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Abstract

The Large Eddy Simulation (LES) technique with the SmagsiyrLilly dynamic
subgrid model and two-equation Standard> Transitional turbulence model are
applied to investigate non-spiral and spiral blood flow tigio three dimensional
models of arterial stenosis and aneurysm. A spiral pattidsiood flow is thought to
have many beneficial effects on hemodynamics. Previous etatipnal studies on
spiral blood flow involve only steady spiral flow in a straigt¢nosed pipe without
considering an upstream curved section of the artery. Buiralgattern in the
blood flow may exist due to the presence of an upstream cuectis in the artery.
On the other hand, pressure is generally considered a ecbqstantity in studies on
pulsatile flow through either arterial stenosis or aneurysowever, blood pressure
is a waveform in a physiological flow.

Although cosine-type or smooth regular stenoses are ggn&aken in inves-
tigations of blood flow in a three-dimensional model of ddlestenosis, in reality,
stenoses are of irregular shape. Besides stenosis and/amewamother abnormal
condition of the artery is the presence of stenosis with gacadt aneurysm in the
same arterial segment, especially in the posterior citiculaA study on (steady or
pulsatile) flow through such arterial stenosis with an agljg@neurysm in the same
arterial segment is not available so far.

Therefore, taking above things into consideration, thgloinvestigations of
steady and unsteady pulsatile non-spiral and spiral blavdifi three-dimensional
models of stenosis and aneurysm are needed to give a souadstantling of the
transition-to-turbulence of blood flow due to stenosis amelaysm and to study the
the effects of spiral velocity on the transition-to-turbaite.

The LES technique has mostly been used to investigate senbfibw in engi-
neering fields other than bio-fluid mechanics. In the lasadecLES has seen its
excellent potential for studying the transition-to-tudnce of physiological flow in
bio-fluid mechanics. Though thew Transitional model is used in few instances,
mainly LES is applied in this study.

Firstly, investigations of steady non-spiral and spiraidal flow through three-
dimensional models of cosine-type regular stenosed tuth®utiand with upstream
curved segment of varying angles of curvature are perfobgesing thek-w Tran-
sitional model and LES. A fully developed Poiseuille vetggrofile for blood is
introduced at the inlets of the models. To introduce a spifect at the inlet, one-
sixth of the bulk velocity is taken as the tangential velpait the inlet along with
the axial velocity profile there.

Secondly, physiological pulsatile non-spiral and spirlold flow through a
three-dimensional model of a straight tube having cosype-tegular stenosis are



investigated by using mainly LES. A two-equatidau Transitional model is also
used in one non-spiral flow case. The first four harmonics effburier series of

pressure pulse are used to generate physiological velortyes at the inlet. Atthe

outlet, a pressure waveform is introduced. The effects afggdage of area reduc-
tion in the stenosis, length of the stenosis, amplitude ¢ggiion and Womersley
number are also examined.

Thirdly, transient pulsatile non-spiral and spiral blooowflthrough a three-
dimensional model of irregular stenosis are investigateadplying LES and com-
parison is drawn between non-spiral flow through a reguéarasis and that through
an irregular stenosis.

Lastly, pulsatile non-spiral and spiral blood flow througktheee-dimensional
model of irregular stenosis with an adjacent post-stenggular aneurysm in the
same arterial segment are studied by applying LES and-th@ransitional model.
The effects of variation in spiral velocity are also exandine

The results presented in this thesis are analysed withareig@athophysioloical
consequences. In steady flow through the straight stenobed éxcellent agree-
ment between LES results féte = 1000 and2000 and the corresponding exper-
imental results are found when the appropriate inlet peations are introduced.
In the models with an upstream curved segment, no signifeféatt of spiral flow
on any flow property is found for the investigated Reynoldsibars; spiral pattern
disappears before the stenosis —which may be due the rididses in the models
and/or a steady flow at the inlet. The effects of the curvedrepsh model can be
seen mainly in the maximum turbulent kinetic energy (TKBg thaximum pres-
sure drop and the maximum wall shear stress (WSS), whicleinuhved upstream
models generally increase significantly compared with tireesponding results in
the straight stenosed tube.

The maximum contributions of the SGS motion to the largéestetion in both
non-spiral and spiral flow through a regular stenosis, agirkar stenosis and an ir-
regular stenosis with an adjacent post-stenotic irregaurysm aré0%, 55% and
25%, respectively, for the highest Reynolds number investidiat each model. Al-
though the wall pressure and shear stress obtained frokxth€ransitional model
agree quite well with the corresponding LES results, thbulent results obtained
from the k-w Transitional model differ significantly from the corresplimg LES
results — this shows unsuitability of thew model for pulsatile flow simulation.
Large permanent recirculation regions are observed ritgat he stenosis throat in
both non-spiral and spiral flow, which in the model of a stem@sth an adjacent
post-stenotic aneurysm are stretched beyond the aneunydrtha length of the
recirculation regions increases with spiral velocity. Skiudy shows that, in both
steady and unsteady pulsatile flow through the straight tabéel having either a
stenosis (regular or irregular) or an irregular stenosth an adjacent post-stenotic
irregular aneurysm, the TKE rises significantly at sometioos and phases if a



spiral effect is introduced at the inlet of the model. Howetlee maximum value
of the TKE in a high spiral flow drops considerably comparethwtiat in a low
spiral flow. The maximum wall pressure drop and shear stressraround the
stenosis throat during all the phases of the pulsatile cyelhe model of a stenosis
only, the wall pressure rises in the immediate post-stemegion after its drop at
the stenosis throat. However, in the model of a stenosisavithdjacent aneurysm,
the wall pressure does not rise to regain its undisturbadevagfore the start of the
last quarter of the aneurysm. The effects of the spiral flowhenwall pressure and
WSS are visible only in the downstream region where they takdlatory pattern.
The break frequencies of energy spectra for velocity ansglgore fluctuations from
—5/3 power slope to-10/3 power slope and-7/3 power slope, respectively, are
observed in the downstream transition-to-turbulenceoregi both the non-spiral
and spiral flow. At some locations in the transition regidme t/elocity spectra
in the spiral flow has larger inertial subrange region that th non-spiral flow.
The effects of the spiral flow on the pressure spectra is mifsggnt. Also, the
maximum wall pressure drop, the maximum WSS and the maximiia in the
non-spiral flow through the irregular stenosis rise sigaiiity compared with the
corresponding results in the non-spiral flow through thell@gstenosis.

When the area reduction in the stenosis is increased, th@maxpressure
drop, the maximum WSS and the TKE rise sharply. As for thecésfef the length
of the stenosis, the maximum WSS falls significantly and tlagimum TKE rises
sharply due to the increase in the length of the stenosighleunaximum pressure
drop is almost unaffected by the increase in the stenosgtHenThe increase in
the amplitude of pulsation causes both the maximum presforeand the max-
imum WSS to increase significantly under the inlet peak flowditon. While
the increased amplitude of pulsation decrease the maxinif it is nonetheless
responsible for the sharp rise in the TKE found at some plect® transition-to-
turbulence region. The decrease in the Womersley numbeesahe maximum
TKE to increase dramatically; however, the maximum pressiwop and the max-
imum WSS decrease slightly under the inlet peak flow conaliéis a result of the
decrease in the Womersley number.

The author does believe that the present study makes a breagh in under-
standing the non-spiral and spiral transient blood flowsubh arteries having a
stenosis and a stenosis with an adjacent post-stenoticyameuThe findings of the
thesis would, therefore, help the interested groups suphtaslogists, medical sur-
geons and researchers greatly in gaining better insightling transient non-spiral
and spiral blood flow through models of arterial stenosisamelirysm.
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Chapter 1

Introduction

Arterial stenosis is an abnormal condition in arteries hgwiascular disease named
atherosclerosis, which alters the hemodynamics in thasgexkarteries. Atheroscle-
rosis, a progressive cardiovascular disease caused bycthenalated fatty mate-
rials like cholesterol and lipids beneath the intima (inlv@ing) of arterial wall, is
one of the main causes of heart disease and stroke (LusisAldudden increase
of connective tissue occurs with the accumulation of they fataterials and a thick-
ened area called plaque is developed in the arterial wa#.arterial wall reshapes
itself to accommodate the plaque, but the arterial crosBes®l area narrows even-
tually due to the increasingly complex pattern of the degedsplague, which can
potentially dangerously blocks blood flow in the circulgtsystem ( [1]) mostly in
aorta, coronary and carotid arteries. This local narrowaharterial cross sectional
area is known as arterial stenosis.

Severity of stenosis is determined by the percentage reduict diameter or
cross-sectional area of the stenosed vessel and the@mpeeésures is taken if
area reduction is greater th@a% as it is clinically important (Young [2];Ku [3]).
Reynolds number found in human artery ranges normally bertvweand 4000
(Ku [3]). Blood viscosity is not constant at all flow rates. oBd exhibits non-
Newtonian behaviour in the microcirculatory system, srbedinches and capillar-
ies. Blood behaves like a Newtonian fluid in most arteriesyéher (Ku [3]).

