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ABSTRACT 

 

 

Cardiovascular diseases (CVDs) are among the leading causes of death in the world. In 

this study, an attempt was made to model the flow dynamics of blood in abnormally narrowed 

artery. Finite volume solver FLUENT was used for the analysis with the aim of understanding 

the consequences of increasing the degree of stenosis using a two-equation turbulence model. 

The compliant nature of the artery was neglected, and Newtonian behavior of the blood flow was 

assumed for the larger arteries. Steady-flow simulations with 75% area reductions were used to 

establish the validity of the current models by employing the standard and transitional variant of 

the  k  turbulence models. Subsequently, it was found that transitional k   model was 

suitable for the low Reynolds number internal flows associated with the transition to turbulence, 

although only a minor departure in terms of the turbulence intensity peak was observed.  

Unsteady blood flow was introduced by employing a sinusoidal pulsatile waveform at the 

inlet. The pulsatile nature of the blood flow was investigated in the range of the constriction ratio 

from 60% to 90%, with an inlet-specified pulse. It was hypothesized that the severity of the 

stenosis played a major role in the initiation of the turbulence, since no major turbulence was 

reported for the 60% and 75% area reductions, while increasing the constriction ratio of 90% 

significantly altered the flow dynamics and triggered the transition to turbulence much earlier 

than anticipated. The outcome of current numerical efforts was expressed in terms of wall shear 

stress, a hemodynamically relevant parameter.   
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Motivation and Challenges 

Cardiovascular diseases (CVDs), the largest cause of mortality in modern society, are 

actually group of diseases associated with the abnormal functioning of the blood vessels. 

Statistics from world-renowned health-monitoring agencies, such as the World Health 

Organization, have revealed that in the year 2004, nearly 29% of mortality was attributed to one 

or other form of cardiovascular diseases, i.e., 17.1 million people died due to CVDs [1]. Low- 

and middle-income countries were more vulnerable to CVDs, as 82% of global mortality was 

reported in these countries in the year 2004 [1]. The burden of CVDs continues to increase in 

terms of mortality, and nearly 23.6 million people are expected to die from these diseases by the 

year 2030, according to predicted World Health Organization statistics [1]. The majority of 

deaths from these diseases would occur as the result of heart attack, coronary heart disease 

(CHD), or stroke, which is a cerebrovascular disease [1]. CHD, myocardial infarction, and stroke 

have a higher mortality rate than any other type of cardiovascular disease. According to 

American Heart Association statistics on heart disease and stroke for the year 2006, nearly 

81,100,000 Americans have one or other form of CVDs; among those, 831,272 Americans died 

from CVDs, which constitutes 34.3% of all deaths, making it the leading cause of mortality in 

the United States [2]. The rate of mortality from coronary heart disease is 425,425 K for 

myocardial infarction 141.5 K while for stroke 137.1 K and heart failure 282.8 K [2]. Figure 1.1 

shows the percentage breakdown of cardiovascular disease, which clearly indicates that nearly 

two-thirds of mortality from CVDs was attributed to CHD and stroke together in the year 2006 

[2]. 
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Figure 1.1. Categorization of mortality due to CVDs [2]. 

1.2 Etiology of Blood Vessels 

Blood vessels are broadly classified into three categories: arteries, veins, and capillaries. 

The function of arteries is to carry oxygenated blood from the heart to different organs of the 

human body, while the function of veins is to carry deoxygenated blood back to the heart. 

Capillaries are micro-blood vessels that connect the arteries and veins together to complete a 

closed loop for circulation. 

Tunica Intima: The tunica intima is the layer of smooth endothelium cells located in the 

innermost layer of an artery. It is mainly composed of endothelium cells, which are one-layer-

thick cells that provide the smooth lining. These cells are in direct contact with the blood so they 

play an important role in blood flow, blood clotting, and leukocyte adhesion [3].  

Tunica Externa: The tunica externa, also referred to as the tunica adventitia, is the 

outermost layer of an artery. It is made up of convective tissues and is composed of much stiffer 
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collageneous fibers. As a result, it can prevent tearing of the blood vessel wall during body 

movement [3].  

Tunica Media:  The middle layer between the tunica intima and tunica externa is known 

as the tunica media, which is mainly composed of smooth muscle cells and elastic fibers. The 

tunica media plays an important role in vasoconstriction and vasodilatation. Vasoconstriction is a 

mechanism by which the diameter of artery is reduced as the result of muscular contraction, 

while vasodilatation is a mechanism by which the diameter of an artery increases due to 

relaxation of the smooth muscle cells [3]. Elastic fibers give the tunica media flexibility to 

expand during the pumping of the blood supply during the systole phase of contraction, and it 

regains its regular size due to its elastic recoil ability when the pumping action diminishes.  

Capillaries are the smallest blood vessels. They consist of only one layer of tunica intima, 

and tunica media; tunica externa are absent from capillaries. Figure 1.2 shows the etiology of 

blood vessels. 

 

Figure 1.2. Etiology of blood vessels [4]. 
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1.3 Atherosclerosis 

The function of arteries is to supply oxygen-rich blood and nutrients to various organs of 

the human body in order for them to function properly. The condition of atherosclerosis, which is 

the disease of medium- or large-size arteries [5], develops when fatty substances, cholesterol, 

calcium, cellular waste products, and other substances accumulate inside the arterial wall [5, 6]. 

Risk factors that aggravate the process of accumulation are diabetes mellitus, a high-fat diet, high 

blood cholesterol, high alcohol consumption, smoking, and obesity [5]. This accumulation of 

substances is referred to as atherosclerosis plaque and impedes the incoming blood supply [5, 6], 

as shown in Figure 1.3. Furthermore, arteries lose their compliant nature because of the 

accumulation of calcified products, and therefore, atherosclerosis is also referred to as 

―hardening of the arteries‖ [5]. In some cases, increasing age also contributes to hardening of the 

arteries [5]. The growth of this accumulation continues once it is initiated and eventually restricts 

the blood supply to the effected vessels; therefore, cardiovascular diseases are classified 

according to the target vessel affected as the result of atherosclerotic plaque deposition [6]. 

The function of the coronary artery is to supply oxygenated blood and nutrition to the 

heart muscles [7]. The underlying cause of any coronary heart disease or any cardiovascular 

disease in general is atherosclerosis. Clinical implications of this disease vastly depend upon the 

amount of blockage within the coronary artery. Symptoms of the disease are normally chest pain 

(also known as angina), shortness of breath, and, in some cases, heart attack, where the 

oxygenated blood supply to the coronary artery is completely blocked and the entire coronary 

artery is occluded as a result of plaque formation [8]. Consequently, the heart is deprived of 

enough blood to function properly.  
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Figure 1.3. Plaque buildup in a healthy artery [6]. 

The carotid artery is a blood vessel that provides oxygenated blood supply to the brain 

[6]. When cholesterol, fatty acids, and other cellular waste products accumulate inside the carotid 

artery and form plaque, this is referred to as carotid artery disease or carotid artery stenosis [6]. 

The brain needs an uninterrupted blood supply to ensure that it is able to control the proper 

functioning of various organs that involve thinking, walking, speech, memory, etc. [8, 9]. If the 

blood supply to the brain is interrupted or blocked due to a blood clot, atherosclerotic plaque, or 

damage caused to an artery, then the nerve cells are deprived of the essential blood supply 

needed to sustain proper functioning of the brain [8, 9]. If the condition is severe or persists for a 

long period of time, then brain cells begin to die [8, 9]. This condition is referred to as stroke. 

The implications of a stroke depend on the part of the brain affected as the result of the damage, 
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since the brain controls the functioning of several other areas [9]. Stroke is also referred to as 

cerebrovascular disease or apoplexy [9]. 

A condition for peripheral arterial disease develops when narrowing of the blood vessels 

occurs due to plaque buildup in a normal artery [9]. As a result, the oxygenated blood supply 

from the heart to the lower extremities is obstructed because of the partially or completely 

occluded blood vessel. This is also called peripheral vascular disease (PVD). Its clinical 

implications include gangrene and amputation of the limbs due to the reduced blood supply to 

the lower extremities such as arms, legs, stomach, and kidneys [9]. 

1.4 Pathogenesis of Atherosclerosis 

Damage to the endothelium cells triggers the development of a lesion, and over time, due 

to the biological response of cells to injury and growth factors, a condition develops where the 

lesion reaches an advanced stage and occludes the lumen cross-sectional area significantly and in 

some severe cases completely. It is implied that the accumulation of lipoproteins in the artery, 

i.e., oxidized LDL (ox LDL), in addition to the risk factor of an elevated level of low-density 

lipoproteins from hypercholesterolemia, hypertension, smoking, and diabetes [10] can trigger the 

development of atherosclerosis. Junctions and branching points are more prone to endothelium 

cell injury [10]. Once the ox LDL accumulates in the arterial wall, it enhances the permeability 

of that wall [10, 11]. Meanwhile glycoprotein, which has a specific adherence property, 

accumulates near the arterial wall, and as a result, monocytes and T lymphocytes also adhere 

near the arterial wall; together, along with further accumulation of LDL, they infiltrate inside the 

tunica media [11]. During this time, monocytes are converted into macrophages and, with 

subsequent accumulation and migration of lipids in smooth muscle cells, convert the 

macrophages into a foam cell; together with leukocytes, this becomes a fatty streak. The 
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thickness of the fibrous core continues to increase with the further increase in leukocytes and, 

together with the proliferation and migration of the lipids inside the smooth muscle layer, 

becomes known as atherosclerotic plaque. During the early stage of atherosclerotic plaque 

development, the artery tries to maintain a normal lumen cross-sectional area due to its elastic 

nature. However, with further thinning of the fibrous core, a condition whereby the fibrous core 

protrudes into the lumen is reached, and thus stenosis is formed. If a rupture is caused on the 

plaque surface, it eventually forms a thrombosis, or blood clot. Arteries that are more prone to 

atherosclerosis are coronary arteries, the common carotid artery, and renal arteries [12].  

1.5 Hemodynamics of Arterial Stenosis 

Stenosis develops in the artery as a result of the accumulation of cholesterol and other 

fatty materials. This eventually lessens the lumen cross-sectional area and impedes the incoming 

upstream flow of blood. Moderate to severe clinical consequences can occur downstream of the 

stenosis, depending upon the severity of the obstruction and the upstream flow conditions. 

Stenosis alters the hemodynamics or blood movement. Consider an artery with a 50% reduction 

in its area, as shown in Figure 1.4. The cross-sectional area of the artery where the diameter of 

the lumen is minimum is referred to as the throat; upstream of the throat is a converging section 

(1) of the artery and downstream of the throat is a diverging section (3) of the artery. 

The diameter of the artery significantly decreases in the converging section of the artery. 

Therefore, the local velocity here increases to satisfy the continuity equation for an 

incompressible flow. Applying the principle of conservation of mass at sections 1 and 2 yields 

 1 1 2 2AV A V  (1.1) 

The increase in velocity is accompanied by the elevated magnitude of the wall shear stress near 

the throat. In addition, pressure at the throat of the stenosis decreases substantially in order to 
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accommodate the increased kinetic energy, thus satisfying the energy conservation principal. 

Therefore, Bernoulli’s principal can be applied at sections 1 and 2: 

    2 2

1 1 2 2

1 1

2 2
P V P V     (1.2) 

 

  2 2

1 2 2 1

1

2
P P V V    (1.3) 

 

Figure 1.4. Hemodynamics of arterial stenosis. 

Equation (1.3) shows the severe consequences of the stenosis. The velocity at the throat 

of the stenosis increases a few magnitudes, depending upon the severity of the stenosis; 

therefore, there will be a large pressure drop in order to satisfy Bernoulli’s principle. Sometimes 

in extremely severe cases, local blood pressure drastically falls below the external pressure, 

resulting in the collapsing of the artery [12]. The collapsing mechanism depends upon the 

mechanical properties of the arterial wall, severity of reduction of the lumen cross-sectional area, 

and upstream flow conditions [12]. The collapsing phenomenon appears to be most favorable 

during the systolic phase of a flow cycle, since the accelerating flow prevails during this phase. 

Therefore, there will be a huge pressure drop during this phase since relative magnitudes of the 

velocity are higher compared to the diastolic phase of the flow cycle. Clinical implications are 

structural damage to the wall, which in turn may cause worsening of the disease, plaque cap 

rupture, and thrombosis [12]. 
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In order to satisfy the principle of conservation of mass, the area in the diverging part of 

the artery increases, and therefore, velocity decreases. A decrease in the kinetic energy of the 

flow is accounted for by the increase in potential energy, which in turn increases pressure in the 

axial direction, thus causing an adverse pressure gradient, which is responsible for flow 

separation. The increasing severity of stenosis causes the flow to be separated from the vessel 

wall, and turbulence may exist downstream of the stenosis, depending upon the degree of 

occlusion and upstream flow condition. As a result, pressure never fully recovers downstream of 

the stenosis [12]. 

