

phase flow model for the GP2 device done by (Rahaman, 2012) with the newly 

proposed GP2 device. The phases involved are blood and blood clot and the additional 

air for the third phase in the three phase flow model.
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4.2.1 Two phase versus three phase flow model 

Table 6: Two phase versus three phase at 40 kPa 

Time 2 phase 3 phase 

 

0 

 
 

0.002 

  

0.004 

  

0.006 

  

0.008 
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Table 7: Two phase versus three phase at 50 kPa 

Time 2 phase 3 phase 

 

0 

  

0.002 

  

0.004 

  

0.006 

  

0.008 
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Table 8: Two phase versus three phase at 60 kPa 

Time 2 phase 3 phase 

 

0 

  

0.002 

  

0.004 

  

0.006 

  

0.008 
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4.2.1.1 Quantitative Analysis of Blood Clot Extraction 

 A graph is then plotted using the option for volume monitor to generate graph 

of blood clot fraction against the flow time, which is available under the Monitor 

options in FLUENT. Validation work is also being done to compare, under 2 phase 

model, between previous works and the current work. The graph is as shown from 

figure 17, table 9 and table 10 below – 

Table 9: Validation work with previous model 

Pressure Previous work (Rahaman, 

2012) 

Current work 

40 0.0069 0.0072 

50 0.0058 0.0061 

60 0.0050 0.0054 

 

Table 10: Comparison between 2 and 3 phase flow model 

Pressure 2 phase 3 phase 

40 0.0072 0.0074 

50 0.0061 0.0067 

60 0.0054 0.0059 

 

 

Figure 17: Graph of Blood Clot volume fraction against flow time under three phase 

model 
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 Validation work have been done by comparing the work between (Rahaman, 

2012) and the current work. It can be seen that there are only slight difference in terms 

of extraction time, i.e. 6.9 with 7.2 ms, 5.8 with 6.1 ms and 5.0 with 5.4 ms, with a 

calculated average difference of only 5.5%. Thus, it can be said that the current work 

can be validated and proceed with the subsequent parametric studies, i.e. comparison 

between two and three phase and the proposal of new GP2 device. 

 From the graph above, it can be seen that a higher pressure of 60 kPa will 

extract the blood clot entirely at time of at least 0.0059 second while pressure of 50 

kPa will remove the blood clot completely from the artery at time of around 0.0067 

second and finally for pressure of 40 kPa the removal time of the blood clot is at around 

0.0074 second. This has clearly shown that higher pressure applied on the tube will 

result in faster extraction of the blood clot, which can be clearly shown from figure 

above. 

 From previous research i.e. (Rahaman, 2012), the time required for blood clot 

removal for two phase flow model are at 6.9 ms, 5.8 ms and 5.0 ms for 40, 50 and 60 

kPa respectively. This has clearly shown that a longer time is required for blood clot 

extraction when air is present within the tube i.e. an increment of 0.5 ms or 6.8% 

increment, 0.9 ms or 13.4% increment and 0.9 ms or 15% increment for pressures of 

40, 50 and 60 kPa respectively. This has clearly shown that the additional phase into 

the system i.e. air, has slowed down the movement of fluid in the artery and into the 

tubing.  

 The reason for the increase in extraction time of at an average of 0.77 ms or 

11.7% is due to the fact that another phase i.e. air, is introduced into the system. For 

the two phase system, the entire system is filled with blood and the only resistive fluid 

that the applied pressure has to overcome is the blood clot. However for the three phase 

system, the additional phase of air that is situated at the tubing section will require 

more time for the fluids to start moving towards the tubing since it needs to invigorate 

both the blood and blood clot to move towards the tubing section and therefore requires 

more time. 
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 This phenomenon can be clearly explained using the drag force coefficient and 

it is related to the Reynolds’ Number, which are – 

𝑅𝑒 =
𝜌𝑉𝐿

𝜇
 

𝐶𝐷 =
24

𝑅𝑒
 

where, 

Re = Reynolds’ number 

ρ = density of fluid 

V = velocity of fluid 

L = length of travelled fluid 

µ = viscosity of fluid 

CD = drag force coefficient 

  

 When the cumulative viscosity is high i.e. blood and blood clot, the Reynolds’ 

Number, Re will decrease. When the Re decrease, the drag force coefficient will 

increase, thus ultimately will have higher drag force and will require more time to 

move since the force applied is constant throughout the simulation. However, when 

the cumulative viscosity is low i.e. blood clot only, the Re value will increase. When 

Re is higher, the drag force coefficient will decrease and therefore the drag force 

entirely will be much lower. This will ultimately decrease the extraction time of the 

blood clot since the movement of the fluids are much faster. 
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 Viscosity is defined as the measure of resistive change or deformation when an 

external force is applied on to the fluid. In laymen’s term, the more viscous the fluid 

or higher the viscosity, the higher the resistance of the fluid towards movement and 

thus will require more time or more force to exert for the fluid to start moving. In a 

much simpler way of explanation, imagine a trolley full of sand as the fluid and we, as 

the external force, are to push the trolley to a certain distance and at a specified time. 