Cyclic motion of the heart pumping makes the blood flow thioageries in-
herently pulsatile. Blood flow in the circulatory system isstly pulsatile laminar.
But blood flow through severely stenosed vessel can leadrtodie transition to
turbulence in the post stenotic regime as a combined effdtiw pulsatility with
strong shear layers, flow separation, recirculation, aattaehment generated by
the stenotic flow. Accordingly, blood flow through arterigosis in critical ter-
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ritories, e.g. one of the major vessels carrying blood toliteen, can result in a
cerebral stroke as critical stenosis causes flow chokingnandrecoverable head
loss which in turn reduce flow rate (Young [2], Varghese ef4]). Higher veloc-
ities across the stenosis as the flow passes through thesmochit increasing rate
result in lower lateral pressure acting on the plaque ant biggar stresses at the
stenosis throat and low, oscillatory shear stress in thegiesotic area. The high
shear stresses contribute to platelet build-up and caugmbwosis (blood clotting)
by exposing the lipid plaque core to the blood flow, resultimgrguably plaque
fissure, rupture and total occlusion of the vessel. Nonustet atherothrombo-
sis is also clinically significant, especially in the extawal carotid arteries as a
source of stroke, as the accumulated thrombotic matergairismonly unstable and
a source of distal embolism (Ku and McCord [5], Wootton and [l Ku [3],
Nichols and O’'Rourke [7]). Low, oscillatory shear stressethe post stenosis area
have been considered as the major cause of progressiorenfbwtall thickening
and atherosclerotic disease (Ku [3], Wootton and Ku [6])e Phessure drop across
the plaque is increased if the velocity is increased by anyemse in systematic
pressure or further decrease in cross-sectional area oksel. Though the rup-
ture of the plaque has long been ascribed to the local highSkiglar Stress (WSS),
pressure drop may be the main mechanical trigger for plagpteire as the magni-
tude of WSS is extremely small compared to the overall logqdiinthe plaque (Li
et al. [8], Wootton and Ku [6]).

Stenosis in a coronary artery may induce heart attack asticts the blood
flow. Blood clot in the flow, caused either by the stenosidesi& damage or by
stagnant blood in the post-stenosis recirculation regiwayy choke the blood flow
in cerebral and coronary artery. Also, it may be transpddéie lung (Wootton and
Ku [6]). The sites of low wall shear stresses such as ceremalcoronary artery
are liable to accumulating lipids and hence developing ysags low wall shear
stress stimulates an atherogenic phenotype in the enddtbels or vessels lining,
Malek et al. [9]. Moreover, the pulsatility of the flow and tbscillating shear index
are increasingly being implicated in the plaque formatismas been shown in 4D
MRI (Magnetic Resonance Imaging) experiments, Frydryabpwt al. [10]. Ve-
locity/acceleration at/beyond the stenosis is also an rtlapbquantity as the quan-
tification of arterial stenosis by both duplex ultrasound goantitative flow MRI
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techniques relies on it to deduce the the degree of undgrstanosis (Frydrychow-
icz et al. [10]).

Another abnormality of artery is aneurysm, which is loaadiz blood-filled
balloon-like bulge in an artery due to weakness in the atterall. Aneurysm may
rupture if it grows large. Blood velocity, wall pressure andll shear stress can
induce progression and rupture of aneurysm. Internal pressan also influence
the burst of aneurysm, causing severe pathological disoeden death (Kumar
and Naidu [11]). Blood flow through aneurysm may become ttiamsto-turbulent
because of large recirculation zone inside the bulge.

In addition, the re-circulated blood inside aneurysm iredubigh shear stress,
which is potentially harmful to the blood cells and artemadll. Aneurysm may
also pose risks of blood clotting and rupture of artery whitdy result in sudden
death or severe disability (Lasheras [12]).

In addition to stenosis and aneurysm, one further comgehipnormal con-
dition of artery is stenosis with adjacent aneurysm in theesarterial segment.
Although severe stenoses with adjacent aneurysms arghiayegare more common
in the posterior circulation (In et al. [13]). Flow physicsldood flow through such
arterial stenosis with an adjacent aneurysm in the samgshigegment is unknown
thus far.

A striking feature of blood-flow is its spiral or helical path, which could be
due to twisting of the heart on its own axis and/or anatomyhef arterial tree
(curved section, bifurcation), Stonebridge and Brophy},[$4onebridge et al. [15].
Effects of spiral pattern of blood velocity is poorly undexed, although they can
be both beneficial and detrimental to artery. Spiral flow tigto stenoses gener-
ates lower laterally directed forces, arguably reduces wadl turbulence energy
caused by stenosis and induces rotational stability ($tochge and Brophy [14],
Stonebridge et al. [15; 16]), which are beneficial to cirtutgsystem. On the other
hand, oscillatory shear stress and strong circulationezhbyg the spiral flow in the
post-stenosis region are harmful to the artery (Paul anchaar{17]).

Thus comprehending the complicated flow features of norakpind spiral
blood flow through stenosis and stenosis with adjacent gspuis central to com-
prehending the possible causes that induce disease smgres




Chapter 2

Review of Previous Works

An overall review of previous studies pertaining to thissisehas been done in this
chapter. Extensive reviews of experimental and computatistudies on arterial
stenosis are made 2.1 and§ 2.2, respectively, which are followed by a brief
review of the works on arterial aneurysm§r2.3 and the previous studies related
to spiral blood flow in arterial stenosis are reviewed;if.4. The objectives and
outline of the thesis are presented at the end of this chapter

2.1 Experimental Works on Stenosis

Most of the experimental works on the steady and pulsatilaitant flow in model
arterial stenosis or constricted tube investigated theohef post stenotic turbulent
flow on the blood cells and inner wall of the blood vessels. &axperimental
researchers studied effects of the shear stress and tackute blood cells and
arterial wall in the post stenotic region, while others gddhe post-stenotic flow
physics along with the effects of the various shapes andeptages of the stenosis
on the flow downstream of the stenosis. There are also soneimental studies
of spiral blood flow through stenosis.

2.1.1 Post-stenotic Flow Characteristics

Young and Tsai [18; 19] studied flow characteristics of syemad unsteady flow
through axisymmetric and nhonsymmetric stenosis modelsfigrent sizes. They
found that the shape of the stenosis influences the flow deaistecs e.g., pres-
sure losses in the nhonsymmetric models are considerabhehidpan the losses
in the corresponding axisymmetric models. They also repgotthat, for the more
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severely constricted models, the critical Reynolds nunfidirennsteady or pulsatile
flow is lower than that for steady flow. Highly disturbed flowteafthe stenosis
was observed by Clark [20; 21] in his studies of both steady aursatile flow
through nozzle type stenosis. He also pointed out that tteehithe flow Reynolds
number, the greater the intensity of disturbances of vglo€assanova and Gid-
dens [22], on the other hand, focused on two aspects of thedtysics of post
stenotic flows: the characterisation of flow disorder overaagitional Reynolds
number ranging from318 to 2540 and a pulsatile flow frequency parameter 15
for mild and moderate degrees of sharp edged and smoothfigaoed occlusion;
and the relationship between steady and pulsatile flow tir@uch constrictions.
They reported that the more abrupt, sharp edged stenosesatea much greater
flow disturbance at a given Reynolds number than the smoothiyoured config-
uration. Furthermore, for steady flow the visualisatiordsta and measurements
indicate that, for the smoothly contoured stenosis, apprately 50% occulusion
is required to cause substantial disturbances at the R#&ynoimbers studied. For
the pulsatile flow, however, the disturbances are genevetad mild 25% stenosis
during the deceleration phase of a cycle. Itis evident froimgtudy, therefore, that
the transition-to-turbulence in the post-stenosis reg@trongly dependent on the
flow pulsatility. This result is similar to that of Young anddi [19] for pulsatile
flow.

Yongchareon and Young [23], motivated by the above mentistadies, in-
vestigated the development of turbulence for both steadypatsatile flow through
the models of arterial stenoses. The results of their rebeman be summarised as
follows: first, the critical Reynolds number for the devetognt of turbulence in
pulsatile flow through the stenosis depends on severalrfgdtecluding the shape
and size of the stenosis and the type of the inlet-flow wawefarhich is similar to
the findings reported by Young and Tsai [18; 19]; second,uHmience develops at
Reynolds numbers well below the critical value for an unalzted tube; third, the
critical Reynolds number reduces as the stenosis shapenesocmore abrupt and
the inlet flow frequency parameter increases; and, foulni aixial location (crit-
ical length), at which turbulence was first observed, is afion of both stenosis
shape and frequency parameter. Furthermore, the crigogth tends to decrease
as the frequency parameter increases, and the locatioe afdist intense turbulent
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fluctuations moves upstream if the Reynolds number inceebegond the critical
value.

Khalifa and Giddens [24; 25] studied the evolution of pdshstic flow distur-
bances of a sinusoidal type waveform using a laser Doppmnameter (LDA) for
the centreline velocity measurement of a Plexiglas (ParspidMA) tube. The pul-
satile frequency parameter and the peak Reynolds numbertygical of the dog
aorta and the nature post-stenotic flow disturbances weeemdimed by employing
ensemble averaging and Fourier transform techniques éd#grees of stenosis
ranging from zero to severe. They have identified three tgpésw disturbances:
(i) a coherent structure associated with the initiationaxfreflow cycle, present in
the mild stenosis; (ii) a periodic disturbance arising frira shear layer distal to
the constriction; and (iii) a non-stationary turbulencegmated after the stenosis.
A similar study, detecting the vortex shedding and coheseuattures under steady
and pulsatile flow condition, was done by D’Luna et al. [26F tbed a pulsed RF
directional Doppler system together with high resolutiemporal auto regression
spectral analysis for the study.