From a clinical standpoint, the ramifications of a moderate-to-severe stenosis include the 

following: reduction of blood to the distal parts of the circulation system; elevated levels of wall 

shear stress, which has the potential to damage the endothelium cell layer; and if the plaque is 

broken, then embolization, i.e., migration to the distal site of the circulation system. In all cases, 

the target vessels may be deprived of getting a sufficient oxygen supply, and even tissue death 

may occur [12]. 

1.6 Wall Shear Stress Hypothesis 

Wall shear stress is an important fluid dynamics variable in the mapping of 

atherosclerosis. Two contradicting mechanisms have been found to be responsible for the 

atherosclerosis: high wall shear stress suggested by Fry [13] and the shear-dependent mass 

transport mechanism suggested by Caro et al. [14]. In the high wall shear stress theory, it is 

postulated that elevated values of this stress can cause potential damage to the endothelium cell 

layer and thus, is responsible for the atherosclerosis [13]. The shear-dependent mass transport 

hypothesis is based on lipid accumulation in the arterial wall and the mass transport process of 

biological necessary substances [14]. In a healthy artery, it is necessary to maintain proper 
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diffusion of biologically necessary substances between the arterial wall and blood, and vice versa 

[14]. Caro et al. proposed that the shear rate near the arterial wall is the one that influences this 

process greatly [14]. Diffusional boundary-layer thickness is greater for slow-moving fluid than 

for fast-moving fluid [14]. Thus, diffusional flux is greater for the higher-velocity fluid 

compared to the slower-moving fluid; in fact, the faster-moving fluid enhances the mass transfer 

rate. Therefore, lipid accumulation in the faster-moving fluid is washed away with it, but not so 

for the slower-moving fluid. On the contrary, mass transport of the biologically necessary 

substances between the arterial wall and blood is disturbed for the lower-velocity fluid, and 

therefore, a higher concentration of the lipid accumulation is found to exist near the arterial wall 

in the low wall shear stress region; thus it is vulnerable to atherosclerosis as a result of increased 

residence particle time of the lipid accumulation. Furthermore, the effect of atherosclerosis is 

promoted in the area of low wall shear stress or high oscillatory wall shear stress due to the 

atherogenic blood particles reported in both areas, and therefore, these areas are more vulnerable 

to atherosclerosis over time. 

1.7 Objective of Current Numerical Efforts 

The human circulation system is composed of a large network of arteries, veins, and 

capillaries; their proper functioning ensures a healthier life. However, once blood is propelled 

out of the left ventricle, it encounters numerous sites where the local hemodynamics is altered 

due to the geometric complexity such as bifurcation, curvature, junction, or plaque buildup in a 

healthy artery [12]. For example, when blood is propelled out of the left ventricle, it immediately 

encounters the aortic arch, a curved vessel [12]. Another important site from a hemodynamic 

perspective is the common carotid artery, since it bifurcates into two separate arteries known as 

the internal carotid artery and external carotid artery [12]. Of interest is one of the features of the 
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internal carotid artery, a bulge or enlarged portion of the artery, commonly referred to as the 

―sinus bulge.‖ The sinus bulge is always present in a healthy artery, which plays an important 

role in local hemodynamics. Enlargement of the internal carotid artery in the local cross-

sectional area is attributed to the sinus bulge and is responsible for the local flow separation. 

Thus, the artery is constantly exposed to the low value of wall shear stress and therefore, inclined 

to promote atherosclerosis. In addition, hemodynamics in the vicinity of the stenosed cardiac 

valve, arterial stenosis, and aneurysm also gained the attention of the investigators due to its 

moderate-to-severe implications on the local hemodynamics and propagation of the disease. The 

current numerical work is strictly limited to the hemodynamics of arterial stenosis and the 

clinical implications in the distal part of the stenosis. The literature review has indicated that the 

two-equation turbulence models are better able to predict the turbulence at the physiologically 

relevant low Reynolds (Re) number, and hence different variations of the two turbulence models 

have been compared against available experimental data. 

This thesis is divided into two parts: one is the steady-state flow analysis, which is carried 

out to validate the current study, and is discussed in Chapter 5; the other involves the modeling 

of the pulsatile nature of blood flow and the effects of increasing the constriction ratio from 60% 

to 90%, which is discussed at length in Chapter 6.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

Researchers have extensively studied flow in the vicinity of the stenosis because of its 

interesting features, such as jet formation, flow separation, pressure and velocity fluctuations, 

wall shear stress, flow disturbances, and the clinical implications from a fluid dynamics point of 

view. These studies can be classified into two categories: experimental work and computational 

studies. Much of the experimental studies were carried out in the 70s and 80s by various 

researchers, notably among them, Cassanova and Giddens [15], Deshpande and Giddens [16], 

Ahmed and Giddens [17, 18], Khalifa and Giddens [19], Liber and Giddens [21], and Ojha et al. 

[22], who carried out extensive flow visualizations using the laser Doppler anemometry and 

photochromic tracer method, which formed the basis for several subsequent studies. With the 

increase in computational power and advancement of computational algorithms, it became 

possible to replicate the experimental results using Reynolds-averaged Navier-Stokes (RANS)-

based turbulence models and test them against the experimental values. Numerical formulation 

of the RANS-based turbulence model is inherited from the averaging of the Navier-Stokes 

equation and fails to predict the correct amount of turbulent statistics. The further increase in 

computational power allowed efforts in addressing the issue of inefficiency of the conventional 

two-equation turbulence model to predict the turbulent pulsatile arterial flow by using the higher-

order turbulence models such as large eddy simulation (LES) and direct numerical simulation 

(DNS). 
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2.2  Experimental Investigations 

Giddens and his co-workers [15, 16, 17, 18, 19, 21] have performed extensive flow 

visualization in the vicinity of stenosis under steady-state and pulsatile-flow conditions. 

Deshpande and Giddens [16] carried out a study on a stenotic artery with a range of Reynolds 

numbers up to 15000. However, these results seem to be unrealistic from the flow condition that 

prevails in the circulatory system, considering the Reynolds numbers in the human circulation 

system ranges from 1 to 4000 [23], based upon the diameter of the artery. However, their 

findings are useful [16]. 

Ahmed and Giddens [17] worked extensively on flow visualization in the vicinity of the 

stenosis and its effect on the post-stenotic flow field under steady and pulsatile flow conditions.  

Using axisymmetric model geometries with 25%, 50%, and 75% area reductions, flow 

visualizations were carried out for the same geometries with the help of laser Doppler 

anemometry in the range of Reynolds numbers from 500 to 2000, which represents flow in the 

larger arteries of the human circulatory system, such as the aorta. They found that flow is in the 

process of transition to turbulence for 75% are reduction. In addition, an increase in the 

recirculation region was found by increasing the Reynolds number from 500 to 1000; however, a 

further increase in the Reynolds number up to 2000 decreased the recirculation length 

significantly, due to fully turbulent flow conditions at Reynolds number 2000. 

 Ahmed and Giddens [18] carried out an extension of their work by considering the 

pulsatile flow condition in the circulatory system in the range of Reynolds numbers from 200 to 

1000, with the mean Reynolds number value of 600 and an unsteady Womersley parameter of 

7.5. For example, during the maximum flow rate corresponding to a Reynolds number of 1000 

for 50% area reduction, the flow condition exhibits the same behavior as was found under the 
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steady-flow conditions, i.e., jet emerging from the throat followed by a thick flow separation 

region downstream of the stenosis with discrete frequency fluctuations. However, during the 

minimum flow rate along the centerline, corresponding to a Reynolds number of 200, rather 

blunt velocity profiles were observed. In addition to this, turbulence was not observed during the 

entire pulse cycle for 50% area reduction. However, increasing the constriction to 75%, the 

scenario changed, and turbulent conditions were seen to prevail during the deceleration phase of 

the pulse cycle downstream of the stenosis. 

It is hypothesized [20] that the flow can experience three different types of states during 

the course of laminar-to-turbulent transition, depending upon the local conditions of the flow: 

laminar, disturbed viscous, and turbulent. The turbulent state can even be further classified into 

two categories: permanent and transient. If turbulence diminishes with time or space, it is 

referred to as transient turbulence; otherwise, it is permanent turbulence. For example, in a wall-

bounded viscous flow at a low Reynolds number, the effect of turbulence may decay 

downstream of the flow due to the dampening effect provided by the wall.  

Correlating this observation to Ahmed and Giddens [17] experimental results for a 75% 

area reduction at a Reynolds number of 1000, it was observed that the flow remains completely 

laminar upstream of the stenosis. However, due to the introduction of the stenosis in the 

geometry, which ultimately brings instability to the flow as a result of area reduction, and 

followed by the adverse pressure gradient, the flow experiences discrete oscillations until  Z 4 . 

Beyond that, the Z 4  flow undergoes a transient turbulent state as it achieves a laminar state 

further downstream. 

Similar experimental studies were carried out by Yongchareon and Young [20] who 

carried out experimental work on three different geometries, i.e., smooth contoured stenosis, 



15 

plug-like obstruction, and sharp-edge orifice. Of these, the streamline contoured stenosis is more 

relevant to the current work. They observed that increasing the severity of the stenosis decreases 

the critical Reynolds number associated with the laminar-to-turbulent transition. Furthermore, 

they noticed in their experimental work that the magnitude of the disturbance intensity is much 

higher near the wall than at the core of the vessel for the low Reynolds number flow under 

investigation. This reflects the fact that instabilities first arise in the shear layer and then 

propagate to the core of the vessel as the Reynolds number increases. In addition, disturbance 

first arises downstream of the stenosis and proceeds further upstream when increasing the 

Reynolds number. Similar findings were reported by Ahmed and Giddens [17] in their 

experimental work and are consistent with other experimental work and observations. 

 Liber and Giddens [21] conducted experimental studies for 75% and 90% area stenosis 

reductions and used the same flow conditions except for a slight variation in the unsteady 

Womersley parameter of 5.3, compared to 7.5 that was utilized by Ahmed and Giddens [18] 

using laser velocimetry. They sought the correlations between the core flow and the near-wall 

flow behavior by comparing the ensemble average centerline velocity and non-dimensional wall 

shear stress at the different axial locations. They demonstrated that the vortices with discrete 

frequency exist 2 to 3 diameters downstream of the stenosis; eventually the vortices convected 

further downstream and broke into random fluctuations. However, at 6 diameters distal to the 

stenosis for a 90% area reduction, a large drop in the ensemble average velocity was observed 

during the acceleration phase, and eventually the jet disappeared from the core region. This 

location is identified as the site of ―puff formation,‖ a fact validated by the large oscillation in the 

wall shear stress value at the same location. In addition, turbulence was observed during the 

acceleration and deceleration phases of the flow cycle distal to the stenosis, while for a 75% area 
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reduction, a discrete velocity fluctuation was observed rather than turbulence flow condition, 

contradicting Ahmed and Gidden’s experimental work as a result of different flow conditions 

used by Liber and Giddens [21]. 

2.3 Computational Investigations 

Normal blood flow in the human circulatory system is in the range of Reynolds numbers 

from 1 to 4000 [23]. A mild-to-severe constriction causes transition to the turbulence much 

earlier than the prescribed range for this transition. Most publications focus on this behavior in 

the modeling of blood flow using different variants of the two-equation turbulence modeling and 

verify the efficacy of each turbulence model against the experimentally measured data.  

Ghalichi et al. [24] carried out numerical simulations on 50%, 75%, and 86% area 

reductions under steady flow conditions using the commercial finite element software FIDAP 

under a physiologically relevant Reynolds number. They found that the Wilcox low Reynolds 

number k   model is the most suitable for low Reynolds flows dealing with turbulence or 

transition to turbulence, compared to the k   model. In addition, the low Reynolds number 

k   model is also capable of dealing with laminar flow studies. 

Verghese et al. [25, 26] used a direct numerical simulation study to replicate the 

benchmark experimental results of Ahmed and Giddens for 75% axi-symmetric stenosis in the 

range of Reynolds numbers of 500 to 1000, and they extended their work for asymmetric 

stenosis with the same degree of stenosis under steady and pulsatile flow conditions. However, 

their results for axisymmetric simulations failed to predict the flow reattachment at the 

experimentally measured value of 5 6Z   for 75% area reduction at the Re = 1000 under the 

steady flow condition, since they noticed that flow does not reattach at the outlet, i.e., 16Z  , in 

contrast to the experimental measured value of 6Z  . It was found in the current work that 
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turbulence intensity plays a major role in reattachment of flow. The current work predicts the 

same result as was reported by Verghese et al. [25, 26] since flow fails to reattach until 14X  , 

contradicting the experimental results. However, better agreement was established with 

experimental results by changing the turbulence intensity from 0.1% to 2%, since the numerical 

results replicate the experimentally measured values. Therefore, it is believed that Verghese et al. 

ignored the effect of turbulence intensity. This phenomenon is discussed at length in Chapter 5. 

