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ABSTRACT

Treatments for heart valve illness are being replaced by two types of prosthetics: bio-
prosthetic heart valves (BHV) constructed from tissue material and mechanical heart valves
(MHV) made of pyrolytic carbon. However, the replacement of the heart valve has several
issues such as hemolysis, tissue overgrowth and thrombosis which still need improvement
of the overall process. For MHV, the major complication is blood clotting, known as
thrombosis and bleeding. MHV malfunction which lead to sudden death or stroke. The
computational analysis was developed to study the blood flow through MHV equipped with
VG. Thrombosis complications identified through non-physiological flow patterns such as
pressure drop, recirculation, and wall shear stress (WSS). The result is validated with
previous literature with percentage error of maximum velocity at central jet with 1.4% error.
Results found that 1 mm triangular VG produced an optimum result with 25.13 % reduction
of pressure drop compared to the absence of VG in laminar flow on idealized asymmetric
aorta. Furthermore, three turbulence models, namely, Spalart Alimaras (SA), k-epsilon (k-
¢), and Large Eddy Simulation (LES), were used to analyze the blood clotting potential in
MHV with and without VGs under turbulence effect. The results found the LES turbulent
model most suitable to capture unsteady solutions with rich coherent vortex shedding and
providing 33.4 % lower WSS compared to the MHV without VGs. This method was also
used for the anatomic aorta model with the same solver and including the VGs. The
implication of VGs on the leaflet of SIM valve produced lower 15.33 % WSS and small
recirculation zones by 7 % associated with lower platelet to be trapped inside anatomic aorta
compared to the absence of VGs.



KAJIAN PENGKOMPUTERAN ALIRAN DARAH MELALUI PENJANA VORTEKS
BERSEPADU INJAP JANTUNG MEKANIKAL

ABSTRAK

Rawatan penyakit injap jantung digantikan oleh dua jenis prostetik iaitu injap jantung bio-
prostetik (BHV) yang dibuat daripada bahan tisu dan injap jantung mekanikal (MHV) dibuat
oleh karbon pirolitik. Walau bagaimanapun, penggantian injap jantung mempunyai
beberapa masalah seperti hemolisis, pertumbuhan tisu dan darah beku yang masih
memerlukan penambahbaikan proses keseluruhan. Bagi MHV, komplikasi utama adalah
pembekuan darah yang dikenali sebagai trombosis dan pendarahan. MHV yang boleh
menyebabkan kematian mengejut atau strok. Analisis pengkomputeran dijalankan untuk
mengkaji kaedah mengurangkan kesan potensi trombosis. Komplikasi darah beku dapat
dikurangkan dengan mengenal pasti corak aliran bukan fisiologi seperti pengurangan
tekanan, peredaran semula dan tegasan ricih dinding (WSS). Data mendapati bahawa VG
segitiga 1mm menghasilkan kesan yang optimum dengan 25.13 % peratusan penurunan
tekanan. Dalam kajian ini, tiga model gelora (SA, k-& dan LES) digunakan untuk menentusah
kesan gelora pada injap MHV yang dipasang VG dan tanpa VG. Hasil dapatan mendapati
model gelora LES paling sesuai untuk memperoleh penyelesaian tidak mantap dengan
perincian pusaran yang padat dan dapat menurunkan WSS sebaynak 33.4 % apabila VGs
ini digunakan pada anatomi aorta. Implikasi VGs pada injap MHV pada anatomic aorta
pula menghasilkan pengurangan zon pusaran sebanyak 7 % yang berkaitan dengan
pengurangan platelet yang terperangkap berbanding dengan ketiadaan VGs.
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CHAPTER 1

INTRODUCTION

1.1  Background

Cardiovascular heart disease has remained the principal cause of death since the early
1980s and recorded 15% of total deaths in 2019 (Yun et al., 2014a). The heart valve’s
structure keeps blood flowing only in one direction through the heart. This structure or
function is adversely affected by cardiovascular diseases. Stroke, chest pain, or even death
due to heart attack is the consequence for people with heart valve disease. Severely damaged
heart valve requires total replacement by either bio-prosthetic heart valve (BHV) or
mechanical heart valves (MHV). This surgery involves patients that happen to have damaged
heart valves due to some diseases, infections or accidents. In Malaysia, the main cause of
heart valve diseases is due to infection coming from rheumatic fever, particularly in less
develop region in country (Khoo et al., 2020). Replacement of heart valves is a common
clinical procedure that accounts for 25% of all cardiac procedures (De Tullio et al., 2011).