Additionally, flow disturbances in steady flow through axmsyetric stenoses of
rigid tube using laser Doppler anemometry and a flow visatibs technique was
investigated by Ahmed and Giddens [27; 28]. The degree absie ranged from
mild to severe and Reynolds numbers weré@f, 1000 and2000. They reported
that for the75% stenosis the flow field is transitional-to-turbulent whesn > 1000
and for the50% stenosis transition-to-turbulence takes place wRer= 2000 and
the maximum centreline velocity occurs at the centre of teaasis. They also
found that the length of the re-circulation zone or the eedtinent point reduces
as the Reynolds number increases. These findings are veitgrsionthat of Back
and Roschke [29], who found three distinct regimes of flovatteachment in the
post-stenosis region. In the first regime, at low Reynoldsibers re-attachment
is governed by the growth of the laminar shear layer and theteehment point
moves downstream with increasing flow rate. In the seconidnecas instabilities
develop in this shear layer, the re-attachment point mogek towards the steno-
sis. In the third regime, which (for a86% stenosis) exists above a flow Reynolds
number of approximately25, the shear layer is highly disturbed, the re-attachment
point is near the stenosis and very slowly moves downstredimimcreasing flow
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rate.

Ahmed and Giddens [30] also did a follow-up investigatiorthie above by
studying the post-stenotic flow characteristics underssirdal pulsatile inflow con-
ditions at a frequency parameter= 7.5 and mean Reynolds number&if0. They
concluded that a permanent region of post-stenotic flowraéipa does not ex-
ist even for the severest degree of stenosis, in contragsidts for steady flow.
Turbulence was found only fof5% stenosis model and was generated only dur-
ing a part of the cycle. By employing a two-component lasepjier velocimeter
(LDV), Ahmed [31] re-investigated the pulsatile flow thrdug smooth constriction
fourteen years after his work with Giddens [30]. His findifigisthe post-stenotic
turbulent flow physics are similar to those of Yongchareod #oung [23]. In a
different kind of study, Back et al. [32] investigated effe¢ mild atherosclerosis
on flow resistance in a coronary casting of man i.e., in amgula stenosis with a
48% area occlusion. They reported that, for a Reynolds numhesatgr thar200,
flow resistance and hence pressure drop of the casting of ideatherosclerosis
(irregular stenosis) become gradually larger than theesponding values from the
axisymmetric model of the casting.

2.1.2 Pathophysiological Implications

High pressure drop and abnormal wall shear stress arourstighesis may weaken
and even damage the internal arterial wall in the post-siehobulent region. For
example, the damage to the blood cell materials of a diseasay could be caused
by the presence of high wall shear stress in that artery. thwtdilly, the main di-
agnostic tool in the clinical practice for diagnosing thediavascular diseases is
the qualitative interpretation of cardiovascular sounals surmurs generated ap-
parently by turbulence in blood flow in the diseased arterfiis Tact motivated
many researchers to study sound generation, murmur chesicis, and transmis-
sion of energy of turbulence in diseased arteries for getigtter understanding of
hemodynamics in them.

Bruns [33] reported that the bulk of acoustic energy in musnsigenerated by
the nearly periodic fluctuations in the wake of downstreamyfappropriate obsta-
cle. He also maintained that a significant amount of locdlegmustic energy might
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be generated in the physiological range of blood velocit¥edlin [34] studied the
hydraulic noise of a bounded jet in a model with an intrafluating less friction.
Using spectral analyses he, however, proved that an irigigni amount of local
turbulent pressure fluctuations was converted into souFalsalculate the percent-
age of area reduction of a stenosis from the arterial soueated by turbulence,
Lees and Dewey [35] offered a non-invasive diagnostic nekifponoangiogra-
phy). They associated the local turbulence intensity wil pressure fluctuations,
the flow velocity and the arterial diameter, and these inddpet parameters pro-
vide enough information about the severity of stenosis.

As regards the effects of shear stress, Fry [36] found trehigh shear stress
produced by turbulence might be an important factor in capugindothelial cell
degeneration in a atherosclerotic vessel. He also memntiamgitical value of wall
shear stress 379+85 (SD) dynes/cra(or 37.948.5(SD) Pa) contribute to endothe-
lial cell damages in the artery. In addition, Sutera and Néetlr [37] showed that
high wall shear stresses generated due to turbulent floweaahtd deformation and
fragmentation of red blood cells. Additionally, Folts et[&8] and Stein et al. [39]
have pointed out that high wall shear stress could oversi@platelet thrombosis
which, in turn, expedite atherosclerosis. However, soraearchers like Friedman
et al. [40], Ku et al. [41] and Salam et al. [42], have repottet low shear stresses
at the throat of the stenosis may stimulate the intimal #makg, resulting in re-
modelling of the stenosis. The most intimal thickening, i& &hd Ku’s [43] view,
occurs where the average wall shear stress is lesslthdynes/cm (or 1 Pa).

2.1.3 Turbulence Energy Spectra

Spectral analysis of turbulent flow quantities could be usedrasp how the tur-
bulent fluctuations downstream of stenosis behave andpietiethe sounds asso-
ciated with pulsatile post-stenotic blood flows. Kim and €&wan [44] reported
turbulence spectra in the downstream of a stenosis using-lrhoanemometer
technique. As can be seen from their findings, the turbulespeetra are quite dif-
ferent from the sound spectra measured at the centre of tleefdon the same flow
rate and orifice diameter. According to Clark [45; 46], thery spectrum for
the velocity and pressure fluctuations follow th&é/3 power slope — this confirms
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the existence of a turbulent inertia subrange region, iedéent of the viscous ef-
fect. Non-dimensional power spectra of the maximum r.mall pressure showed
no Reynolds number dependence and were almost indeperfdertabe area ratio
and shape. The spectrum from a pulsatile flow test was veryasito the corre-

sponding spectrum from steady flow case.

Lu et al. [47] studied the intravascular pressure and vBldicictuations in pul-
monic arterial stenosis using a Laser Doppler Anemometgenry. Spectral anal-
ysis of the simultaneously measured pressure and veloaityueitions showed a
region of —5/3 power slope in the flow energy spectra which break intd) /3
power slope at a ‘break’ frequency approximatgly= 100 Hz. But, in a later
study, Lu et al. [48] reported the differences between peskuencies of the spectra
of pressure fluctuations and the characteristic frequerafi¢the spectra of veloc-
ity fluctuations vary with positions downstream from the zlez It is possible for
both spectra to have coincident characteristic frequsrandy in the region where
shear noise is so strong that it dominates the flow field owectimtributions of all
other noise sources. His other findings are: no universatspa for velocity exists
within sections between the nozzle and 9 diameters dovamtréhe spectra of
andv velocity fluctuations at the same point are different, iatling non-isotropic
turbulence.

Tobin and Chang [49] have investigated the scaling of wadlspure spectra
downstream of axisymmetric stenoses thoroughly in stealg flow. Their find-
ings can be summarised as follows: first, the position of maxn r.m.s. wall
pressure fluctuations is just upstream from the re-attanhpunt and at this posi-
tion, the centreline flow velocity, even though the jet haasrbeiverging, is roughly
equal to the flow velocity within the stenosis; second, taabirise the frequency
content of the spectra, they have defined a break or corrgudrey, f;, as the in-
tersection of the two lines drawn parallel to the two majoapsig portions of the
recorded spectra. For fully developed turbulent pipe flod Reynolds number be-
tween1000 and4000, they have evaluated a constant value for the Strouhal numbe
Sr = fz—’? =~ (.578, characterising the spectra taken at the position of maximu
r.m.s. Wja|| pressure. Het® is the tube diameter,; is the mean jet velocity. They
have given a formula for the degree of stenosis in terms sfdbnstant value as,
1— (%)2 =1-0578 (%)_1. Hered is the diameter of the orifice arid is the
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cross-sectional mean velocity in the unobstructed pah®grtery. Hence, the de-
gree of stenosis can be predicted under steady flow consglitiith a wall pressure
spectrum at the position of maximum root mean square wadisore and a knowl-
edge ofD andU; and third, they made a comparision of their wall pressuezsp
with the corresponding turbulent pipe flow spectrum used &gsland Dewey [35]
and found significant mismatch in the slope of the spectrabeyhe corner fre-
guency. Additionally, Giddens et al. [50] did not find any Buareak frequency
in their study of measurements of disordered blood flowsalist externally en-
forced, subtotal vascular stenoses in the descendingdba@artas of dogs during
open-chest surgery.

Jones and Fronek [51] analysed break frequencies downstéa constric-
tions in an axisymmetric geometry under steady inflow coowlé for the range of
Reynolds numbers fros00 to 1500 and found a relationshif¢ = Re®™(d/ D)%%
between the contraction ratid/ D), break frequency, and ;he Reynolds number
Re. The above relation can be expressedids= Re"™(d/D)~>™, with the help
of continuity equation[/ D? = wu;d*. This expression can now be compared with
the corresponding scaling of Lees and Dewey [35] and Tobth@mang [49]. It
is obvious from these studies that all three scalings are @lifferent. So further
studies are needed to have a better understanding of thelfilgsics and scaling of
spectra in the post-stenosis region.