Furthermore, in their pulsatile flow simulations, Verghese et al. used a flat inlet velocity profile 

rather than the fully developed flow. 

Recently, more relevant to the current work, Ryval et al. [27] utilized the commercial 

finite volume solver FLUENT 6.0 to mimic the experimental work of Ahmed and Giddens under 

steady [17] and pulsatile [18] flow conditions. They carried out the simulation on different 

versions of the k   turbulence model and found that the transitional k   model performed 

relatively better than the standard k   turbulence model for the steady and pulsatile flows. 

However, excellent agreement was found between Ahmed and Giddens [17, 18] experimental 

work and their simulation results, since they used a Womersley solution as an inlet boundary 

condition for the pulsatile flow conditions in terms of axial velocity profiles at different axial 

locations. Eventually they found that the standard k   model over-predicts the amount of 

turbulence under pulsatile flow conditions, while the transitional variant of the k   model 

under-predicts the amount of turbulence under the investigating conditions. Their results are 

consistent with the current work. 

Long et al. [28] used a physiological waveform representation of flow conditions that 

exists in the common carotid artery using Doppler ultrasound with a mean Reynolds number of 

300 and unsteady Womersley parameter of 5.31. They specified an inlet boundary condition for 
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different degrees of stenosis severity for axisymmetric and asymmetric models. However, the 

profile used to describe the constriction was slightly different than others such as Liber and 

Giddens [21] have used. Computational results demonstrate that two different flow-separation 

regions were found during the period of pulse in the axisymmetric model. The main flow 

separation region, as a result of area reduction just downstream of the stenosis during the flow 

acceleration phase, eventually breaks into two flow-separation regions during the flow-

deceleration phase. Of these, the main flow-separation region was found to exist during the entire 

pulse cycle, while the effects of the secondary flow-separation region ceased after a certain 

period of time, depending upon the complexity of the stenosis. 

Long et al. [28] computed the result for the asymmetrical geometrical configurations 

under similar flow conditions, which they used for axisymmetric stenosis. However, it is clearly 

evident from their results that eccentricity in the form of the stenosis brings an additional flow 

separation region compared to its axisymmetric counterpart. Of these, the main flow-separation 

region exists just downstream of the stenosis in the direction of the eccentricity, followed by a 

secondary flow-separation region, opposite to the direction of the eccentricity. However, this is 

the flow-deceleration phase when the primary flow separation zone breaks into two separate 

flow-separation regions in the direction of the stenosis and forms an additional flow-separation 

region compared to its axisymmetric counterpart. In addition, they noticed that the effect of 

axisymmetric stenosis tends to last longer than the asymmetrical counterpart, due to symmetry. 

Recently, more relevant to the current work, Dietiker and Hoffmann [29] performed a 

computational simulation in a tapered artery with varying degrees of stenosis and made useful 

comparisons between Newtonian and non-Newtonian flow behaviors. However, their study 

largely focused on wall shear stress, since the higher value of wall shear stress causes harm to the 
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endothelium layer. They found that a 50% in diameter reduction (75% area reduction) causes 

damage to the endothelium layer during peak systole.  

Banks and Bressloff [30] tested the efficacy of both the RNG k   turbulence model and 

the transitional k   turbulence model. They observed two noticeable differences. For the RNG 

k   model, the flow reattaches approximately one diameter downstream of the stenosis, while 

the k   model is in good agreement with the experimental results downstream of the stenosis. 

However, even further downstream of the obstruction, the k   model too fails to predict the 

correct result. Therefore, neither turbulence model was in good agreement with the experimental 

data. However, one can consider that the transitional variant of the k   turbulence model 

predicts much of the flow phenomena correctly and is deemed more suitable for the low 

Reynolds number internal flows dealing with the transition to turbulence. In addition, the k   

model was insensitive to inlet turbulence intensity, since no differences were observed by 

increasing the turbulence intensity from 0% to 10%, which is physically incorrect. The k   

model showed a variation in the flow field with increasing turbulence intensity, i.e., for 

turbulence intensity, 0% flow behaves as laminar flow, while significant differences are observed 

in transported quantities with increasing turbulence intensity, a fact briefly discussed in Chapter 

5 in the current work. 

Liao et al. [31] carried out a comparative study of stenotic vessels under physiological 

flow, simple pulsatile flow, and equivalent pulsatile flow conditions, and they compared each of 

them during the various phases of the flow cycle, i.e., initial zero, peak forward flow, middle 

zero, and peak backward flow. They made two distinct observations about the development of 

the flow during various flow phases. They reported that flow deceleration is responsible for 

vortex translation and formation. For example, the size of the recirculating vortex that is distal to 
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the stenosis increased during the transition from the peak forward state to the middle zero flow 

phase, i.e., deceleration stage of the flow. Furthermore, a large recirculation region was found to 

exist for all three cases under investigation during the initial zero phase, although the net inflow 

rate at that instance was zero. This reflects the fact that the instantaneous flow field is strongly 

influenced by the previous flow conditions, i.e., peak backward flow cycle preceding the initial 

zero in their simulations. However, they reported the elevated values of the time-averaged wall 

vorticity for the simple and equivalent pulsatile flow cases as against the physiological flow 

conditions, due to the fact that net peak backward flow rate for the simple and equivalent 

pulsatile flow was 75% greater than the actual physiological flow. The same behavior was found 

to be true for the axial centerline disturbance intensity. 

Non-Newtonian behavior of the blood flow was modeled by Gijsen et al. [32] and 

compared against the Newtonian flow result under the steady flow condition in the large carotid 

artery bifurcation model. The shear-thinning property of the blood was considered by employing 

the Carreau-Yasuda model, while the viscoelastic nature of the blood was ignored in their work. 

However, significant differences were observed in their comparison of non-Newtonian vs. 

Newtonian behavior, since the axial velocity was flattened in the common carotid artery relative 

to the Newtonian case. Furthermore, they observed that Newtonian flow undergoes a flow 

separation along the divider wall in the internal carotid artery, a region that was found to be 

absent in the non-Newtonian counterpart.  

Scotti and Piomelli [33] conducted their work on a two-dimensional (2-D) channel flow 

subjected to a pressure-driven oscillating boundary condition. The simplicity of their geometry 

allowed them to carry out the DNS and LES on the same geometry and compare their results 

against three different RANS turbulence models, i.e., Spalart-Allamaras, k  , and 2k    . 
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They found that turbulence models based on the RANS formulation predicted the flow statistics, 

i.e., velocity profiles in agreement with the LES, DNS, and experimental data. However, poor 

agreement for the RANS turbulence model was established when the turbulent flow statistics 

were compared against their DNS and LES data. In addition, they observed that turbulence has a 

sufficient time to decay at low frequency, while the production of turbulence and dissipation is 

out of phase at high frequency. 

Mittal et al. [34] carried out an LES study on the planer channel with one-sided semi-

circular constrictions under pulsatile flow conditions in the range of Reynolds numbers 750 to 

2000, with focus on the spectral analysis of the turbulent flows. Existence of the Kelvin-

Helmontz types of vortices were found in the shear layer for Reynolds numbers greater than 

1000. Furthermore, the magnitude of the turbulence kinetic energy and specific dissipation 

increases in the vicinity of the stenosis with increasing Reynolds numbers. However, far 

downstream, regardless of the Reynolds number, a more uniform structure in terms of turbulence 

statistics was observed.  

Mallinger and Drikakis [35] investigated three-dimensional instabilities for the stenotic 

vessel. Instability was introduced by means of the White perturbation method to break the 

symmetry along the centerline velocity with 20% amplitude. The structure of instability was 

classified into two distinct regions: one just downstream of the stenosis, where coherence of the 

jet is preserved, while the other far downstream of the stenosis, where coherence of the jet is 

broken. This region is the potential site for the laminar-to-turbulent transition. 

Stability analysis of the three-dimensional steady and pulsatile stenotic flows were 

carried out by Sherwin and Blackburn [36] using linear stability analysis and direct numerical 

simulation. They used the Floquet stability analysis for their study and found that steady flow 
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undergoes a Conda-type wall reattachment. Maximum energy for the linear instability modes 

was found to exist downstream of the stenosis for the pulsatile flows, and breakdown of the 

tilting ring vortex appears to travel further upstream before it confines itself within the few 

diameters of the stenosis. 

To conclude, these recent studies by Verghese et al. [25, 26], Scotti and Piomelli [33], 

Mittal et al. [34], and Sherwin and Blackburn [36] emphasized the need for the DNS and LES 

studies of turbulent pulsatile arterial flow beyond the RANS turbulence model, since more 

promising results were found with the help of the LES and DNS, especially in terms of 

turbulence parameters, which they reported. However, this can be achieved only thorough 

enormous computational cost for these complex three-dimensional (3-D) geometries. 
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CHAPTER 3 

MODEL GEOMETRY AND GRID GENERATION 

 

3.1 Introduction 

 

 To understand the physics of stenotic flows, several assumptions have been made, 

beginning from the pre-processing to post-processing part of the analysis. This chapter deals with 

the pre-processing segment of the analysis, such as the selection of model stenosis geometry and 

grid generation techniques employed in the modeling, including structured and unstructured grid 

generation methods and its advantages and drawbacks for the geometry under investigation. It 

also deals with the different parameters required to examine whether the grid is of high quality or 

poor quality to carry out the computational fluid dynamics (CFD) simulations. 

3.2 Geometry Description 

 An artery resembles a three-dimensional, highly curved and irregular shape. However, for 

the sake of simplicity, it is assumed that an artery can be modeled as a 3-D smooth cylindrical 

tube with constant cross-sectional area. When fatty material such as cholesterol accumulates in 

the inner lining of the artery, it impedes the upstream flow due to the formation of plaque as a 

result of the biological response of injury to the endothelium cell. The shape of stenosis is 

patient-specific and may be an axisymmetric, eccentric, or some arbitrary irregular shape. 

Therefore, it is difficult to model and mesh such geometries, so an assumption is made that 

stenosis is axisymmetric and follows a Gaussian profile, as given by equation (3.1). A 

geometrical configuration with a two-inch unoccluded vessel diameter was used to validate the 

current numerical results with the experimental investigation by Ahmed and Giddens [17]. 
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 Consider a blood flow in a vessel with diameter D  and length L  along the x-axis as 

depicted in Figure 3.1. A 4D  inlet length is provided prior to the stenosis, while a 20D  outlet 

length is found to be sufficient so that the flow gradients approach normal values. The shape of 

the stenosis is defined by Gaussian profile and is dependent upon the axial coordinate x  and 

thus, can be represented as [29] 
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where  R is the radius of the unoccluded vessel, h  is the maximum height of the stenosis at the 

throat, sx
 
is the maximum width of the stenosis, sR

 
is the radius of the stenosis, and  L is the 

length of the vessel. 

 
Figure 3.1. Schematic representation of stenotic vessel. 

 

3.3 Severity of Stenosis 

 The severity of stenosis is defined as the amount of the lumen cross-sectional area 

narrowed due to the deposition of fatty material, either in terms of percentage reduction in cross-

sectional area or percentage reduction in diameter of the lumen. 
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3.3.1 Percentage Reduction in Cross-Sectional Area 

 The percentage reduction in cross-sectional area is defined as the amount of cross-

sectional area of lumen blocked due to the accumulation of cholesterol and other fatty 

substances, or 
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3.3.2 Percentage Reduction in Diameter  

 

 The percentage reduction in diameter of the lumen is defined as the amount of diameter 

blocked due to the accumulation of cholesterol and other fatty substances, or 
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It should be noted that only the percentage reduction in area is considered for the current study. 

Table 3.1 provides the most frequently used reductions by area and their equivalent reductions 

by diameter for the stenotic geometry against a non-dimensional  
h

R
ratio. For the current work, 

stenotic vessels with 60%, 75%, and 90% reduction by area were considered, which are 

equivalent to 36.75%, 50%, and 68.38% reduction by diameter, respectively. Once the geometry 

was chosen, the next step was to generate a high-quality mesh for the CFD simulations. 
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TABLE 3.1 

 

REDUCTION OF STENOTIC VESSELS BY AREA AND THEIR EQUIVALENT 

REDUCTION BY DIAMETER AGAINST NON-DIMENSIONAL  
h

R
RATIO 

 

h

R
 

Reduction in Area 

 %  

Reduction in Diameter 

 %  

0 0 0 

0.1340      25 13.40 

0.2929 50 29.29 

0.5000 75 50 

1 100 100 

 

 

3.4 Grid Generation Considerations 

 Grid generation is a vital aspect of CFD simulations. A good grid is required in order to 

achieve a better convergence and reduce numerical errors for the flow field under assessment. 