The BHV is made from animal tissue and can get calcified over time. It requires
another valve replacement for the next 10-15 years which is only suitable for young people.
MHYV on the other hand is made from the material which is extremely durable due to its
pyrolytic carbon composition. It is the most preferable prosthetic heart valve among the

patients as it is last long and only need to undergo replacement surgery once in a lifetime.



Unlike BHV, however, the MHV is highly thrombogenic (tend to generate blood clotting),
necessitating anticoagulation medication to prevent life-threatening hemorrhage (Borazjani
et al, 2010). Furthermore, thrombosis in MHV patients can harm the brain, resulting in a
stroke or other organ failure. Non-physiological flow such as stagnation, high pressure drops,
high wall shear stress (WSS); larger recirculation, and vortex dynamic could increase the
risk of thromboembolism, which can lead to heart valve malfunction (Sun et al., 2009). The
blood thinner usually warfarin can prevent from thrombosis of the MHV’s patient, but the
problem is when the patients are injured or require surgery, the blood thinner may encounter
excessive bleeding during operation (Shoeb and Fang, 2013). This problem will put the
patient at risk.

The risk of blood clotting can be minimized by adding a vortex generator (VG) to
the MHV leaflet that can reduce pressure gradient and provide lower wall shear stress while
controlling the flow separation. The function of VG is also to passively control the flow
which improve the performance by reducing shear stresses through velocity magnitude and
recirculation that are imposed to the blood cells during regurgitation (Yoganathan et al.,
2005). The application of VGs are common in the aerospace industry in which the flow
separation was controlled in order to provide better lift and drag force.

Computational fluid dynamics (CFD) have been proven as a powerful tool to tackle
complex biomedical engineering challenges by visualizing blood flow characteristics
(Yoganathan et al., 2005). As a result, CFD that uses mathematical equations and computing
algorithm technology can be utilized to simulate and examine the blood flow behaviour
through a MHV. The main contributor in this research area includes Yoganathan, et al.
(2005), Yun et al. (2014a), Hotum and Dasi (2019b), among others. Beside that, the

experimental work in this area is limited and expensive. CFD simulation provided the



visualization to the level of disease such as blood clotting in detail (Zakaria et al., 2018).
Although the rich dynamic complex flow structure in pulsation and highly turbulent flow
could capture the visualization of the blood flow characteristics in the heart valve using CFD
(Zakaria et al., 2018), the debate over whether CFD data will enable insight to the specific
level of disease will continue to rage in the literature (Zakaria, 2018; Yun et al., 2014a).
Therefore, the information of CFD method in accessing the level of blood clotting still needs
further research in medical field.

The installation of VGs on the surface leaflet to overcome blood clotting in MHV is
a novel idea. It requires extensive numerical study, experimental testing, and also clinical
trials to be conducted. To date, no numerical study has been done employed triangular shape
VGs with turbulence and anatomic aorta mimicking real physiological of the human body.
Therefore, this research aims to investigate the potential of reducing thrombosis by using

VGs on the leaflet of MHV using CFD method.

1.2 Problem Statement

Artificial heart valves tend to disturb the flow and generate a turbulent flow. The
turbulent stress of non-physiological flow is harm to the red blood cell (RBC) and platelets.
This will lead to the occurrence of blood clotting. Given the potential for blood clotting
complications, MHV recipients must take anticoagulant medication. Despite strong
anticoagulation treatment, blood clotting is the most common complication linked with
MHVs up to 5.7 % per patient per year.

The presence of VGs reduces thrombosis potential by removing the inflection point
indicating the direction of the boundary layer separation. Beside that, the pressure drop at
the peak systole is higher when VGs are not installed compared to the absence of the VGs.

In order to reduce the pressure drop of the blood flow, VGs need to be attached to the valve’s
3