2.2 Computational Investigations on Stenosis

Many computational fluid dynamics (CFD) researchers takatgnterest in getting
better understanding of the post-stenotic flow field as ikarcfrom the experimen-
tal literature review that accurate depiction of the flow gibyg of post-stenotic blood
flow help diagnose the arterial disease. With the state af@artputing facilities,
CFD plays an important role in getting accurate results asdalising the flow
field properly. Reviews of relevant computational studiassteady and pulsatile
flow through model arterial stenoses are presented belowinaa flow studies are
discussed first, which is followed by reviews of turbulentfistudies.
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Chapter 2 2.2 Computational Investigations on Stenosis

2.2.1 Laminar Flow

Lee and Fung [52] and Deshpande et al. [53] studied 2D steadinéar flow in ar-
terial stenoses in 70s. Lee and Fung [52] developed the roctieet in the model
artery by using Gaussian normal distribution curve and REgnumber range
they studied is very low, from zero &5. On the other hand, a cosine shape steno-
sis, which closely resembles the biological type stenags,formed by Deshpande
et al. [53] for their model stenosis. Their results show thatmaximum wall pres-
sure drop and vorticity occur near the centre of the stend3is severe stenosis,
Deshpande et al. [53] investigated the Reynolds numbererénogn zero to300.
Deshpande et al. [53] also reported extended regions of #oisculation and large
values of wall shear stresses along the proximal wall of thecses.

Pulsatile laminar flows through the model arterial stenesa® investigated by
Cheng et al. [54], Daly [55] and O’Brien and Ehrlich [56]. Cigeet al. [54] took
a channel with square shape of stenosis for their pulsatite sStudy. However, an
axisymmetric cosine shape stenosis was developed by Dajyafd O’'Brien and
Ehrlich [56]. A physiological pulsatile flow was used at tmdet in Daly’s [55]
study. On the other hand, a simple sinusoidal pulsatile flas taken at the inlet
by Cheng et al. [54] and O’Brien and Ehrlich [56]. Cheng e{%4] and Daly [55]
showed that the maximum pressure gradient and the shess di@ps occur at the
centre of the stenosis. However, O’'Brien and Ehrlich [S5@Jorted that at each
time-step the peak wall vorticity is found just prior to theersosis throat and is
proportional to the wall shear stress.

Much later on, by employing physiologically realistic pati$e inlet conditions
Cavalcanti [57] investigated hemodynamics of an artenhaedarly stages of the
atherosclerosis or stenotic process with pigtarea reduction stenosis. He found
that the flow velocity and the wall shear stress increasedrptst-stenotic regime
even for this very mild stenosis. Zendehbudi and Moayelli feé&e made a compar-
ative study of physiological and simple pulsatile laminaw$ through axisymmet-
ric stenosed arteries and reported that for thorough utadetisg of pulsatile flow
behaviour in stenosed arteries, the actual physiologioal §hould be simulated.
Recently, a simulation of laminar physiological pulsakileod flow in a model ax-
isymmetric stenosis was carried out by Marques et al. [S8fyThave shown that
the effect of pulsatile flow is more significant near vessel,weithin the Stokes
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layer. In this region, flow direction is changed due to a reakof pressure gradient
which is again due to the effect of viscous forces near thé wéh the changes in
velocity being slightly delayed compared to the pressuaglignt.

All the articles discussed above are on stenosis of reghgres However there
are few studies on irregular stenosis, though limited to-tivoensional study only.
Following Back et al. [32], Johnston and Kilpatrick [60] aAddersson et al. [61]
have studied steady flow through an irregular stenosis 4&th area occlusion for
Reynolds numbers ranging from) to 1000. They found that the pressure drop
across a stenosed artery is practically unaffected by siifaegularities at low
Reynolds numbers, while an excess pressure drop LigZ@bove that for a smooth
stenosis is observed at highe. Pulsatile flow through stenoses was investigated
by Yakhot et al. [62]. They observed that surface irregtiEsimay affect the dy-
namics of the near-wall vortices that might be importanefstimating the near-wall
residence time of blood cells. Furthermore, Chakravartl.d63] and Sarifuddin
et al. [64] have studied the effects of surface irregukesion unsteady pulsatile flow
through distensible irregular arterial stenoses. Thegltmonstrated that the ex-
cess pressure drop across the cosine and smooth stenosither waused by its
smoothness nor by its higher degree of symmetry relativedgartegular stenosis
but is rather an effect of area cover compared with the ifee@ienosis.

Some relevant three-dimensional studies of laminar flowugh stenoses are
discussed below. Melaaen [65] investigated the steady flosvdonstricted tubes
and ducts forRe = 200. Additionally, analysis of the steady flow pattern for a
stenosed coronary bypass for a Reynolds numb25s®ivas done by Bertolotti and
Deplano [66]. However, Stroud et al. [67] studied the infeef stenosis mor-
phology on pulsatile laminar flow through stenotic vesselsReynolds number
ranging from200 to 1200. Dvinsky and Ojha [68] investigated the sinusoidal pul-
satile laminar flow through an asymmetric stenosis. Funtioge, Long et al. [69]
studied physiologically realistic pulsatile laminar flolwough axisymmetric and
asymmetric arterial stenoses for a Reynolds numbao@f Their results show that
for severe stenoses, the stenosis influence length is siesymmetrical models
than in axisymmetrical cases. Long et al. [69] approxim#tedshape of the steno-
sis by two integrated Gaussian functions at each of the praixand distal ends
together with a straight segment in between, whereas Dyiaskl and Ojha [68]
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Chapter 2 2.2 Computational Investigations on Stenosis

developed a cosine shape asymmetric stenosis.

2.2.2 Turbulent Flow

As seen, computational studies reviewed above are lamioartfirough steno-
sis. However, experimental findings demonstrate that floaudh even moderately
stenosed arteries is transitional-to-turbulent for higty®blds number. Computa-
tional studies on the transition-to-turbulent flow throwgienoses available in the
literature are discussed below.

By employing the Reynolds-Average Navier-Stokes (RAN$)rapch, namely,
the k-w turbulence model, Ghalichi et al. [70], Varghese and FrhfikE], Lee
et al. [72; 73] and Li et al. [74] have studied axisymmetriotdimensional laminar
to turbulent flow in stenosis. But Scotti and Piomelli [75)yadound some limita-
tions in the use of RANS turbulent models in modelling pulsdliows where the in-
let velocity profile/pressure gradient oscillates withéinThey made a comparative
study of results from experiment, DNS and LES and four d&ifeRANS models
(one-equation Spalart-Allmaras [76},c andk-w? of Saffman and Wilcox [77], and
k-e-v? of Durbin [78]) in a channel flow driven by an oscillating psase gradient.
They observed that the RANS models give good agreementdaordlocity results,
but the predictions were unacceptable for the key turbusntlts such as Reynolds
shear stresses (important results from pathological 8speulent kinetic energy
and dissipation rate. Additionally, RANS models are inddpaf simulating in-
stantaneous pulsatile turbulent flows as the governingtemsaof motion are time-
averaged. Moreover, Ryval et al. [79] have investigategdhdimensional pulsatile
flow in stenosed tube by employing varioktsu models. They also concluded that
if the fine details of transitional activities are of intezghen more computationally
intensive large eddy or direct numerical simulations obtlence may be unavoid-
able.

Mallinger and Drikakis [80; 81] have studied instabilitiesthree-dimensional
pulsatile flow through stenosis. Their results demonstifzethe circumferential
wall shear stress (WSS) drops just after the centre of t@sig and then takes an
oscillating form and the maximum longitudinal WSS occust pefore the centre of
the stenosis. Three-dimensional instabilities and ttemmsto-turbulence of steady
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Chapter 2 2.2 Computational Investigations on Stenosis

and pulsatile flows through axisymmetric stenotic tube viadied by Sherwin and
Blackburn [82; 83]. They applied Direct Numerical SimutatiDNS) based on the
spectral method and took a simple sinusoidal pulse for pildsalet velocity for
the Reynolds number ranging frazi0 to 800 in their studies.

In addition, by employing DNS, Varghses et al. [4; 84] havelstd steady and
pulsatile flow in axisymmetric and eccentric stenoses. Timailings demonstrate
that, for pulsatile flow, transition-to-turbulence takdsqge even for a relatively low
mean Reynolds number 860. They observed highly oscillating wall shear stress
in the post stenotic region due to occurrence of transitteturbulence flow there.

However, DNS is a right approach only for small Reynolds namftow and
it may be computationally very expensive for the typicag@Reynolds numbers
found in circulatory system because in DNS all eddies (langemall scale) are
resolved fully. In contrast, LES is suitable equally for $haad large Reynolds
number flows and it requires less mesh and time as in LES oelyattge scale
eddies (turbulence energy-containing scales), are redatvspace and time while
the smaller scale, sub-grid scale (SGS) eddies are moddtigtis thesis, mostly
LES is applied due to its suitability for physiological flowsilation which is clear
from the following studies.