Several parameters are responsible for a successful simulation. They are either independent of 

the problem under investigation or dependent upon the flow field being simulated. Independent 

parameters are equiangle skewness, aspect ratio and size change, etc.; while dependent 

parameters are reliant upon the physics of the problem under investigation. These dependent 

parameters include the necessity to have a fine grid near the wall for wall-bounded turbulent 

viscous flow in order to achieve wall y , nearly a value of unity, or very fine near-wall mesh in 

order to capture the smallest possible eddies that exist in the domain for large-eddy simulations. 

As stated previously, ―meshing for physics‖ drives the requirement for the mesh, and since the 

flow field under examination is a viscous, incompressible, internal flow, the transition to 

turbulence is expected in the domain. According to the physics of the problem, it is necessary to 

have a very fine near-wall mesh in order to achieve a wall 1.y   Furthermore, there will be a 

transition to turbulence in the flow field downstream of the stenosis due to local constriction that 
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exists in the geometry. The extent of turbulence will depend upon the upstream-flow conditions 

and degree of constriction. Therefore, proper mesh resolution is necessary in the axial direction 

as well as in the direction normal to the wall, in order to capture the proper length scales of 

turbulence. A variety of approaches was explored in order to consider the above-specified 

requirements for the grid generation. 

3.5 Grid Generation Approach 

 Figure 3.2 shows an unstructured grid generated for a 75% area reduction, while Figure 

3.3 shows a multi-block structured mesh for the same. For both meshes, a boundary layer was 

imposed near the wall that advances in the domain. However, a multi-block structured grid is 

preferred over an unstructured grid due to certain advantages, which will be explained.  

 There is a notable difference between an unstructured mesh and a multi-block structured 

mesh, since the multi-block structured mesh provides the feasibility to control the number of grid 

points in the direction normal to the wall as well as in the axial and radial directions. This feature 

is inherited due to the decomposition of the solution domain in multiple meshable sub-volumes 

with the help of Boolean operations that allow us to control the grid points in the area of interest, 

i.e., in the direction normal to the wall due to the formation of extra edges and faces, while an 

unstructured grid cannot do this. This attribute of the multi-block structured grid is advantageous 

in controlling the number of cell counts, in enabling the capture of near-wall turbulence, and in 

improving the overall mesh quality. Due to the lack of ability to incorporate the grid points in the 

direction normal to the wall, an unstructured grid unnecessarily increases the number of grid 

points, even in the region where it is not required; thus, computational time increases.  
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Figure 3.2. Front view of unstructured grid for 75% area reduction. 

 

 

 
 

Figure 3.3. Front view of multi-block structured grid for 75% area reduction. 
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 A multi-block structured grid consists of hexahedral cells in 3-D or quadrilateral cells in 

2-D, which in turn reduces the truncation error compared to an unstructured counterpart when 

aligned with the flow [38]. In addition, it also enhances the grid qualities in terms of skewness 

and aspect ratio. However, there exists a certain disadvantage associated with a multi-block 

structured grid, since it is required to decompose a solution domain in multiple meshable sub-

volumes with the help of Boolean operations. This approach is time-consuming in modeling and 

meshing a multi-block structured mesh compared to an unstructured counterpart. For the current 

simulation, the solution domain was divided into 15 sub-volumes to generate a multi-block 

structured grid. 

3.6 Parameters of Grid Quality Test 

 A successful grid generation using structured or unstructured methodology does not 

guarantee a better grid for CFD simulations. Therefore, it is important to check whether the mesh 

is of high quality or poor quality to carry out the CFD simulations because the abnormal values 

of skewness or aspect ratio are responsible for the error associated with the numerical scheme or 

results in poor convergence. The commercial grid-generation package GAMBIT 2.4.6 was used 

as a pre-processing tool for the current work. This software provides certain options to check 

whether a grid is adequate or inadequate, i.e., mainly equiangle skew (EAS), aspect ratio, and 

size change. 

3.6.1 Equiangle Skew 

An equiangle skew  EAS criterion applies to quadrilateral cells in 2-D, or hexahedral, 

triangular, or tetrahedral cells in 3-D. For the current work, a multi-block structured mesh with 

hexahedral cells was employed. Therefore, the equiangle skew criteria based on the angle 

deviation was utilized and thus defined [37] as 
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 Table 3.2 [37] describes the mesh quality based on the equiangle skewness criteria. A 

scale of 0 means that grid lines are orthogonal to each other, or that a cell or a face is equilateral, 

while a scale of 1 represents a distorted cell. An EAS scale of 0.1 describes an excellent mesh for 

2-D geometry, while an EAS scale of 0.4 describes an excellent mesh for 3-D geometry [37]. 

Table 3.3 shows an output produced by the GAMBIT 2.4.6 transcript window based on 

equiangle skew criteria for a grid G3 having 1,624,832 cell counts.  

 

TABLE 3.2 

MESH QUALITY BASED ON EQUIANGLE SKEWNESS CRITERIA 

Equiangle Skew Range ( EAS ) Quality of Element 

0 Equilateral 

0–0.25 Excellent 

0.25–0.50 Good 

0.50–0.75 Fair 

0.75–0.9 Poor 

0.9–1 Very Poor 

1 Degenerate 
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TABLE 3.3 

RANGE OF EQUIANGLE SKEWNESS FOR GRID G3 

 

 The measured minimum value of cell skewness is 1.30573e-010, while the measured 

maximum value for skewness is 0.5 for the given grid. As shown in Table 3.3, the grid consists 

of 1,624,832 cells, of which 1,399,175 or 86.11% fall in the EAS range of 0 to 0.1.    

 Figure 3.4 illustrates the location where the grid quality test based on the EAS criteria is 

explored using ―examine the mesh‖ feature avaliable in GAMBIT 2.4.6, while Figure 3.5 

illustrates the close-up view of the cross section shown in Figure 3.4. Figures 3.5 and 3.6 

represents the grid quality criteria based on the color-coding scheme provided by GAMBIT 

2.4.6.  

From Value To Value Count in Range 
% of Total Count 

(1,624,832) 

0.0 0.1 1,399,175 86.11 

0.1 0.2 119,388 7.35 

0.2 0.3 64,735 3.98 

0.3 0.4 32,226 1.98 

0.4 0.5 7,924 0.49 

0.5 0.6 1,384 0.09 

0.6 0.7 0 0 

0.7 0.8 0 0 

0.8 0.9 0 0 

0.9 1.0 0 0 

0.0 1.0 1,624,832 100 
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Figure 3.4. Isometric view of grid for mesh quality test along the constant X. 

 

 

 

 
 

Figure 3.5. Grid quality test based on equiangle skew criteria (wireframe option enabled). 
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Figure 3.6. Grid quality test based on equiangle skew criteria (wireframe option disabled). 

 

  

 A scale of 0 represents a perfectly equilateral cell and is represented by the color blue, 

while a scale of 1 is distinguished by the color red . Since the muti-block structured mesh was 

used for the current work, a branch cut was used to split the cylinder in order to generate an O-

type grid. Therefore, the worst elements are located near the intersection of a branch cut and the 

cylinder with an EAS value of 0.5 and are distinguished with the help of black circles in Figure 

3.5. Figure 3.6 describes the same point, except the wireframe option is disabled in it. It is 

worthwhile to note that the color used to represent a boundary layer in GAMBIT is white; 

however, this has been changed to yellow for better clarity. 

3.6.2 Aspect Ratio 

Aspect ratio  AR  is defined as the ratio of maximum dimension of a face or cell to the 

minimum dimension of a face or cell. For hexahedral cells, it is evaluated as [37] 
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 (3.5) 

where  1,2,3ie i   is the average length of the edges in the x-, y-, and z-coordinate directions, 

respectively, for 3-D hexahedral cells [37]. A higher aspect ratio describes the stretching of a cell 

and should be avoided in order to achieve accurate results. Therefore, it is recommended that the 

aspect ratio in the boundary layer should fall in the range of 20 to 100. If the boundary layer 

capabilities are not used, then an aspect ratio greater than 5 should be avoided. Figure 3.7 shows 

the four different views of the worst element located in the geometry. 

 

 
Figure 3.7. Four different views of worst element located in geometry. 
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3.6.3 Size Change 

Size change  SCQ  is a grid-quality measure that is applicable to two-dimensional or 

three-dimensional elements. For 3-D elements, it is defined as a change of volume between two 

successive cells that share at least one common face, and it is represented [37] as  

 i
j

j

V
r

V
  (3.6) 

Therefore, size-change matrices are deduced [37] as  

  1 2 max
, ,...,SC nQ r r r  (3.7) 

Normally 0SCQ   is expected. A size-change matrix of 1 represents two successive cells having 

the same dimension in all three directions and is highly desirable [37]. For the current work, the 

maximum value of the size-change matrices in grid G3 was 3.27. 
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CHAPTER 4 

NUMERICAL FORMULATION 

 

 

4.1 Introduction 

 This chapter deals with the considerations required for the solution of the steady and 

pulsatile flow conditions, such as governing equations, boundary conditions, numerical 

formulation of the problem including detailed considerations of the two-equation turbulence 

model, and the solution discretization. 

4.2  Governing Equations 

 Blood is assumed to be an incompressible, Newtonian fluid with constant viscosity and 

density. Therefore, the Navier-Stokes equation can be given by [39] 
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4.3 Standard k  Turbulence Model 

 Turbulent flows are characterized by random fluctuations of the flow variables in three 

dimensions. It is difficult to solve the Navier-Stokes equation since various scales of turbulence 

are associated with it. In order to do so, the instantaneous component of the solution variable, 

such as pressure, velocity etc., can be thought of as a contribution from the mean or time-

averaged value and fluctuating value [40]: 
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The modification of the Navier-Stokes equation is then carried out by taking the time average of 

each term appearing in the Navier-Stokes equation, and after certain algebraic simplifications, 

the continuity and momentum equation reduces to equations (4.4) and (4.5). Since each term is 

time-averaged, this equation is referred to as a Reynolds averaged Navier-Stokes (RANS) 

equation. During this procedure, several additional unknown parameters appear which require 

additional equations to be introduced as turbulence models. The set of RANS equations are [42]: 

     0
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 In equation (4.5), an additional term, ' '

i ju u , known as the Reynolds’s stress tensor, is 

an additional unknown Boussinesq suggested that for turbulent flow, shear stress can be thought 

of as being similar to Newton’s law of viscosity. However, shear stress in a turbulent flow is due 

to the transverse momentum of the fluid and can be thought of as a contribution from the laminar 

and turbulent flow conditions rather than a separate turbulent shear stress. This gives rise to an 

additional unknown parameter known as eddy viscosity. If one equation is required to solve eddy 

viscosity, then it is referred to as a one-equation turbulence model; if two equations are required 

to solve eddy viscosity, then it is referred to as a two-equation turbulence model. Reynolds stress 

terms can be approximated by using Boussinesq’s hypothesis [42]: 

 ' ' 2
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     (4.6) 

As discussed previously, eddy viscosity can be modeled as a function of the turbulence kinetic 

energy  k and specific dissipation rate   ; therefore it is referred to as the two-equation 
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turbulence model. Turbulence kinetic energy and specific dissipation rate are given by equations 

(4.7) and (4.8) [42]: 
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where ,k    are the effective diffusivity due to turbulent kinetic energy and specific dissipation 

rate, respectively; ,kG G


 are the generation of the turbulent kinetic energy and specific 

dissipation rate, respectively; and ,k wY Y  represents the destruction term for the same. Effective 

diffusivity can be represented as the function of the turbulent Prandtl number and represented as 
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The difference between the standard k   model and its transitional variant is due to the 

introduction of the low Reynolds number correction coefficient  * . Since *  is directly 

proportional to eddy viscosity, a scale of * 0  resulting in a turbulent viscosity of 0 implies that 

laminar conditions prevail. If * 1  , then it assumes the standard  k  model. Therefore, a low 

Reynolds number correction factor controls the influence on the overall structure of the flow 

field, depending upon the local flow conditions, and it is given as 
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where Ret

k

 

 
  

 
, while *

0Re ,  and k i   are the model constants given by 6, 0.024, and 0.072, 

respectively. 

 The turbulence kinetic energy is given by [42] 
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Therefore, production of the specific dissipation rate is evaluated from equation (4.12): 
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The coefficient  can be given similarly from equation (4.11) as: 
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where 2.95wR  , and *  is governed by equation 4.11, 

The dissipation of the k  is given by [42] 
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Similarly, the dissipation of  is given by [41] 
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where auxiliary relations can be given by [41] 
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 Table 4.1 shows the model constant for the transition  k  model [41, 42]. 

TABLE 4.1 

MODEL CONSTANT FOR TRANSITIONAL  k  Model  

Closure Coefficient for the Transitional k  Model 

* 1   0.52   0 0.1111   * 0.09   0.072i   8R   

6kR   2.95wR   * 1.5   0 0.25tM   2.0k   2w   
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4.4 Assumptions 

 The following assumptions were used for the current numerical efforts: 

 Non-Newtonian behavior is found to exist in the smaller vessels such as capillaries.  