When the amount of sand is doubled, i.e. the viscosity increases, we are to double up 

our force to reach the same distance and time or suffer the consequence of reaching 

the finish line at a slower pace should the our exerted force remains the same. All in 

all, the additional phase to the system will increase the removal time of the blood clot 

entirely. 

4.2.2 Proposed new GP2 device 

 In another parametric study, a newly proposed GP2 device will be utilised to 

study the theory of the effect of larger suction area to the removal time of the blood 

clot. Hence for this part of the simulation, the new GP2 device still consist of nine 

tubes, which consists of eight smaller diameter tubes that surround one central larger 

diameter tube, i.e. 0.5 mm and 1.6 mm in diameter respectively. This model will be 

compared with the old GP2 device and to see if it is true that having a larger suction 

area will result in a larger suction force thus removal time of blood clot will be much 

faster. 
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Table 11: Old versus new GP2 device at 40 kPa 

Time Old GP2 device New GP2 device 

 

0 

  

0.002 

  

0.004 

  

0.006 

  

0.008 
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Table 12: Old versus new GP2 device at 50 kPa 

Time Old GP2 device New GP2 device 

 

0 

  

0.002 

  

0.004 

  

0.006 

  

0.008 
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Table 13: Old versus new GP2 device at 60 kPa 

Time Old GP2 device New GP2 device 

 

0 

  

0.002 

  

0.004 

  

0.006 

  

0.008 
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4.2.2.1 Quantitative Analysis of Blood Clot Extraction 

 A graph is again plotted to monitor the volume fraction of blood clot left 

available in the artery section by utilising the volume monitor under the Monitor 

options in FLUENT, which is as shown from figure 18 below – 

 

Figure 18: Graph of blood clot volume fraction against flow time under three phase 

model 

 

A summarise table for the comparison of the extraction time of blood clot between the 

old GP2 device and the new GP2 device for 3 phase is shown from table 12 below – 

Table 14: Comparison between old and new GP2 device 

Pressure Old GP2 Device New GP2 Device 

40 0.0074 0.0071 

50 0.0067 0.0061 

60 0.0059 0.0057 
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 It can be seen from above that there is a slight increase in terms of the rate of 

removal of blood clot using the new GP2 device, i.e. removal rate increase by 0.3 ms 

or 4.1%, 0.6 ms or 9.0% and 0.2 ms or 3.4% for pressures of 40, 50 and 60 kPa 

respectively. This has clearly shown the influence of bigger area of suction that will 

increase the removal rate of blood clot in the artery, on average of at least 5.5% 

increment. 

 Comparing to the old GP2 device, the time taken to completely remove the 

blood clot has also significantly decrease i.e. 7.4 ms, 6.7 ms and 5.9 ms for 40, 50 and 

60 kPa respectively (Rahaman, 2012), mainly due to the fact that a larger tube is 

introduced, thus will exert bigger area of extraction for the blood clot when the opening 

is much bigger. From table 9, 10 and 11 it can also be seen that the artery is almost 

completely removed from both blood and blood clot, therefore showing that the new 

GP2 device performs removal works more comprehensive and wholesome as 

compared to the old GP2 device. The old GP2 device has still remnants of blood 

remaining in the artery. Although it might be negligible, smaller fragmentations of 

blood clot might remain in the artery and therefore it is required to completely remove 

the fluids. 

 Working side by side with the major tube are the smaller tubes since the 

remnants of the blood clot might still be present and lurking, therefore the role of the 

small tubes is to get rid of the remaining minor clots that got separated from the major 

clot once it is sucked into the main tube. This phenomena can be simply relate to the 

opening and closing of valves in a tank. Smaller opening of the valve will result in a 

longer time for the tank to get empty whereas a bigger opening will make the tank 

empty at a faster rate compared to smaller opening. Although the force exerted will be 

much smaller when area is enlarged from the pressure equation of the ratio between 

force and area, the mass transfer will nevertheless will be much higher when the 

opening is bigger as compared to smaller opening, which is more important to transfer 

the blood clot from artery to tube as much as possible. 
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 It can be seen from table 9, 10 and 11 that the fluid within the artery section 

curves inwards for the new GP2 device as compared to outwards for the old GP2 

device. This shows that the force is much concentrated towards the central section of 

the artery as compared to the old GP2 device where the force is concentrated mostly 

at the outer section of the artery. Some fragments of the blood clot might escape from 

the opening of the tubing for the old GP2 device, which is not efficient in terms of 

wholesome removal. However for the new GP2 device, the tubing arrangements are 

more comprehensive, covering for both central and outer part of the artery so that the 

wholesome removal efficiency is much better. 

 An animation is also made on the removal of blood clot using the new GP2 

device for 40 kPa pressure as per attached in the disc or can be viewed in the link given 

(http://www.youtube.com/watch?v=6SR-qWA65U4&feature=youtu.be).  From the given 

video, it can be seen at the top section of the artery and at around 6 seconds in the 

video, the blood clot starts its breakdown once the major body of the blood clot enters 

the central tube. And finally at around 13 seconds in the video, the small tube does its 

job by draining the remnants of the blood clot out from the artery completely. This 

proves the theory that smaller tubes surrounding the major tube are required for a more 

comprehensive removal of the blood clot. Of course, the device is not 100% efficient 

and that even smaller bits of blood clot will pass through the device and remain inside 

the artery, but can be considered negligible in this research. 