Varghese et al. [85] and Tan et al. [86] made a comparison & aftsteady flow
through stenosed pipe with other turbulence models. Thggesied that LES can
predict transitional stenotic flows more accurately thamemd. LES of transition
to turbulence of pulsatile flow in a constricted channel wagstigated by Mittal
et al. [87; 88]. Their study is the extension of the study oftyf(89] into three-
dimension. They used semi-circular constriction in thearppall of the channel,
which is not a good representation of biological stenosdifionally, Molla [90],
Paul et al. [91], Molla et al. [92] and Paul and Molla [93] alsave investigated
LES of various pulsatile flows through a three-dimensiore@mmel with cosine
type constriction on the upper wall. But channel is not aoaable representation
of artery. They have done spanwise average of flow variablesia processing,
and hence, accurate depiction of flow field of pulsatile flomtigh arterial stenosis
is not available from their studies. Recently, Gardhadeai.¢94; 95] have studied
wall shear stress (WSS) in steady and pulsating flow throtegtosic pipe, which
is a good representation of arterial stenosis, using LE8y Tlsed commercial soft-
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Chapter 2 2.3 Previous Works on Aneurysm

ware ANSYS Fluent.3 and introduced a suitable amount of perturbations at the

inlet to predict experimental data. Their results show ¢isatllatory WSS is present
from the end of the stenosis to the exit. Furthermore, vazgndy, Barber and Sim-
mons [96] have investigated LES of a femoral artery pulsdtw in a rigid stenotic

pipe. The inlet velocity profile they used varies only witlné and they have shown
only instantaneous vorticity and WSS at different phases ofcle. No result on

other important flow characteristics such as turbulent tjies and wall pressure
is available from the above studies on LES of pulsatile flomtlgh model arterial

stenosis (see Gardhagen et al. [95], Barber and Simmofiis [B&erefore, to get a

good insightinto the flow physics of transition-to-turbude of pulsatile blood flow

in arterial stenosis, further study is required.

2.3 Previous Works on Aneurysm

This thesis investigates flow in a stenosis with adjacentiy#sen in the same ar-
terial segment (see In et al. [13]). No study on flow in a stenwsth adjacent
aneurysm is available in the literature. So, a brief reviéexperimental and com-
putational studies of aneurysm is given below.

2.3.1 Experimental Works

Scherer [97] observed, in his study of steady flow in rigicsgleodels of axisym-
metrical spherical aneurysms, that the critical Reynold®loer isRe = 2900 for
the onset of turbulence inside the aneurysms and criticah®ds number must de-
pend on a dimension of the aneurysm itself since otherwiseuid be possible to
have identical flow conditions and identical Reynolds nuralogstream and down-
stream from aneurysms of greatly different size and shapehich flow conditions
are not at all similar. Egelhoff et al. [98] have investighfysiological pulsatile
flow through asymmetric and axisymmetric aneurysms for g&ajknolds number
ranging from3308 to 5696 and Womersley numbetf.4 < a < 21.2. They have
also reported turbulent flow inside the aneurysm.

Recently, Salsac et al. [99] have carried out experimetudlson the wall shear
stress in physiological pulsatile flow through a cosine sdapodel aneurysm and

15



Chapter 2 2.3 Previous Works on Aneurysm

observed higher wall shear stresses in the systolic phagerilihe diastolic phase.
They also mentioned that the decrease in the average mdgrofuhe WSS be-
comes larger as the dilatation ratio increases and the nuohbe-circulation zones
increases as the length of aneurysm increases. Additoiizdiplano et al. [100]

reported that vortices within the balloon like abdominat@maneurysm (AAA) are

highly dependent on the flow waveforms and vortices impaatsmcrease the local
pressure on AAA walls and thus increase the wall shear stsess

2.3.2 Computational Works

In early 80s, Wille [101] did a numerical study of pulsatiéerinar flow in arterial
aneurysm using the finite element method (FEM). Perltold.di82; 103] later
studied the paths of the fluid particles in pulsatile flow thgh an axisymmetrical
balloon like aneurysm folRe = 100 using FEM and observed that a large re-
circulation zone occurs inside the aneurysm and the ceffittieiore-circulation
changes with the time phase. Additionally, Kumar and Naidi] found that time-
dependent re-circulation region in the concavity of thatibin are sensitive to the
degree of dilation of the vessel. Furthermore, Kumar [10%his numerical study
of three-dimensional pulsatile flow through two asymmesmeurysms using the
finite volume method, observed that high wall shear stremsgéfigh wall pressures
are seen at the distal end of the aneurysm during the syptadige and multiple re-
circulation zones during the diastolic phase during whinehrhagnitudes of the flow
velocities are markedly low can trigger thrombus formation

Some researchers have studied the relation between thedigearoics and
pathophysiological issues like rupture risk and thromlarsnation in aneurysm.
Utter and Rossmann [105], in their numerical study of angmryr\emodynamics,
have identified regions of extreme and alternating sheassts sites potential for
aneurysm rupture. Numerical simulations of the flow in thpaéent-specific in-
tracranial aneurysm models, carried out by Rayz et al. [li@@]cate that regions
of thrombus formation correspond to slow flow and low wallahstress regions.
Additionally, Chatziprodromou et al. [107], in their stud§y hemodynamics and
wall-remodelling of a growing cerebral aneurysm, have olethat fiber-related
remodelling caused by very low shear stress is pivotal ferfdtrmation of fully
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Chapter 2 2.4 Spiral Blood Flow in Stenosis

grown saccular aneurysm. Furthermore, Valencia et al.;[108] have reported
that the abnormal (high and low) wall shear stresses arethjir@ssociated with the
growth and rupture of the aneurysm.

All the numerical studies on aneurysm discussed above atected to lami-
nar flow. Using th&-w transitional variation of RANS model, Khanafer et al. [110]
have done a numerical investigation of the turbulent pikstidw in an axisymmet-
ric aortic aneurysm. Their results show that peak wall steesl peak deformation
occur shortly after systolic peak flow velocity. Moreoverph [90] investigated
physiological pulsatile flow through an asymmetric anenrys a channel using
LES. He concluded that pressure drop occurs just at the etiteaineurysm and
large re-circulation region is seen inside the aneurysm.

2.4 Spiral Blood Flow in Stenosis

An interesting feature of blood-flow is its spiral or helicdlaracteristic. Blood-
flow may exhibit spiral pattern as a normal physiologicalgaess i.e., because of
the twisting of the heart on its own axis and/or because o&tiaomy of the arte-
rial tree such as the presence of bifurcation, tapered eedusection in an artery
(see Stonebridge [14], Stonebridge et al. [15]). Therelg Mtle work available on
spiral blood-flow through stenosis. Stonebridge et al. [Aédstigated steady spiral
flow in moderately stenosedd.75% area reduction) conduit using MRI and CFD
software STAR-CD. They reported that spiral flow throgh cross-sectional area
stenosed conduit produce®% less near-wall turbulence. This result is ambiguous
as the internal diameters of the non-stenosed and stenestalsof the conduit in
their study ar&8 mm and6 mm, respectively, which is equivalent48.75% cross-
sectional area reduction. They mentioned that near-wddlutant kinetic energy in
spiral and non-spiral flow ar@025 m?/s> and0.16 m?/s?, respectively — this does
not represent00% less TKE in spiral flow rather approximatety% less. Addi-
tionally, they characterised the turbulence kinetic epdrgReynolds stresses and
did not specify the near-wall, i.e. the location of the neail. On the other hand,
Paul and Larman [17] studied steady spiral blood flow throagigid stenosed
pipe with75% area reduction stenosis for Reynold num#@r and1000 usingk-w
model and showed most of the results including the turbem@tic energy along
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the centreline. They found spiral flow generates less tertilinetic energy (TKE)
than non-spiral flow forke = 500 and no difference between the spiral flow TKE
and non-spiral flow TKE foRe = 1000. But maximum turbulence intensities occur
in the shear layer rather than along the centreline (Destgand Giddens [111]).
Moreover, their other results (centreline total pressuackwall shear stresses) show
that differences between spiral and non-spiral flow exissthgdor Re = 500, not
for Re = 1000. Hence, further thorough studies are required for gettirgear
understanding of hemodynamics associated with spiral tioaugh stenosis.

2.5 Objectives of the Project

The LES technique has mostly been applied to turbulent flowettiog in engi-
neering fields other than bio-fluid mechanics. It is only relyethat LES has seen
its excellent potential for studying the transition-takulence of physiological flow
in bio-fluid mechanics. The originality in this thesis is gtady of the transition-to-
turbulence of steady and unsteady physiological pulsspileal blood flow through
three-dimensional models of a cosine-type arterial sisnphysiological pulsatile
non-spiral and spiral blood flow through three-dimensionabels of an irregular
stenosis and an irregular stenosis with an adjacent pesbist irregular aneurysm
in the same arterial segment by applying mainly LES.

All the articles on spiral blood flow cited if1 2.4 are on steady spiral flow in a
straight stenosed pipe without considering upstream cuseetion of the artery. It
would be of great interest to study steady spiral flow in sted@ipe with upstream
curved section as spiral pattern may come from upstreanedws®gment.

Pressure was considered a constant quantity in the studigaileatile flow
through either arterial stenosis or aneurysm revieweda@b@dhereas, blood pres-
sure is a waveform in a physiological flow (see McDonald [114jchols and
O’Rourke [7] and Lam etal. [113]). So, LES of pulsatile nqguiral and spiral
blood flow in a three-dimensional model of a cosine-typerattstenosis using a
pressure waveform at the outlet would help gain better lrisigo the transition-to-
turbulence of the pulsatile flow and the effects of the spiedbcity on the pulsatile
flow through a stenosis.

Although stenoses taken in most studies are cosine-typaaoth stenoses, but

18



Chapter 2 2.5 Objectives of the Project

in reality, they are of irregular shape (See Back et al. [32here are some studies
on flow in irregular stenosis, limited to two-dimensionahiaar, however, as dis-
cussed in the penultimate paragraply @2.1. Hence using the LES for modelling
the physiological pulsatile non-spiral and spiral bloodvfio a three-dimensional
model of an irregular arterial stenosis with an outlet puessvaveform would pro-
vide more accurate understanding of the hemodynamics ithenasclerotic artery.