However, a constant shear strain rate 100 1sec  is reported for the vessel with greater 

than 0.5 mm diameter [43]. Therefore, Newtonian assumption for the blood flow is valid 

for the current study. 

 The shape of the artery is highly curved and irregular. However, for the sake of 

simplicity, an artery can be thought of as a cylindrical tube with a constant cross-

sectional area. 

 The shape of the stenosis is patient-specific. It may be eccentric or some irregular 

arbitrary shape. However, for the sake of simplicity, it is assumed that stenosis follows a 

cosine curve given by equation (3.1). 

 The compliance nature of the artery is not modeled as a result of accumulation of the 

cholesterol and fatty substances in the arterial wall. 

 Waveform in the circulation system can be accurately represented by means of the 

physiological waveform. However, a sinusoidal pulsatile waveform, rather than a 

physiological waveform, is imposed at the inlet. 

4.5 Boundary Conditions 

4.5.1 Velocity Inlet 

 For steady flow, flow conditions upstream of the stenosis are laminar and fully 

developed. Therefore, the Reynolds number at the inlet is calculated based on the hydraulic 

diameter and is defined by  
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where ReD Reynolds number based on the hydraulic diameter, D diameter of the unoccluded 

blood vessel,   absolute viscosity, and  density of the blood. Density of the blood is 

considered to be 1050 3

Kg
m

, while viscosity is considered to be 0.003675
Kg.m

sec
. 

 For a fully developed pipe flow, maxU is evaluated from the Poiseuille solution as 

  max

1

2
avgU U  (4.25) 

Therefore, non-dimensional velocity profile at the inlet is calculated as 
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A sine waveform is imposed at the inlet for the pulsatile flow simulations and is given by 

   0.25 1 sin 2
  

    
  

t
U t

T
  (4.29) 

4.5.2 Outlet 

 An outflow boundary condition is provided at the outlet. The outflow boundary condition 

extrapolates information from the interior of the domain and assumes a zero flux at the outlet 

normal to the face [42]. 

4.5.3 Wall 

 A no-slip boundary condition is specified at the vessel walls. 
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4.6 Turbulence Boundary Conditions 

 Additional parameters must be provided to define turbulence at the inlet and outlet [42]. 

Furthermore, it is also important to provide a proper estimate of turbulence kinetic energy and 

specific dissipation rate for the flow simulation under assessment. However, it is challenging to 

estimate the explicit values of turbulence kinetic energy and specific dissipation rate unless 

experimental values are available. For this purpose, one needs to provide the convenient 

parameters such as turbulence intensity, length scale, etc., as they are associated with the 

turbulence kinetic energy and specific dissipation rate through empirical relationships [42]. 

Several appropriate parameters are used to define the level of turbulence at the inlet and outlet 

boundary conditions [42]: 

 Turbulence Intensity  I  

 Length Scale  l  

 Turbulence Viscosity Ratio t



 
 
 

 

 Appropriate parameters must be selected for describing turbulence, depending upon the 

class of the problem under investigation (such as a compressible or incompressible flow, internal 

or external flow) and the turbulence model under investigation. For example, if the turbulence 

model under investigation is Spalart-Allamaras, then it is necessary to choose a turbulence 

viscosity ratio as a turbulence specification parameter since it is appropriate for the given 

turbulence model. Since current efforts are conducted on blood flow simulations, turbulence 

intensity and length scale are suitable parameters to describe the level of turbulence at the inlet 

and outlet boundaries. 

 



44 

4.6.1 Turbulence Intensity 

 Turbulence intensity  I  is measured as the root mean square of velocity fluctuations to 

the average velocity [42] as 
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 (4.30) 

For blood flow simulations, turbulence intensity at the core of a fully developed flow is 

estimated from the following empirical relationship [42]  
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Therefore, turbulence intensity is calculated as 6.74% from equation (4.31). It is worthwhile to 

note that since the upstream flow conditions are fully developed and laminar, one can provide 

turbulence intensity in the range of 0% to 5%. 

4.6.2 Length Scale 

 The turbulent length scale  l  represents the size of the largest eddies that contains 

energy in a turbulent flow. It is given by an empirical formula [42] as 

 0.07l L  (4.32) 

A factor of 0.07 is based on the greatest value of mixing length in a fully developed turbulent 

pipe flow, while L  is the characteristic length scale. An artery resembles the shape of a pipe; 

therefore, a characteristic length scale  L  is equivalent to the hydraulic diameter  HD of a pipe 

[42]: 

 0.07 Hl D  (4.33) 

Thus, turbulence kinetic energy is calculated as [42] 
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So, the specific dissipation rate is evaluated from the turbulence kinetic energy and represented 

as 
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where 0.09c   is an empirical model constant, and  l is a turbulent length scale [42]. 

 It can be seen from equations (4.34) and (4.35) that it is simpler to estimate the values for 

turbulence kinetic energy and specific dissipation rate by means of conveniently derived 

parameters, such as turbulence intensity and turbulence length scale, rather than providing the 

explicit values for the turbulence kinetic energy and specific dissipation rate.  

4.7 Numerical Discretization 

 Commercial finite volume package FLUENT 6.3 [42] was used to solve incompressible 

Navier-Stokes equation with pressure based segregated solver. A parallel version of this software 

was used with the double precision. Continuity and momentum equations are the governing 

Navier-Stokes equations for the incompressible flow. Continuity and momentum together 

produces the four equations with four unknown flow variables, i.e., u, v, w and p. Flow is driven 

by pressured gradient, which is coupled with velocity in momentum equation and therefore it is 

required to use guess and correct approach to solve unknown variables since continuity equation 

is constraint. Semi Implicit Momentum Pressure Linked Equation Consistent (SIMPLEC) 

algorithm was used for pressure-velocity coupling for steady flow simulations with default value 

of under-relaxation parameters was utilized. Pressure-Implicit Splitting of Operators (PISO) 

algorithm was used as a pressure-velocity coupling for transient flow calculation since the large 

time step sizes were involved in the computations i.e. 1e-3. Skewness and neighbor correction 
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were set as default value, i.e., 1. 2
nd

 order upwind discretization scheme was assured for the flow 

as well turbulence quantities while 2
nd

 order implicit formulation was considered for unsteady 

flow with 1e-3 convergence criterion was set for all simulations. 

 

  



47 

CHAPTER 5 

STEADY-STATE SIMULATIONS 

 

 

5.1 Introduction 

Blood flow in the human body is pulsatile in nature, due to the pumping action of the 

heart. The Reynolds number is not constant throughout the circulation system since the diameters 

of arteries vary, with the largest being the aorta and the smallest being in some of the smaller 

vessels such as capillaries. For example, the time-averaged Reynolds number in the human aorta 

is somewhat less than 1500, while in the common carotid artery, it is less than 400 [17]. 

Therefore, a systematic study is required to understand the effect of the varying Reynolds 

numbers in the human circulation system in the vicinity of the varying degrees of stenosis and its 

clinical implication from a fluid dynamics point of view, considering the wall shear stress and 

effect of turbulence. In this chapter, efforts are made to investigate the range of Reynolds 

number from 500 to 2000 based on the diameter of the vessel in the vicinity of the stenosis with 

a 75% area reduction. The same geometry is used for the validation study by Ahmed and 

Giddens [17] with a two-inch unoccluded diameter of the vessel. 

5.2 Non-Dimensionalization 

Non-dimensionalization of parameters is used in the current work to ensure better 

prediction of the results. At the different axial locations, axial velocity  xV  is non- 

dimensionalized by the mean velocity  mV , axial location  X
 
is non-dimensionalized by an 

unoccluded tube diameter  D  and the non-dimensional ratio is expressed as  X X D . For the 

wall shear stress study, wall shear stress is non-dimensionalized by the upstream value of shear 

stress, i.e., value of the shear stress for the pipe flow of the same diameter. 
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5.3 Assessment of Standard k  Turbulence Model 

 This section deals with the numerical assessment of the standard  k  model for the 

problem under investigation using velocity profile and turbulence intensity as validation 

parameters. 

5.3.1  Non-Dimensional Axial Velocity Profile of Standard k  Turbulence Model 

Figures 5.1 through 5.6 show the non-dimensional velocity profile plotted against the 

non-dimensional radial distance at axial locations X = 0, 1, 2.5, 4, 5, and 6, respectively, and 

compared against the available experimental results from Ahmed and Giddens [17] for different 

degrees of turbulence intensity. 

It is clear that when the flow passes through the stenosis, a jet is formed and the relative 

magnitude of the velocity exceeds a value four times higher than the mean velocity, as shown in 

Figure 5.1 at X = 0, i.e., throat or minimum cross-sectional area. However, a diverging section 

follows just after the throat, which is responsible for the adverse pressure gradient, and as a result 

of jet formation and the adverse pressure gradient, a flow-separation region exists downstream of 

the stenosis. Figures 5.2 and 5.3 show flow separation at 1 and 2.5 diameters distal to the 

stenosis, respectively, and these are in good agreement with the experimental values. 

Experimental data suggests that the flow continues to be separated from the wall even at X = 4, 

5, as shown in Figures 5.4 and 5.5, respectively, and finally reattaches to the wall at X = 6, as 

shown in Figure 5.6.  

However, current simulations predict the flow reattachment at one diameter earlier than 

the experimental suggested value of X = 6, and hence it is not in agreement with the 

experimental data for the stated value of inlet-specified turbulence intensity. Furthermore, it is 

quite difficult to differentiate the effect of the turbulence intensity from the non-dimensional 
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velocity profile, since velocity profiles are overlapping each other, although the magnitude of the 

turbulence intensity varies. Therefore, further detailed analysis is required to gain more insight 

into the problem by exploring the effect of turbulence intensity. 

 
 

Figure 5.1. Non-dimensional velocity profile at axial location X = 0. 

 

 

 

Figure 5.2. Non-dimensional velocity profile at axial location X = 1. 
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Figure 5.3. Non-dimensional velocity profile at axial location X = 2.5. 

 

 

 

Figure 5.4. Non-dimensional velocity profile at axial location X = 4. 
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Figure 5.5. Non-dimensional velocity profile at axial location X = 5. 

 

 

 

Figure 5.6. Non-dimensional velocity profile at axial location X = 6. 
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5.3.2 Turbulence Intensity of Standard k  Turbulence Model 

Turbulence intensity is represented in the percentage on the ordinate and is plotted 

against the non-dimensional distance 
X

D
 along the centerline, as shown in Figure 5.7. It is clearly 

evident from the experimental data that the flow remains laminar upstream of the stenosis as well 

as a few diameters downstream of the stenosis until 5 6 X   for the Reynolds number 1000 

with 75% area reduction. However, the current numerical simulation predicts the peak value of 

turbulence intensity at the throat of the stenosis in the range of 35% to 45%, as compared to the 

nearly 4% experimental measured value, as shown in Figure 5.8 for the different values of 

turbulence intensity. Moreover, it also predicts higher values of turbulence intensity proximal to 

the stenosis, although in reality the upstream flow conditions are laminar. 

 

 

Figure 5.7. Variation of centerline axial velocity for standard  k  turbulence model under 

inlet-specified turbulence intensity.  

 

 

0

1

2

3

4

5

-5 0 5 10 15 20

V
x
/V

m

X/D

Experimental SKW-TI 0.1% SKW-TI 1%

SKW-TI 2% SKW-TI 5%



53 

 

Figure 5.8. Variation of turbulence intensity for standard  k  turbulence model under  

inlet-specified turbulence intensity. 

 

Thus, it can be concluded that the standard k   model fails to predict the correct 

physics of the current problem, since non-dimensional velocity profiles are not in good 

agreement downstream of the stenosis. The relative magnitude of the turbulence intensity is 

much higher upstream of the stenosis and indicates that flow is turbulent even in the laminar 

region of the flow field. 

5.4 Assessment of Transitional k  Turbulence Model 

 In this section, the transitional variant standard  k  model is used to test the efficacy of 

numerical simulations by comparing it against the experimentally measured values. 

5.4.1  Non-Dimensional Axial Velocity Profile of Transitional k  Turbulence Model 

Figures 5.9 through 5.14 represent the non-dimensional velocity profiles at the different 
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dimensional axial velocity profiles are in good agreement at X = 0, 1, and 2.5, which are shown 

in Figures 5.9, 5.10, and 5.11, respectively. In fact, the experimentally measured value for the 

non-dimensional velocity profile at X = 2.5 is in excellent agreement with the inlet turbulence 

intensity of 5% for the same location, as can be seen in Figure 5.11. However, at the axial 

locations X = 5 and 6, shown in Figures 5.13 and 5.14, a large difference between the different 

amounts of inlet turbulence intensity with the experimental data is observed. It is quite clear from 

these two figures that inlet turbulence intensities of 0.1% and 1% predict the flow to be separated 

at those locations. 