 

 

 

 

 

 

 

http://www.youtube.com/watch?v=6SR-qWA65U4&feature=youtu.be
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

 

 

5.1 Conclusion 

 Firstly, the simulation of blood clot extraction in the middle cerebral artery 

using GP2 device was successful, in which the presence of additional phase will lag 

the removal process to at least 12% and that a higher pressure and bigger surface area 

of suction will result in better rate of removal of the blood clot, an improvement of 

around 9% as compared to previous model. 

 As a conclusion, it can be seen that the simulation of the project was a success. 

Firstly, the project work was to identify other probable methods of blood clot removal 

namely thrombolysis drug and mechanical devices such as balloon angioplasty, 

embolectomy and MERCI device in which both methods have severe consequences 

and limitations to the patient such as hefty requirements for the usage of thrombolysis 

drug and damage of the arterial wall should mechanical devices mentioned earlier are 

deployed into the human artery. Once we have identified each of the limitations from 

each of the extraction methods, a device was then proposed to counteract the 

limitations, and thus comes the GP device that is able to prevent internal damage to 

the arterial wall. 

 The GP device was modelled according to previous works done by (Rahaman, 

2012), in which she uses a slightly better model by having nine smaller but similar 

tubing in a circular shape of which its’ sole purpose is to extract the blood clot at a 

faster rate. Hence, the device was modelled using ANSYS Design Modeller to 

basically model the dimensions of the device according to her specifications i.e. each 

tube having a diameter of 0.6 mm. The mesh sizes used was 0.25 mm, 0.20 mm and 

0.15 mm, in which grid sensitivity study was done to determine the best practicable 

mesh size that is both accurate and low computational time. It was found out that the 

best mesh size after grid analysis was mesh size of 0.20 mm. 
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 The simulation was done whereby the model was tested using two phase flow 

of VOF model under different pressures of 40, 50 and 60 kPa and the data was saved 

for comparison works later. To follow suit, another simulation was done  but for three 

phase flow of VOF model for different pressures of 40, 50 and 60 kPa in which the 

objective of this simulation is to compare the extraction time of the device when there 

is the additional phase present in the system, i.e. air. It is found out that the presence 

of the additional phase has caused the extraction time to be longer than the two phase 

model, in which the increment was almost around 12% as compared to the previous 

model. This is mainly due to the fact that pressure needs to move an additional viscous 

fluid with air as the background phase i.e. blood and blood clot, of which the previous 

model will only require the movement of one viscous fluid which was blood clot in 

which blood is the background phase. 

 The project continues with the design of a new GP2 device having a slightly 

changed structure of the device. The new GP2 device still has nine tubing, of which 

the ninth tube is located in the central section of the device, surrounded by eight 

smaller and similar sized tubing of 1.6 mm and 0.5 mm respectively. The model 

underwent similar processes of design, meshing and simulation as previous works. It 

was found out that the device has indeed increase the rate of removal of blood clot by 

as much as 9% as compared to previous model. This is mainly due to the fact that a 

larger area of suction contributes to the faster mass transfer of the fluid, i.e. the blood 

clot, from the artery section to the tubing section of the model. Additionally, the 

smaller tubes are still being deployed to suck out the remaining fragmentations of the 

blood clot which can be seen from the video that the major body of the blood clot starts 

to break up once it gets sucked into the tubing. 
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5.2 Recommendations 

 The simulation was done assuming that the blood behaves similar to a 

Newtonian fluid, to simplify calculation methods. Newtonian fluid follows the 

principle that the relationship between shear stress and shear rate is linear. However in 

real life, blood actually behaves according to non-Newtonian fluid property, in which 

the relationship between shear stress and shear rate is non-linear. Simply put, a non-

Newtonian fluid will be more viscous when external forces are applied to the fluid, 

thus will slow down the movement of the fluid in the artery and tubes. In this therefore 

recommended for future studies that a non-Newtonian fluid is used for the blood 

properties to simulate an almost real life extraction of the blood clot, since the 

introduction of air in the tubing has almost simulated to an actual extraction of blood 

clot during a surgery. 

 Another recommendation would be a modification on the GP2 device of which 

the arrangement of the tubing will consist of one cylindrical tube that is separated into 

several smaller cylindrical tubes, almost similar to the structural arrangement of tubing 

in a shell and tube heat exchanger. This is mainly to test the sectional force of the tube 

since from the pressure equation of the ratio of force to area, having a smaller area will 

result in larger force but at the offset of lower mass transfer of the blood clot. However 

if the smaller area of tube is combined collectively, each of the tube will exert a much 

stronger force compared to a large single area, but will still have better mass transfer 

rate since the arrangement of the tubes are closely packed, and as mentioned similar 

to the tubes in heat exchanger, and will also promotes breaking of the blood clot into 

smaller fragmentations.
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APPENDIX 

FYP 2 Gantt chart 
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Step 1 (post processing) 
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