Besides stenosis and aneurysm, another abnormal conditiartery is the
presence of stenosis with an adjacent aneurysm in the sdaer@bsegment. Al-
though this condition is rare, but more common in the postairculation (see In
et al. [13]). Study on (steady or pulsatile) flow through saofarterial stenosis with
an adjacent aneurysm in the same arterial segment is ntdlalesso far. Therefore,
it would be of paramount importance to study pulsatile npmas and spiral blood
flow in such a model with an outlet pressure waveform using.LES

So, in the light of above potential for studies we set out ihesaf the project,
which are given below in bullet points, and the outlines @f tinesis is presented in
the next section sketching how these aims are achieved.

e To investigate the transition-to-turbulence phenomenatefdy non-spiral
and spiral blood flow through three-dimensional models oddisymmetric
cosine-type arterial stenosis with and without an upstreamed section of
varying angles of curvature.

e To investigate the transition-to-turbulence of physiadadly realistic pul-
satile non-spiral and spiral blood flow in the model artestginosis without
upstream curved section i.e., straight tube having an exisgtric cosine-
type constriction with a physiologically realistic presswaveform at the
outlet. And to investigate how the important results areugrilced by differ-
ent percentages and lengths of the stenosis. Also to stedgftécts of the
Womersley numbeky, and the amplitude of pulsation in the inflow velocity
on the flow results.

e To investigate the physiological pulsatile non-spiral apiral blood flow
through a model of an irregular arterial stenosis with atebpressure wave-
form.
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¢ Finally, to investigate how the physiological pulsatilenagpiral and spiral
blood flow affect the flow transition in a model of an irregudaterial stenosis
with an adjacent post-stenotic irregular aneurysm havprgasure waveform
at the outlet. And to study how the results are influenced byvtriation in
the spiral velocity.

The walls of the arterial models were considered rigid intladl simulations
in this thesis. As development of atherosclerosis in aseleads to considerable
reduction in the elastic property of the arterial wall, tresamption of rigid wall
may not affect the simulation results in a big way (Zendelhbnd Moayeri [58]).
Futhermore, many researchers take the view that the primfegt of wall de-
formability is on the shape of pressure and flow waveformserdtore, when the
physiological waveform is simulated, the wall can be asshinged (Nerem [114]).

2.6 Thesis Outline

In Chapter 3, the governing equations for incompressible fiwo-equation turbu-
lence models, namely-w standard transitionak-w-S ST transitional models and
Large Eddy Simulation (LES) technique are presented fagstigating transition-
to-turbulence of non-spiral and spiral blood flow in threexensional models of
axisymmetric cosine-type arterial stenosis, irregulteréal stenosis and an irregu-
lar arterial stenosis with an adjacent aneurysm by usingwertial Computational
Fluid Dynamics (CFD) software, Fluefit3.

In Chapter 4, steady non-spiral and spiral blood flows thindbgee-dimensional
models of axisymmetric cosine-type arterial stenosis @aittd without an upstream
curved section of varying angles of curvature are studiedgptying mainlyk-w
standard transitional model and LES technique. However;SST is applied to
straight stenosed tube and the axial velocity results argpaved with the available
experimental data and corresponding results fkamStandard Transitional model
and its performance is assessed. A steady parabolic protila aonstant multiple
(one-sixth) of the bulk velocity have been used at the indaha streamwise axial
velocity and tangential velocity (for introducing a spiedfect at the inlet of the
models), respectively. Reynolds numbers representatitreose present in human
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large artery are chosen in the study. In LES, only the largdesice., turbulence
energy scale flows are resolved fully, while the unresolvedlker (sub-grid) scales
SGS flows are modelled using the Germano-Lilly [115; 116]aiyic model. Spi-
ral effects coming from the presence of an upstream curvetibsen the arterial
stenosis and from the heart pumping on the downstream flosighgre examined.

In Chapter 5, physiological pulsatile non-spiral and dilaod flows in straight
tube having an axisymmetric cosine-type constriction Hait upstream curved
section) are investigated by using the LES technique wetGharmano-Lilly [115;
116] dynamic subgrid model aridw standard transitional model. The physiolog-
ical pulsation is generated at the inlet using the first faamtonics of the Fourier
series of pressure pulse and a pressure waveform is used atitlet. To intro-
duce spiral velocity at the inlet, along with physiologigallsatile axial velocity,
a constant multiple (one-sixth) of the bulk physiologicalgatile profile has been
used as tangential velocity at the inlet. A grid resolutiest is done and the effects
of different time-steps on the simulated results are algestigated. The effects
of different percentages and lengths of the stenosis orethdts of wall pressure,
wall shear stress (WSS) and turbulent kinetic energy aestiyated. In addition to
these, the effects of Womersley numheand amplitude of pulsation in the inflow
velocity on the flow results are studied as well. Moreovemparison of the LES
results of non-spiral flow with those éfw standard transitional model is shown in
this chapter and the agreement found is good indeed. Fuortrer how the spiral
blood flow affects the transition-to-turbulence process@spared to non-spiral
blood flow for different Reynolds numbers is also studied.

In Chapter 6, transition of physiological pulsatile nornrapand spiral blood
flow through a model of irregular arterial stenosis for diiet Reynolds numbers
is studied by applying LES technique with the Germano-Llil§5; 116] dynamic
subgrid model. A comparative study is also made betweeraiesponding results
of Chapter 5 and Chapter 6 to understand how the irregulaosi® affects the
downstream flow physics as compared to cosine-type regglaonsis.

In Chapter 7, non-spiral and spiral effects of physiologmdsatile blood flow
in a model of irregular arterial stenosis with an adjacergt{sbenotic irregular
aneurysm in basilar artery is studied using the LES tectenwgith the Germano-
Lilly [115; 116] dynamic subgrid model and the results armpared. The effects of
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different Reynolds numbers and and variation in spiral ¢i¢yaare also examined.
In addition, k-w standard transitional model is applied to non-spiral pblggjical
pulsatile blood flow and results are compared with corredpmresults of LES to
show reliability of the results.

In Chapter 8, the findings of the above investigations arensansed and some
suggestions made for future research in this area.
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Chapter 3

Numerical Methods

3.1 Governing Equations

Blood exhibits non-Newtonian effects only in small arteréad capillaries. Hence,
blood flow in large arterial vessel may be modelled as a Neatofiuid (Ku [3],
Pedley [117] and Fung [118]). So the blood flow through ther&t stenosis can be
described completely by the Navier-Stokes equations ofomoBlood in this study
was assumed to be homogeneous, incompressible and Newtwittaa density
of p = 1060 kg/m> and a constant dynamic viscosity pf= 3.71 x 10~ Pa s.
Therefore, the governing equations for a Newtonian andteohslensity blood
flow can be written as the continuity equation,

8UZ'

5 =0 (3.1)

and the momentum equations,

Ou; ~ Ouu; 1 0p 0 Ou;  Ou;
ot or;  pOx * Oz {V (8%- - 09:1-)} (3-2)

Cartesian tensor notation is used in the above equatioresgwhis the coordinate
system and;; is the corresponding velocity componeniss the pressure is the
density and’ is the kinematic viscosity of the fluid.

It should be noted that the above equations define both inessible laminar
and turbulent flow. Analytical solutions of the Navier-S¢éskequations exist for
only a few laminar flow cases, such as pipe and annulus flowsundary layers.
Turbulent flows are modelled by using various turbulence eflod) schemes. In
this study, two-equatio-w Transitional models and LES, which are described
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below in brief, are employed for turbulence analysis.

3.2 Standardk-w Transitional Model

By using Reynolds decomposition, any flow propestgan be defined as the sum
of a time-average componefit) and a time varying fluctuating componetiti.e.,

¢ = (¢) + ¢'. Rules for time averages of the fluctuating properties (¢) + ¢’ and

¥ = () + ¢’ and their summation, derivatives and integrals can be suisetbas
follows:

(@) = ) =0 - (9) 33
(22, %9, / 6ds) = / 3.4)

(6 +4) = {6) + () — @ Y. @)
(o) = @k (@) =0. 36)

The above rules can be extended dov andgrad of a fluctuating vector quantity
a = (a) + a’ and its combination with a fluctuating scalae= (¢) + ¢':

(diva) = div (a); (div grad ¢) = div grad (¢). (3.7)

(div(¢a)) = div((¢)(a)) + div((¢'a)). (3.8)

Employing above rules (3.3)-(3.8) for time averaging, Rega time-averaged
continuity and momentum equations can be written by

{u;)

=0 (3.9)

Ofu) | Ou)lus) _ 10(p)

0 Ofus) | Ou;)\] _ 10(puiuj)

where(u;) are the time-averaged velociti€g, is the time-averaged pressure and
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(puju;) are the time-averaged Reynolds stress tensors. Ii-théwo-equation
turbulence model, Reynolds stress terms are approximatasibg the Boussinesq
hypothesis for incompressible flow as

oI a(“l) a<uj> 2

_<puiuj> = HUr < aflfj + 0932- gpk‘(;”, (311)
wherepr is the turbulent eddy-viscosity aridis the turbulent kinetic energy. The
eddy-viscosity is modelled as

k
pr =2 (3.12)

w
wherew is the specific dissipation rate. The following modelleshgort equations
(Wilcox [119]) are solved to obtaih andw:

ar = _ 2ol — B*k
ot Oz, p(pulu]) Ox; Bk
o 1 )
+ oz [; (1 +o*pr) 8—%}’ (3.13)
and
Qo Owluy) @y Ol
ot or; alpk‘ (o) Oz,
0 |1 ow
J— 2 —_— —_ —_—
B+ o [p (1 + our) &CJ, (3.14)

wheres* = 0.5, * = 0.072,0 = 0.5, ay = 1.0 and3 = 0.072.