 The axial location X = 6 (Figure 5.14) is a point of interest. It was established from the 

experimental data that the flow reattaches somewhere in the area 5 6X  , but the inlet 

specified turbulence intensities of 0.1% and 1% suggest that the flow is not yet reattached. In 

fact, the turbulence intensity of 0.1% shows that the flow does not reattach until X = 14. The 

same results were reported by Verghese et al. [26] who found that flow does not reattach until 

X = 16, i.e., the outlet length in their simulation, and eventually ends up with negative wall shear 

stress at the outlet. However, in this current work, it was found that increasing the inlet 

turbulence intensity from 0.1% to 5% decreases the reattachment length. 

 Furthermore, it can be seen in Figures 5.9 to 5.14 that the velocity magnitude of the core 

flow decreases for a higher degree of turbulence intensity at the same axial location compared to 

lower turbulence intensity. In addition, it is firmly established that the transitional k   model 

is sensitive to the inlet turbulence intensity, a fact reported by Banks and Bressloff [30] in their 

numerical work. 
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Figure 5.9. Non-dimensional velocity profile at axial location X = 0. 

 

 

 

Figure 5.10. Non-dimensional velocity profile at axial location X = 1. 
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Figure 5.11. Non-dimensional velocity profile at axial location X = 2.5. 

 

 

 

Figure 5.12. Non-dimensional velocity profile at axial location X = 4. 
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Figure 5.13. Non-dimensional velocity profile at axial location X = 5. 

 

 

Figure 5.14. Non-dimensional velocity profile at axial location X = 6. 

 

  

Figure 5.15 shows the variation of the axial centerline velocity for the different amounts 

of inlet turbulence intensity in comparison with the experimental data. It appears from Figure 

5.15 that the turbulence intensity of 5% shows good agreement with the experimental data, while 
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a turbulence intensity of 0.1% is not at all in agreement. However, further investigation is 

required by means of observing the turbulence intensity.  

 
 

Figure 5.15. Variation of the centerline axial velocity for transitional  k  turbulence model 

under inlet-specified turbulence intensity. 

 

5.4.2  Turbulence Intensity of Transitional k  Turbulence Model 

Figure 5.16 shows the variation of the turbulence intensity along the centerline of the 

blood vessel. It was found that flow remains laminar for most of the flow field for a turbulence 

intensity of 0.1%. Experimental data suggest that the flow remains laminar proximal to the 

stenosis and a few diameters downstream of the stenosis. However, increasing the turbulence 

intensity alters this fact, since turbulence intensities of 0.1%, 1%, and 2% predict that the flow 

remains laminar proximal to the stenosis and in the throat of the stenosis by agreeing with the 

experimental data. In contradiction to the earlier findings in terms of non-dimensional velocity 

profiles where it appears that turbulence intensity of 5% provides a better agreement with the 

experimental data, here 5% turbulence intensity provides a very high value of turbulence at the 

throat of the stenosis, i.e., 24% vs. the 4% experimentally measured value. Therefore, a 
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turbulence intensity of 2% is more suitable for the current work, since a reasonable amount of 

turbulence is predicted by it.  

 

 

Figure 5.16. Variation of the turbulence intensity for transitional  k  turbulence model under 

inlet-specified turbulence intensity. 

 

It is interesting to make an analogy between Figures 5.15 and 5.16 because it is useful for 

predicting the location of transition to turbulence. For example, a drop in the axial centerline 

velocity for the 2% turbulence intensity is reported somewhere in the region 5 6 X  , as 

shown in Figure 5.15, and this is the same location where a corresponding jump in turbulence 

intensity is observed in Figure 5.16. Therefore, this is the location where the flow field 

undergoes a transition to turbulence and is verified in Figures 5.15 and 5.16. 

5.5 Validation Studies 

5.5.1 Grid Independence 

Once it was shown that the transitional variant of the k  turbulence model produces 
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independent study to check the validity of the current simulations to ensure whether or not any 

further improvement would be possible by considering a more dense grid in this process. For the 

grid independence study, it was strictly ensured that the independent flow parameters, such as 

equiangle skew  EASQ  and aspect ratio, were well within the established practice for the CFD 

simulations, as discussed in Chapter 3. 

The grid independence study was carried out on three different sets of grids: G1, G2, and 

G3. Of these, grid G1 was composed of a number of grid points concentrated near the wall rather 

than using the boundary layer, while grids G2 and G3 utilized boundary layer capabilities. Two 

parameters were considered of paramount importance for the grid validation: recirculation length 

and wall y  . The grid configuration is shown in Table 5.1. 

TABLE 5.1 

GRID CONFIGURATION FOR GRID INDEPENDENCE STUDY 

Grid Number of Cells  

G1 572,000 

G2 707,200 

G3 1,624,832 

 

Figure 5.17 shows the plot of the non-dimensional wall shear stress for grids G1, G2, and G3, 

which is non-dimensionalized by the upstream value of the wall shear stress. The wall shear 

stress value was almost identical for all three grids, with the maximum value occurring at the 

throat of the stenosis and a negative wall shear stress being observed up to a few diameters 

downstream of the stenosis. Reattachment length is defined as the length between the two points 

where the flow detaches from the wall as a result of the adverse pressure gradient to the point 

where the flow reattaches to the wall by changing the wall shear stress sign from negative to 

positive, i.e., favorable pressure gradient.  
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Figure 5.17. Non-dimensional wall shear stress value for grids G1, G2, and G3. 

 

Figure 5.18 shows the zoom-in region from Figure 5.17 where the flow reattaches for the 

recirculation length study. Table 5.2 shows the percentage difference between the reattachment 

lengths for grids G1, G2, and G3. Considering grid G3 as a baseline grid, the percent difference 

in recirculation length was measured. The difference between all three grids was minimal, but 

grids G2 and G3 were preferred for further simulations. The recirculation length study from 

Figure 5.18 clearly indicates that for grid G1, the flow reattaches at X = 6.05, while for grids G2 

and G3, the flow reattaches at X = 5.8 and 5.77, respectively, measured from the throat of the 

stenosis. Therefore, grids G2 and G3 are in excellent agreement with the experimental data, since 

the experimental data suggest that the flow reattaches somewhere in the region of 5 6X  , 

measured from the throat of the stenosis. 
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Figure 5.18. Zoom-in regions for grids G1, G2, and G3 for flow reattachment study. 

 

 

TABLE 5.2 

 

RECIRCULATION LENGTH FOR GRIDS G1, G2, AND G3 

 

Grid 
Recirculation 

Length 
%  difference 

G1 5.8525 4.47 

G2 5.6035 0.026 

G3 5.6020 0 

 

Figure 5.19 shows the variation of wall y   for grids G1, G2, and G3. As can be seen, 

grid G1 produces wall y   at nearly 1.6, while the other two grids, which utilize boundary-layer 

capabilities, produce this wall y   around 0.35 and 0.15, respectively. Since the ultimate goal 

was to achieve a wall y   less than 1, it is evident that grids G2 and G3 provide the most 
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between grids G2 and G3 is negligible and that grid G2 is favored for all subsequent calculations 

in order to save computational time. 

 

Figure 5.19. Wall y   comparisons for grid G1, G2 and G3. 
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instabilities do exist distal to the stenosis at a Reynolds number of 1000 corresponds to the 
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inlet boundary condition. Therefore, a time-dependent steady-state approach was used to 

overcome the convergence issue, considering the fact that the instabilities were time-dependent 

in nature. 

Here, a systematic study was carried out by considering a transient flow and steady-state 

flow option available in the finite volume solver FLUENT. As discussed in Chapter 4, the semi-

implicit method for pressure-linked equations-consistent (SIMPLEC) algorithm was used for the 

steady flow, while the pressure implicit with splitting of operators (PISO) algorithm was used for 

unsteady or time-dependent flow. For the sake of comparison, the simulations were carried out 

with the same boundary conditions by considering the steady-state and transient-state options 

available in FLUENT. A 20-second cycle was used for transient calculations, with a time-step 

size  t of 1e-3, which requires 20,000 iterations to complete. A detailed calculation is shown in 

the appendix. 

Figures 5.20 and 5.21 show the axial variation of the centerline velocity along the non- 

dimensional axial distance and the variation of turbulence intensity over the same for 2% 

turbulence intensity, respectively. The results of both approaches—transient approach by 

enforcing the time-step size and the steady-state approach—are identical to each other. Similar 

observations were found for turbulence intensities of 3% and 5%. However, they are not shown 

here. It is worthwhile to note that the time-dependent steady-state simulation is superior for 

turbulence intensities of 0.1% and 1%, since it provides better convergence than the steady-state 

simulation with the same boundary conditions, which does not have the feasibility of providing a 

time-step size. Therefore, comparison of turbulence intensities of 0.1% and 1% are not shown 

here, since the solution was unable to converge for these two cases under the steady-state 

simulations. From here forward, a time-dependent steady-state reference will be used for the 
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steady-state simulations when they are treated as transient or unsteady flow by providing the 

time-step size.  

 

Figure 5.20. Axial variation of centerline velocity for 75% area reduction at Re = 1000. 

 

 

 

Figure 5.21. Variation of turbulence intensity (I) along centerline velocity for 75% area reduction 

at Re = 1000. 
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It is worth noting that the time-dependent steady-state approach was quite time 

consuming and required substantial computational resources compared to the steady-state 

simulations. It is good practice to consider a time dependant flow if convergence issues arise. 

5.5.3 Effect of Time-Step Size 

Two different time-step sizes, i.e., 0.01 and 0.001t  , were provided for the numerical 

studies. Recirculation length was considered in order to examine the effect of time-step size on 

overall flow field. No differences were observed in the recirculation length by decreasing the 

time-step size from 0.01  to 0.001 , as shown in Figure 5.22. Furthermore, Figure 5.23 shows that 

the amounts of turbulence intensity predicted by both sizes of time steps are identical to each 

other. However, to be conservative, the current computational work used a time-step size of 

0.001, which came with increased computational cost. 

 

Figure 5.22. Comparison of wall shear stress using time-step sizes 0.01 and 0.001. 

 

 

X/D

W
S

S

-5 0 5 10 15 20

0

10

20

30

40

50

1E-2

1E-3



67 

 

Figure 5.23. Comparison of turbulence intensity along centerline of vessel at time-step sizes  

0.01 and 0.001. 

 

5.5.4 Effect of Flow Cycle on the Solution 

The effect of flow cycle on the solution was investigated using 20-second, 40-second, 

and 60-second time cycles. It was found that flow resembles the same behavior throughout the 

cycles, since no differences were observed for the recirculation study and the non-dimensional 

velocity profile study. Figure 5.24 shows a comparison of the wall shear stress distributions 

during T  20, 40, and 60 seconds per cycle. The maximum non-dimensional wall shear stress 

value reported at T  20 seconds was 40.30, while this value reported at T  40 and 60 seconds 

was 40.10. Therefore, the difference in wall shear stress at T  20, 40, and 60 seconds was 

negligible. Figure 5.25 shows the zoom-in region for the maximum wall shear stress for T  20, 

40, and 60 seconds near the throat of the stenosis.  

Furthermore, Figures 5.26 and 5.27 show the comparisons of selected axial locations 

corresponding to T  20, 40, and 60 seconds, and they all indicate excellent agreement. 
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Therefore, the 20-second time period was used for further analysis in order to reduce 

computational efforts. From here forward, only the recirculation length study was used to 

evaluate the effect of the other parameters. 

 

Figure 5.24. Distribution of wall shear stress corresponding to 20-second, 40-second, and 60-

second time cycles. 

 

 

Figure 5.25 Maximum wall shear stress distributions near throat of stenosis corresponding to 

20-second, 40-second, and 60-second time cycles. 
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Figure 5.26. Axial velocity profiles at X = 0. 

 

 

Figure 5.27. Axial velocity profiles at X = 2.5. 
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24D outlet. It can be seen clearly from the data that extending the upstream length from 4D to 

8D decreases the recirculation length significantly. The shortest recirculation length was 

observed for the combination of the 8D inlet length and 20D outlet length, while the 4D inlet 

length and 24D outlet length provided the maximum recirculation length, i.e., 5.7480. For all 

three cases under investigation, the flow separates just downstream of the stenosis at X = 0.1820 

and reattaches at X = 5.05, 5.3850, and 5.93, respectively. From experimental observation, the 

flow is expected to reattach somewhere in the region of  5 6X  ; therefore, all three cases are 

in good agreement with the experimental work. The effect of the entrance length is neglected 

since a fully developed Poiseuille solution was imposed at the inlet; therefore, a 4D inlet length 

in combination with a 20D outlet length was considered appropriate for the current study, which 

saved computational resources, compared to the other two cases where the inlet and outlet 

lengths were extended up to 4 diameters, respectively. 

 

TABLE 5.3 

 

EFFECT OF INLET AND OUTLET LENGTHS ON RECIRCULATION LENGTH 

 

Inlet Length  iL  Outlet length  oL  Recirculation Length  rL  

8D 20D 4.8680 

4D 20D 5.5650 

4D 24D 5.7480 

 

5.6 Contour Plots 

 Figures 5.28 and 5.29 show the contour plots for streamlines and turbulent kinetic energy 

under inlet-specified turbulence intensities of 0.1%, 1%, 2%, 3%, and 5% for the transitional 

k  model at Re = 1000. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 5.28. Contours of streamlines for transitional  k  turbulence model with turbulence     

intensities of (a) 0.1% , (b) 1%,  (c) 2%,  (d) 3% , and (e) 5% at Re = 1000  

for 75% area reduction. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

 

Figure 5.29. Contours of turbulence kinetic energy for transitional  k  turbulence model with     

turbulence intensities of (a) 0.1% , (b) 1%, (c) 2%, (d) 3%, and (e) 5% at Re = 1000  

for 75% area reduction. 
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CHAPTER 6 

PULSATILE-FLOW SIMULATIONS 

 

 

6.1 Introduction 

It is of paramount importance to simulate the pulsatile nature of blood flow. This chapter 

shows that efforts were made to investigate the effect of blood flow pulsatility and its effect on 

the flow dynamics in the vicinity of the stenosis. The same geometrical configuration was used 

for the pulsatile-flow study as for the steady-state analyses, with a variation in vessel diameter, 

which is considered 6 mm for pulsatile-flow simulations. All other flow parameters were 

considered the same as used in the steady-state simulations, except a pulsatile waveform was 

imposed at the inlet boundary condition. For the current simulation, a pulsatile sinusoidal 

waveform was provided and is represented by equation (6.1) and depicted in Figure 6.1. The 

velocity is plotted against the non-dimensional time  . 
t

T
A cycle of 0.4 second was used for the 

analysis, which is similar to that used by Dietiker and Hoffmann [29].  

   0.25 1 sin 2
t

U t
T


  

    
  

 (6.1) 

The waveform in Figure 6.1 can be divided into four different phases: early systole, peak 

systole, mid-deceleration, and end-deceleration. Early systole corresponds to 
t

T
= 0 in Figure 6.1. 

Then it undergoes the acceleration phase and attains peak velocity at 
t

T
= 0.25. Hence, it is 

referred to as peak systole. Flow enters the deceleration phase, a representation of the diastolic 

flow condition in the circulatory system, and is depicted by 
t

T
= 0.50 and 0.75, which correspond 

to the mid-deceleration and end-deceleration phases, respectively. The maximum Reynolds 
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number of 800 corresponds to the peak systole phase, and the minimum Reynolds number of 200 

corresponds to the end-deceleration phase, with the Womersley parameter being 6.1. 

 

Figure 6.1. Inlet pulsatile waveform plotted against non-dimensional time 
t

T
. 

A non-dimensional Womersley parameter is a measure of the unsteadiness that arises due 

to the pulsatile or oscillatory nature of the blood flow, also referred to as an unsteady Reynolds 

number, and is represented by  .  It corresponds to the ratio of the viscous forces to the inertial 

forces [12]:  

 
2

D 



  (6.2) 

If 1,    then viscous forces dominate over the inertial forces; hence, flow can be 

accurately represented by the Poiseuille flow for the pipe flow. If 1,    inertia dominates over 

the viscous forces; therefore, the driving pressure gradient lags 90  degrees behind the flow field, 

and the velocity profile is flat, in contrast to the parabolic flow where the pressure gradient is in 

phase with the centerline velocity [12]. The Womersley parameter is a strong function of the 
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vessel diameter, since the rest of the flow properties are constant relative to the circulatory 

system. 

In this chapter, the effect of the increasing constriction ratio on the overall flow and wall 

shear stress during systolic and diastolic flow cycles and the relevance of this from a clinical 

point of view will be discussed. In addition, a transitional variant of the  k  model is used 

with an inlet-specified turbulence intensity of 1%, and the possible transition of the turbulence 

depending on the local flow structure is discussed.  

6.2 Non-Dimensionalization 

For pulsatile-flow simulations, the centerline velocity is not constant with the maximum 

during peak systole pressure, i.e., from highest of 0.50 1  ms to lowest of 0 1ms  which 

corresponds to the end-deceleration phase. Therefore, the average velocity of one pulse cycle, 

i.e., 0.25 1ms  was used for the non-dimensionalization. The fluctuations of velocity magnitudes 

during the course of a cycle result in the oscillating value of the upstream value of wall shear 

stress corresponding to a different time interval, and therefore, the wall shear stress is not non-

dimensionalized in this chapter and expressed by pascal.  

6.3 Axial Velocity Profile 

Figures 6.2 through 6.7 represent the comparison of non-dimensional axial velocity 

profile against the non-dimensional radial location at different axial locations, measured from the 

throat of the stenosis over the time period T for the 75% area reduction case. Figure 6.2 shows 

the variation of the velocity profile at one diameter upstream of the stenosis over a course of a 

non-dimensional time period. A nearly flat velocity profile is observed upstream of the stenosis 

during early systole and continues to accelerate through peak systole, since it behaves similar to 

a fully developed Poiseuille flow during peak systole where the velocity corresponds to the 
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centerline velocity, which approaches nearly 1.9
avgU . The magnitude of the centerline velocity 

started to decrease as the flow began decelerating. With further decrease in the centerline 

velocity, the adverse pressure gradient was sufficient to cause the flow separation upstream of 

the stenosis during the end-deceleration phase. 

 

Figure 6.2. Non-dimensional velocity profiles at axial location X = -1. 

  

 When the flow passes through the stenosis, a jet is formed as a result of the area reduction 

during early systole and continues to gain momentum as it advances towards peak systole, since 

the velocity exceeds the average velocity of 4.5 avgU . From here onward, flow starts to 

experience the deceleration and centerline velocity, thus losing momentum. During the end-

deceleration phase, flow continued to decelerate further, and a condition was reached whereby 

there was no inlet flow. This led to a small recirculation region at the throat of the stenosis itself 

and resulted in detachment of the shear layer from the throat of the stenosis, corresponding to 
t

T

= 0.75, as shown in Figure 6.3. 
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Figure 6.3. Non-dimensional velocity profiles at axial location X = 0. 

 

 

 

 

Figure 6.4. Non-dimensional velocity profiles at axial location X = 1. 
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Figure 6.5. Non-dimensional velocity profiles at axial location X = 2. 

 

 

 

 
 

Figure 6.6. Non-dimensional velocity profiles at axial location X = 4. 
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Figure 6.7 Non-dimensional velocity profiles at axial location X = 6. 

 

 

It is clear from Figures 6.2 to 6.6 that the shear layer continues to travel further 

downstream over a course of inlet-specified pulse cycles. The trailing shear layer travels up to 3 
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identical to each other, a relatively higher centerline velocity magnitude is observed during the 

mid-deceleration, compared to early systole where, in fact, the flow is accelerating. This is due to 

the fact that the former is followed by peak systole while the later is followed by the end of the 

deceleration phase. Similar trends were observed for the 60% and 90% area reductions. 

However, they are not shown here.  

6.4 Centerline Velocity Comparisons 

Figures 6.8 to 6.11 show variations of the axial centerline velocity for 60%, 75%, and 

90% area reduction, at non-dimensional time levels 0, 0.25, 0.50, and 0.75, which correspond to 

early systole, peak systole, and mid-deceleration phase, and end-deceleration phase, respectively. 

Figure 6.8 shows the variation of the axial centerline velocity during early systole. It is 

evident from Figure 6.8 that when flow encounters the throat or minimum cross-sectional area, a 

substantial increase in the centerline velocity is reported near the throat of the stenosis, with the 

smallest increase for the 60% area reduction where the centerline velocity increases up to 

1.78Uavg, and the largest increase reported for the 90% area reduction, i.e., 5.73Uavg. Therefore, 

increasing the severity of stenosis from 60% to 90% is accompanied by an increase in the 

centerline axial velocity, up to a factor of 3.64. 

However, as expected, the maximum increase in the peak of the centerline velocity is 

reported during peak systole near the throat of the stenosis, with the largest value for the 90% 

area reduction to the smallest value for the 60% area reduction, as shown in Figure 6.9. Again, 

velocity increases up to a factor of 3.57, with increasing severity of the constriction from 60% to 

90%. However, the effect of the jet tends to last longer for all three cases during peak systole 

compared to early systole, since the effect of the jet diminishes within the few diameters of the 

stenosis during early systole. 
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Figure 6.8. Variations of axial centerline velocity for 60%, 75%, and 90% area reductions 

corresponding to 
t

T
 0.0. 

 

 

 

Figure 6.9. Variations of axial centerline velocity for 60%, 75%, and 90% area reductions 

corresponding to 
t

T
 0.25.
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Figure 6.10. Variations of axial centerline velocity for 60%, 75%, and 90% area reductions 

corresponding to 
t

T
 0.50. 

 

 

 

Figure 6.11 Variations of axial centerline velocity for 60%, 75%, and 90% area reductions 

corresponding to 
t

T
 0.75. 
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Similar observations were found for the mid-deceleration and end-deceleration phases. 

Furthermore, increasing the severity of the stenosis from 60% to 90% was accompanied by an 

approximately 3.5 times higher centerline velocity near the throat of the stenosis for the 90% 

area reduction. However, an exception to this was the end-deceleration phase where the higher 

velocity near the throat of the stenosis was observed for the 60% area reduction compared to the 

90% area reduction. 

In addition, the effect of the jet was sustained longer with the increasing degree of 

constriction. For example, the effect of the shear layer during peak systole ceases at 

approximately 6 diameters for the 60% reduction case, 8 diameters for the 75% reduction case, 

and 16 diameter for the 90% area reduction case, measured from the throat of the stenosis where 

the centerline velocity recovers from the effect of the jet and reaches the upstream value of the 

stenosis.  

6.5 Wall Shear Stress Comparisons 

Figures 6.12 to 6.15 show comparisons of wall shear stress for 60%, 75%, and 90% area 

reductions at non-dimensional time levels 0, 0.25, 0.50, and 0.75, respectively. It is clear from 

Figure 6.12 that during early systole, only 90% area reduction exceeds the critically reported 

value, i.e. 400
2

 
dyne

cm
, that causes damage to the endothelium cell layer [13]. However, this 

scenario changes considerably during peak systole, where the magnitude of the wall shear stress 

is much higher for the 75% and 90% area reductions as the velocity reaches peak values. 

Elevated values of the wall shear stress were found for both cases corresponding to the non-

dimensional time of 0.25. Both configurations exceeded the critical value of 400
2

 
dyne

cm
.  
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Figure 6.12. Comparisons of wall shear stress at non-dimensional time 
t

T
 0.0. 

 

 

 

 

Figure 6.13. Comparisons of wall shear stress at non-dimensional time 
t

T
 0.25. 
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Figure 6.14. Comparisons of wall shear stress at non-dimensional time 
t

T
 0.50. 

 

 

 

Figure 6.15. Comparisons of wall shear stress at non-dimensional time 
t

T
 0.75. 
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Figure 6.14 shows the variation of wall shear stress at the non-dimensional time 0.50, 

which exhibits a similar behavior as that shown in Figure 6.12, since the magnitude of the inlet 

centerline velocity is identical for both time levels. However, a slight variation in the maximum 

value of wall shear stress near the throat of the stenosis is observed for both cases when they are 

compared to each other. An increased value of wall shear stress is reported for the non-

dimensional time level 0.50, compared to early systole, i.e., non-dimensional time level 0. 

Although the difference is minor, it is still noticeable. This is because early systole is followed 

by the end-deceleration phase, while the mid-deceleration phase is followed by peak systole; 

therefore, the higher velocity is observed during the mid-deceleration phase.  In addition, a large 

difference is noticed between Figures 6.12 and 6.14 in terms of the reattachment point.  The 

flow-separation region occupies the entire area downstream of the stenosis, since it fails to 

reattach during the mid-deceleration phase, as shown in Figure 6.14, while reattachment of the 

flow is established within the few diameters downstream of the stenosis during 60%, 75%, and 

90% area reductions for the inlet-specified turbulence intensity of 1% during early systole phase. 

However, the location of the reattachment point is dependent upon the degree of severity. This is 

due to the fact that the flow experiences acceleration during early systole as it advances towards 

peak systole, while it follows deceleration during the mid-deceleration phase as it advances to 

reach the minimum inlet-flow conditions. 