Equations (3.11)-(3.14) describe the standatdmodel. The transitional vari-
ant of the standaré-w model is used in the study because flow under investigation
is not fully turbulent in the entire domain or throughout fnélse. Some modi-
fications are applied to the standardv model to obtain the transitional model.
The low-Re correction factor is applied to the eddy-viscosity, seem&the most
important modification,

pr = a*@ (3.15)
w

which affects the entire closure as it appears in the momeand turbulence equa-
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tions. The lowRe correction factor is obtained from

. . [af+ Re;/Ry
= _ A
@ oo < 1+ Ret/Rk ’ (3 6)

where Re; = pk/uw, Ry = 6, of = ;/3, 3; = 0.072 anda* = o, = 1. The
coefficient on the dissipation term in tlheequation takes the form:

4/15 + (Ret/R5)4:|
* = g , 3.17
8 500[ 1+ (Rey/Ry)! (3.17)
whereRs = 8 and 3%, = 0.09. The production coefficient in the equation be-
comes Rey/R
o O [ O + €¢ w
U= ( 1+ Rey/R, ) (3.18)

whereR, = 2.95, a,, = 0.52 andoy = 1/9.

3.3 Shear-Stress Transport (SSTk-w (or k-w-SST)
model

SSTk-w, denoted bye-w-S ST, model was developed by Menter [120]. This model
acts like the standarkw model in the near-wall region and becomes the standard
k-e model in the far field. The transport equation foandw are:

— t —F— = ——(pwu;)—/——
ot Oz, p<'0 i Ox;
0 |1 ok
Bt {— (4 + 0"ur) —} | (3.19)
oz | p Oz,
and
a_w aw(“]) i< / />a<ul>
ot or; Lk Oz,
0 |1 Oow
—_ 2 —_— J— —_—
B+ 5| ot o) 52
1 0k Ow
+ 2 (1 - Fl) O-w’2;a—xja—xj’ (320)
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where
U*:Fl/O'k,l—F(l—Fl)/O'kQ, (321)

and
U:Fl/O'w’l—F(l—Fl)/O'w’g. (322)

Turbulent eddy-viscosity;r, is obtained from:

k 1
= (3.23)
maz [A ﬂ}
whereS' is the strain rate magnitude and is defined in Equation (3.16).
F1 and F; are the blending functions and defined by
Fy = tanh (®7), (3.24)
and
Fy = tanh (®3), (3.25)
where i
. k- 500\ 4po,qk
o, = ’ 3.26
Lo [max<0-09wy1’ y%w)’ Dyt } ’ (3.20)
dy = max| 2 vk , 580u , (3.27)
0.09wy: yiwp
DY = max [Qpaw 2 L Ok 8_@0’ 10_10] , (3.28)
w Oz Ox;

y1 Is the distance to the nearest wall aRgd is the positive portion of the cross-
diffusion term in Equation (3.20). The blending functidf, is unity near the walls,
thus Equation (3.20) results in the standaréquation. The blending function is
zero in the far field and thus corresponds to the standaquation there. Instead
of a having a constartt in Equation (3.20); is defined by

Bi = Fifi1 + (1 — F1)Bia. (3.29)

The model constants arg,; = 1.176, 0,1 = 2.0,062 = 1.0, 0,2 = 1.168,
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a; = 0.31, /61'71 =0.075 andﬁhg = 0.0828.

3.4 Large Eddy Simulation

3.4.1 Filtered Governing Equations

Sub-grid scale (SGS), smaller than the filter width usedéxcthmputations, eddies
are effectively filtered out through a filtering operatiorLiBS. If g(x) is a generic
variable, its corresponding filtered variable, also knowritee resolvable compo-
nent ofg(x), is denoted byj(x). It is defined as the convolution gfx) with a filter
functionG, that establishes the scale of the resolved eddies, asdte{iP1])

g(x) = /Dg(x')G(x, x') dx/, (3.30)

whereD is the blood domain. Filter function used is defined as

G(x,x)=¢ 9V (3.31)

L jf ¥ edV
0 x’ otherwise

wheredV is the volume of a computational cell. The finite-volume desisation
itself implicitly performs filtering operation:

_ 1 N,
g(x) = v dVg(x )dx',x' € dV. (3.32)

The governing equations for LES are obtained by applyingtieve spatial fil-
ter function (3.31) to the Navier-Stokes equations of nrof1)-(3.2). The filtered
continuity and momentum equations are:

ou;
06, | Oty 10, 0 [, (06 0] _om
ot T Oz pOx; + 0z; {V (axj + 8@)] oz, (3.34)
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where the effects of the subgrid-scale stress tensor,
Tij = Uy — 'lIi'le, (335)

are modelled using the dynamic Smagorinsky-Lilly modeRg1115; 116; 123])
and are discussed below.

3.4.2 Smagorinsky-Lilly Subgrid-scale Model

The model was first developed by Smagorinsky [122] and isdasethe eddy
viscosity formulation as

1 _
Tij — g%ﬂck = —24455i;, (3.36)

wherev,,, is the subgrid kinetic eddy-viscosity (related to the sidbdynamic eddy
VISCOSItY, /1545, BSPVsgs = [Lsgs)s Tkk, VErY small for incompressible flow and thus
neglected (Erlebacher et al. [124]), is the isotropic parthe SGS stress tensor,
8;; is the Kronecker delta anl;; is the rate-of-strain tensor for the resolved scale

which is defined by
- ou;  0u;
=1 ¢ J
Sij = 5 ((%:j + 8%) : (3.37)

In the Smagorinsky-Lilly model, the turbulent eddy-visitgs/,,; is modelled as

Vegs = L?|S], (3.38)

where L, is the mixing length and anf| = /2S;,S;; is the magnitude of the
large scale strain rate tensor. The mixing lengths calculated using the following
equation

Ly = min (kd, CsA) , (3.39)

wherex is the von Karman constant, which is a dimensionless nuritba
turbulent flow describing the logarithmic velocity profilear a boundary with a
no-slip condition is the distance to the closest wdll, is the Smagorinsky con-
stant andA is the cubic root of the volume of the computational cell. Ekethe
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Smagorinsky-Lilly model takes the form
1 9 A

A universal value for Smagorinsky constafi} is not suitable for transition-to-
turbulent flow ag’; varies at different locations inside the full flow domain.ride
C, is computed dynamically ([115; 116; 123]) using the infotimia obtained from
the resolved scales of motion.

3.4.3 Dynamic Smagorinsky-Lilly Subgrid-scale Model

The dynamic subgrid model was first proposed by Germano gtHb]. In this
model, the Smagorinsky constant is computed as a functidimef and position.
Following Germano et al. [115],tast-filter having larger filter width than the origi-
nal filter, (A > A), is applied to the filtered Navier-Stokes Equations. (B(3334),
leading to the subgrid-scale stress tengpt,similar tor;; of (3.35) as

Ty = Wty — ;. (3.41)
The relationship between the two stress tensgrandT;;, can be expressed by the
following Germano identity,

Assuming the similar functional form to the Samgorinsky mipthe deviatoric part
of T}, yields
1 ~ = =
Ej - §6z’kak: — —2(CSA)2|S|S”, (343)

with the test-scale shears defined similarly to those of tltesgale.

The elements of;; in Equation (3.42) are the resolved components of the stress
tensor associated with the test and grid scales of motionenNh = C,A in
Equation (3.39), the right hand side of Equation (3.42) cacddculated explicitly
by subtracting (3.40) from (3.43),

1
L?j = LZ_] — g(skak - 2C§Mw, (344)
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where
My; = —A?|S|S; + A?|S|Sy;. (3.45)

A least square approach is employed, as Lilly [116] suggesbeevaluate the values
of C%,

1 L% M

2 v =gt

c:=0C= 202

(3.46)

The Smagorinsky coefficierdt, is calculated iteratively. To avoid numerical insta-
bility, the Smagorinsky coefficiertt; is clipped at zero when it is negative ahd3
when it exceeds this value ([125]).

3.5 Boundary Conditions

The following boundary conditions have been applied toedihe governing time-
averaged Equations (3.9-3.10) and the filtered Equatia88{3.34). Furthermore,
in the k-w Transitional models turbulence is specified by percentdgerbulence
intensity and hydraulic diameter which is the diameter efttibe.

3.5.1 \Velocity Inlet

Flow velocity at the inlet, which influences the transitimaturbulent of the stenotic
flow, is defined by employing velocity inlet boundary conaliti It will be described
in the relevant chapters.

3.5.2 Wall

A no-slip condition can generally be applied if the domainhdary coincides with
a rigid impermeable surface. This no-slip boundary coadits used for the pipe
surface, which is defined as

i(x;8)|r = 0. (3.47)

The prescription for a no-slip condition in the proximitytbe wall for LES of
a turbulent flow is not straight forward. LES match up with DMShe vicinity
of the wall as all important energy levels containing scalelsES must include all
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viscous scales in the sublayer. Acceptable standard semelensured by using fine
grid resolution near the wall, needed to capture the vissoakes in the sublayer.
For all cases in this study, the first grid point off the wadldiin the region*~1.