For the non-dimensional time 0.75, a negative wall shear stress was observed for all three 

cases under investigation; these are shown in Figure 6.15. By increasing the severity of the 

stenosis from 60% to 90%, the separation point moves further upstream, while the reattachment 

point moves further downstream of the stenosis, regardless of time level. As expected, the 

maximum value of the wall shear stress was observed near the throat of the stenosis in all cases.   
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It would be more interesting to correlate the magnitude of the wall shear stress from a 

clinical point of view. Malik et al. [44] reported that the normal artery is exposed to a range of 

wall shear stress from 10–70 
2

dyne

cm
. Arterial sites subjected to wall shear stress of  4 

2

dyne

cm
 are 

more prone to atherosclerosis, while wall shear stress ranges of 
2

100 
dyne

cm
  are more inclined to 

cause high shear thrombosis.  

Figure 6.16 shows the variation of wall shear stress for the 75% area reduction. A 

permanent flow separation region was found to exist up to 3 diameters downstream of the 

stenosis, regardless of the time period. This region is vulnerable to atherosclerosis as a result of 

the low value of wall shear stress and increased residence particle time, while elevated values of 

wall shear stress are found near the throat of the stenosis. Figure 6.17 shows the variation of wall 

shear stress near the throat of the stenosis over a time period T  for the 90% area reduction.  

 

 
 

Figure 6.16. Variation of wall shear stress during different time levels for 75% area reduction. 
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It is clear from Figure 6.17 that the artery is subjected to the oscillatory wall shear stress under 

pulsatile flow conditions. 

 

 

Figure 6.17. Variation of wall shear stress over non-dimensional time  
t

T
near throat of stenosis 

for 90% area reduction. 
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Figure 6.18. Comparisons of variation of turbulence intensity along centerline of vessel for 60%, 

75%, and 90% area reductions corresponding to non-dimensional time 
t

T
 0. 

 

 
 

Figure 6.19. Comparisons of variation of turbulence intensity along centerline of vessel for 60%, 

75%, and 90% area reductions corresponding to non-dimensional time 
t

T
 0.25. 
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Figure 6.20. Comparisons of variation of turbulence intensity along centerline of vessel for 60%, 

75%, and 90% area reductions corresponding to non-dimensional time 
t

T
 0.50. 

 

 
 

Figure 6.21. Comparisons of variation of turbulence intensity along centerline of vessel for 60%, 

75%, and 90% area reductions corresponding to non-dimensional time 
t

T
 0.75. 
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A moderate-to-very high turbulence intensity was noticed for the 90% area reduction case 

in the solution domain, with maximum turbulence intensity attained during the deceleration 

phase and minimum turbulence intensity noticed during peak systole. Higher turbulence intensity 

was reported during early systole, as compared to peak systole, which is shown in Figures 6.18 

and 6.19. The compelling reason behind this is that early systole is followed by the end-

deceleration phase, where a higher amount of turbulence intensity is observed, and the flow is 

recovering from disturbances caused during the previous flow cycle; therefore, higher turbulence 

intensity is observed during early systole. These phenomena strongly suggest that the 

instantaneous flow field is vigorously influenced by previous flow conditions. 

A very high amount of turbulence intensity was noticed for the deceleration phase, since 

the turbulence intensity crossed the 100% level approximately 23 diameters downstream of the 

stenosis and increased up to nearly 140% along the centerline of the tube approximately 24 

diameters downstream of the stenosis. Similarly, a large amount of the turbulence intensity was 

observed during the end of the deceleration phase, although the net inflow was zero. Therefore, it 

is believed that the turbulence intensity was mitigated during the acceleration phase and 

increased rapidly during the deceleration phase. 

In addition, Figures 6.18 to 6.21 suggest that the flow conditions proximal to the stenosis 

are laminar, since a lower turbulence intensity is noticed near the throat of the stenosis as well as 

upstream of the stenosis. However, flow obstruction in the form of the stenosis brings instability 

to the main flow field, and flow is expected to undergo transition to turbulence downstream of 

the obstruction. For the 90% stenosis severity, a possible transition to turbulence is noticed far 

downstream of the stenosis, a location identified by the sharp jump in axial turbulence intensity 

in Figures 6.18 to 6.21. For example, the location of transition to turbulence occurs during early 
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systole and is approximately 12 diameters downstream of the stenosis, while during the mid-

deceleration phase, it is located up to 23 diameters distally, measured from the throat of the 

stenosis. Therefore, the current numerical simulations are consistent with the findings of other 

researchers, since they reported that the stenosis brings instability to the main flow just 

downstream of the stenosis with streamwise velocity fluctuations; however, coherences of the jet 

are broken far downstream, with intense streamwise as well as cross fluctuations, a possible 

location for transition to the turbulence depending upon the local flow structure. For the 90% 

area reduction, a rapid increase in the turbulence intensity was noticed up to a few diameters 

distal to the stenosis, and this is the same location where a corresponding jump in the axial 

centerline velocity can be reported for the same flow phase and thus verified from Figures 6.8 to 

6.11 for the same degree of constriction. 

6.7 Convection of Turbulence 

Figures 6.22 through 6.24 show the variation of turbulence intensity in the radial 

direction during peak systole, mid-deceleration, and end-deceleration, respectively, 

corresponding to 0,6,12,16,18,24,26X  . It is quite clear that the flow remains laminar in the 

near-wall region, since the production of turbulence is zero at the wall and maximum near the 

core region of the vessel. 

It was revealed in the current study that flow remains laminar near the throat of the 

stenosis, since low-turbulence activities are noticed in the above-mentioned region. However, 

instabilities arose due to the obstruction, resulting in trailing-edge shear layer and flow 

separation, and a condition was reached where instabilities were sufficiently powerful to cause 

the transition to turbulence. The effect of turbulence was convected further downstream of the 

domain with increasing axial distance near the core of the vessel. Therefore, production of the 
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turbulence kinetic energy is maximum at 16 diameters downstream, measured from the throat of 

the stenosis, and thereafter affects turbulence decays with further increase in axial location.  

 

Figure 6.22. Convection of turbulence along axial location during peak systole. 

 

 

Figure 6.23. Convection of turbulence along axial location during mid-deceleration. 
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Figure 6.24. Convection of turbulence along axial location during end-deceleration. 

 

In the 90% area reduction case, a 26 diameter outlet length was provided instead of the 

20 diameters due to convergence issues. Figure 6.21 provides the justification for extending the 

outlet length for the 90% area reduction case, since it can be seen that turbulence intensity started 

increasing from 18 diameters, and the effect of turbulence is convected and reaches the greatest 

level at 23 diameters. Therefore, when a 20 diameter outlet length was used for the 90% area 

reduction, the solution was unable to converge, due to substantial turbulence activity at the 

outlet. However, increasing the outlet length from 20 to 26 diameters yielded a convergent 

solution, since the effects of turbulence started decaying after 24 diameters; therefore, it is 

believed that a 26 diameter outlet length can only justify convergence for the 90% area 

reduction. For the current work, if a convergence issue arises, it is suggested that turbulence 

parameters be checked at the outlet boundary to determine whether outlet length is sufficient 

long to converge the solution if an outflow boundary condition is used. 
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CHAPTER 7 

 

CONCLUSIONS  

 

 

7.1 Conclusions 

 In the current investigation, it was demonstrated that the standard  k  model over-

predicted the amount of turbulence in the solution domain, especially proximal to the stenosis, 

which is not the actual physics of the problem. While excellent agreement was found between 

the experimental results and the numerical study when an inlet turbulence intensity of 2% was 

specified for the transitional  k  model. However, the transitional variant of the  k  model 

also under-predicted the amount of turbulence in the post-stenotic region. It is believed that the 

transitional k   model shows great promise in dealing with the low Reynolds number internal 

wall-bounded flow involving turbulence or transition to turbulence by agreeing with the 

experimental data, except for the slight variation in the peak of turbulence intensity, and this is 

reported in the current study. To overcome this issue, a good choice appears to be the selection 

of LES or DNS as a numerical tool, since all possible scales of turbulence can be modeled using 

these higher turbulence models. Because RANS-based conventional two-equation turbulence 

models are based on the averaging of flow quantities, it is not possible to model all possible 

scales of the turbulence. 

 For pulsatile flow simulations, only the flow associated with a 90% area reduction 

undergoes transition to turbulent flow. It is evident from the results of the turbulence-intensity 

study that the flow remains laminar in the vicinity of the stenosis as well as in the throat of the 

stenosis. The same are true for case of steady flow simulations. However, obstruction of the main 

flow generated the shear layer, and an adverse pressure gradient which caused the flow to 

separate. While a stenosis caused an instability of the main flow that was convected further 
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downstream, a condition was reached whereby these instabilities of the main flow were sufficient 

to trigger the transition to turbulence further downstream from the stenosis. Therefore, the effect 

of turbulence spread through the domain as a result of the convection and reached its greatest 

level along the centerline of the vessel further downstream from the stenosis. A location was 

identified for the transition to turbulence. This location was dependent upon the degree of 

severity of stenosis and the flow phase. The production of turbulent kinetic energy at the wall 

was zero and varied normal to the wall with increasing radius as a result of the prescribed 

boundary condition and reached a maximum value near the core of the vessel. This supported the 

fact that flow laminarity is maintained near the wall. In addition, an elevated value of wall shear 

stress was reported for the 75% area reduction configuration during peak systole near the throat 

of the stenosis. This high value of shear stress could cause damage to the endothelium cell layer. 

On the other hand, the elevated value of wall shear stress for 90% area reduction were found to 

exist during early systole, peak systole, and mid-deceleration, with sufficient potential to damage 

endothelium cells. While a negative wall shear stress was found to exist just downstream of the 

stenosis as a result of adverse pressure gradient, and was more prone to cause atherosclerosis as a 

result of increased residence particle time. 
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APPENDIX  

TIME-DEPENDENT PROBLEM USING FLUENT 

 

 

This appendix serves as a guide for determination of parameters to execute time-

dependent flow simulation using the commercial finite volume package FLUENT. It shows how 

to set time-step size   ,t  number of time steps  N , and maximum iterations per time step. The 

following information is necessary in order to set up a time-dependent problem using FLUENT: 

a non-dimensional parameter that governs oscillating or pulsatile flow behavior, such as a 

Strouhal number  st for a flow past a circular cylinder or a Womersley number   for pulsatile 

blood flow. For blood flow simulations, the non-dimensional parameter governing the pulsatile 

nature of blood flow is the Womersley number   defined [12] as 

  
2

D 



  (A.1) 

where 

 

3

2

Womersley number

diameter of unoccluded vessel

angular frequncy of oscillation  
sec

density of blood

.sec
absolute viscosity of blood

D m

radians

kg

m

N

m













 
  

 

 
  

 

 
  

 

 

Since the dimensionless Womersley number   , which governs the periodic nature of blood 

flow is 7.5 [18] for the unsteady flow simulations, then from equation (A.1), 
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2 10500.0508
7.5

2 0.003675

f
  

 0.05 Hzf   (A.2) 

Now, the time period  T  is evaluated as 

1
T

f
  

 20 secT   (A.3) 

Therefore, to extract correct flow details, one cycle would be 20 seconds. Then, the time-step 

size computation is determined [42] as 

  
 cycle time

time step size
maximum iterations per time step

T
t   (A.4) 

Ideally, approximately 25 to 30 iterations are required in one shedding cycle to converge a 

solution for one time step. If 10 to 15 iterations per time step are provided and convergence has 

not been achieved within the given maximum iterations per time step, then the solution advances 

to the next time step, since it has reached the maximum iterations per time step. This will 

propagate an error, since convergence has not been achieved in the previous time step, and 

subsequently, the final solution will be far away from the real physics of the problem. Therefore, 

a good practice to follow is to provide a higher number of maximum iterations per time step. If 

convergence criteria are achieved within 25 to 30 iterations, then the solution will advance to the 

next time step. Providing a higher number of iterations per time step will reduce the convergence 

difficulties [42]: 

 
20

time step size
100

t   

  time step size 0.2t   (A.5) 
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This is the maximum value of the time-step size that needs to be provided. However, to be 

conservative, a time-step size of 0.002 is specified, since it was noticed that even for t  0.02, 

the solution converged in 10 to 12 iterations per time step. Thus, it is possible to proceed with an 

even smaller t , i.e., 0.002. 

 Therefore, the number of time steps  N  required to complete one cycle  T of 20 

seconds is [42] 

 
 
2

N t
T


  (A.6) 

where 

time of cycle 20 sec

 number of time steps required to complete a cycle

time step size

T

N

t

 



 

 

Now, the number of time steps required to complete one cycle of 20 seconds with time-step size 

0.002,t  is  

  3
2 10

20
2

N



  

 42 10N    (A.7) 

In summary, to set a time-dependent problem using FLUENT, the following parameters are 

required:  

 

 

 

3

4

Time Step Size 2 10  sec

Number of Time Steps 2 10

Maximum Iterations per Time Step 1000

t

N

  

 



 (A.8) 
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