3.5.3 Pressure Outlet

In the pressure outlet boundary condition, only the statgsgure at the outlet is
specified either by a fixed pressure quantity (for steady ftovigy a pressure wave
(for pulsatile flow) and all other quantities are extrapetatrom the interior so-
lution. An overall mass balance correction is performechet boundary and the
diffusion fluxes in the direction normal to the exit plane assumed to be zero,
however gradients may exist in the cross-stream direct©@utlet static pressure
(wave) will be described in the relevant chapter.

Convergence difficulties arising from reverse flow at thdeiwduring solution
process are minimised by specifying a realistic backflondaoon. When backflow
occurs during iteration, the use of a pressure outlet baynoandition instead of
an outflow condition gives a better convergence rate.

3.6 Overview of Numerical Procedures

An outline of the solution procedure used this study is laitlio this section. The
commercial cell-centred finite volume fully implicit andcgad order accurate in
both space and time code, Flugh$, with its turbulent models namely the two-
equationk-w Transitional model and LES with Smagorinsky-Lilly dynansigb-
grid model was employed to solve the incompressible gorgraguations for both
steady and physiological pulsatile non-spiral and spil@bd flow through models
of arterial stenosis and aneurysm. Fluent with above meatidurbulent models
has previously been exploited to investigate pulsatile steddy flow in arterial
stenosis by Ryval et al. [79], Varghese et al. [85], Paul aadrian [17], Barber and
Simmons [96] and Gardhagen et al. [94; 95].

Pressure-based fully implicit solver was chosen for thiglgt Finite-volume
approach is used to discretise the governing equationsistret a system of lin-
ear equations. For thew Transitional model, the diffusive and convective terms
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of the momentum equations and the equations of turbulertikienergy k) and
specific dissipation rate,) were discretised by using second-order upwind scheme.
However, in LES, a second-order-accurate bounded centfaiethcing scheme is
used to discretise the diffusive and convective terms ofntlbenentum equations.
And the pressure at a cell face was computed using secord-secbdeme for both
LES andk-w Transitional model. Three-point backward difference sohés used

to discretise time derivatives. A uniform time step was &gupln the simulation
and stability of the solution is ensured.

A segregated pressure correction algorithm, SIMPLEC (SIEHEonsistent)
(Vandoormaal and Raithby [126]) for thew Transitional model and PISO (Pressure-
Implicit with Splitting of Operators) (Issa [127]) for LE$ employed to couple
pressure with the velocity components and results aredstiréhe cell centres as
Fluent uses co-located scheme. To prevent unphysical ehédarding of pres-
sure, the Poisson like pressure-correction equation etised by using a pro-
cedure similar to Rhie and Chow [128] pressure smoothingagmh. The pres-
sure correction equation is solved by using the algebraitignid (AMG) method.
Splitting error, introduced by segregated solution precescontrolled by using an
iterative-time advancement scheme.

A point implicit (Gauss-Seidel) solver in conjunction wigtgebraic multigrid
(AMG) method is used to solve the discretised system of timemations. For
all the computations, convergence is assumed to have achvelren the residuals
become less thar)—° at each time-step.

3.7 Data Processing and Flow Statistics

Data processing for steady flow and unsteady pulsatile flademne by using a time-

averaging and a phase-averaging technique, respecitretize solutions obtained
from LES model. For a generic flow filtered variablg,the time averaged mean
over the total number of time-stey is computed as

(@) :2) = - D9l 2.0 (349
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wheret; is the time at which averaging process is initiated. In stefémiv, the
random turbulent fluctuations, deviation from the time agexd mean, is defined as

g/(x7 y? Z7t> = g(x7 y? Z7t> - <§>($7y7z) (3'49)

A phase-averaging technique (Varghese et al. [84], Liehdr@iddens [129],
Scotti and Piomelli [75] and Mittal et al. [88]) is employed differentiate the
pulsatile fluctuations from the random turbulent fluctuasio The phase-averaged
mean over a period; = NT', whereN is the number of time-period cycles over
which phase-averaging is performed ani the time period of each pulsatile cycle,
can be calculated as

1

{(g)(x,y, 2, t) = N g(x,y,z,t+nT). (3.50)

MZ

n=0

The pulsatile phase-average turbulent fluctuations araatbfs

g,/(x7 y? Z7t) = g(x7 y? Z7t) - <<g>>(x7 y? Z7t) (351)

Hence, the root mean square (rms) values of the pulsatbelent fluctuations are
computed as

(9 ) rms = 1/ {{g"))- (3.52)

The energy spectrdy, of the pulsatile turbulent fluctuations are defined as

L
Z 12 g =2im(j=1)(k=1) k=1,2--- L, (3.53)

whereL is the number of time-steps. The energy spectra of the [lelsatbulent
fluctuations and the vortex shedding frequency from the damfrequency are
computed by using MATLAB (MATLAB 7.6 [130]). The algorithnof finding the
energy spectra is as follows

¢ Load the data sets gf’ and L and compute for the energy spectra.

e Use MATLAB FFT (Fast Fourier Transform) algorithm gff and save the
data asX.
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e Use MATLAB Nyquist frequency algorithm ol and save the data as the
vortex shedding frequencf.

e Lastly, compute the energy spectfa,taking the absolute value of.
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Chapter 4

A Computational Study on Spiral
Blood Flow in Stenosed Arteries with
and without an Upstream Curved
Section

4.1 Introduction

Computational study of spiral blood flow in arterial stersasirelatively new. Among
all the investigations of spiral blood flow, only two studieemely Stonebridge
et al. [16] and Paul and Larman [17], involve turbulence gsial of the flow in
stenosed artery. As pointed outjrR2.4 of Chapter 2, Stonebridge et al. [16] used
an ambiguous approach to study spiral flow through stenasigreeir findings are
open to doubt. On the other hand, Paul and Larman [17] showbdlént kinetic
energy only on the central line fate = 500 and1000. But maximum turbulence
occurs in the shear layer, not along the central line. Aparnfthe twisting of
the heart on its own axis, spiral pattern in blood flow may dleayenerated due
to the presence of a curved section in the upstream. Abovéioned two stud-
ies were only on a straight stenosed tube. Therefore, to gebd insight of the
transition-to-turbulence of spiral blood flow through adéstenosis, more numer-
ical investigations are needed.

In this chapter, transition of steady spiral blood flow tigbhunodels of arterial
stenosis with and without an upstream curved section isesdualy applying two-
equation standaré-w transitional turbulence model and LES technique. Straight
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tubes having axisymmetric cosine-type stenosis with artdout upstream curved
segment of varying angles are taken as the computationaidsmA parabolic pro-
file for axial velocity was introduced at the inlet. And forrgegating spiral effect at
the inlet, one-sixth of the bulk velocity was taken as thej&anial velocity, as sug-
gested by Stonebridge et al. [15; 16] that spiral velocityris-sixth of the forward
velocity within the artery. At the outlet, a constant stagressure o8B0 mmHg (or
10665.6 Pa) was imposed. In this study, the focus is on the effectpicdlgattern
on the flow physics in the downstream region of the stenosis.

As discussed in Chapter 2, the filtering operation in LESd#sithe flow field
up into large scale eddies and small scale (Sub-grid sca®G@®) eddies. The
turbulence energy containing large scale eddies are edalvectly while the un-
resolved small scale eddies are modelled using Smagorin#itglynamic subgrid
model (Germano [115], Lilly [116] and Kim [123]), as des@&tbin Chapter 3. The
commercial code Fluerit3 is validated for axial velocity profiles in the non-spiral
blood flow in a model arterial stenosis for Reynolds numb&rs= 1000 and2000
against available corresponding experimental data of Ahamel Giddens [28; 27].
The performance of-w-SST transitional model in comparison with standard
transitional model is also assessed by comparing the aadiatity profiles obtained
from using them against the available corresponding expertal data. In addi-
tion, it is also examined how much inlet turbulence intgnsén be introduced in
LES andk-w transitional model to control transition and hence benakragainst
experimental data.

The layout of this chapter is as follows: a description of t@del geometries
and mesh distribution is given 4.2, inflow boundary condition is presented in
§ 4.3, validation with experiment and results and discusarenpresented if 4.4
and§ 4.5, respectively, and finally a general conclusion of thigpter is drawn in
§ 4.6.

4.2 Flow Models and Meshing

Solid models of stenosed arteries with and without upstreamwed section of vary-
ing angles were built using GAMBI?.4 (Fluent Inc.) and are shown in Figure 4.1.
Diameter of the unstenosed section of the arterial model3 is 0.02m and the
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angle of curvature for the upstream curved sections &ie:90° and120°. Axial
direction is along:-coordinate axis. For the straight tube (without upstreamed
section), stenosis is centredzat 0. Lengths of the stenosis, upstream and down-
stream section of the model arteries af&, 3D and22D, respectively, as measured
from the stenosis throat. Vessels with curved upstreanoseate further extended
to 10D in the upstream as shown in Figure 4.1. Degree of a stenogenisrally
measured by a percentage reduction in diameter or crofisss@@rea at the throat
of the stenosis. For our study throughout the th@sjs stenosis by area reduction,
corresponding to &0% diameter reduction was used as it is clinically significant
when the area reduction is greater tiTaf% (Young [2] and Ku [3]). Furthermore, a
75% stenosis has also been used in many previous experimedtabarputational
studies.

The stenosis is formed using the following cosine-typeti@a

(4.1)

o (2) 1-2%(1+cos2), -D<z<D
1, elsewhere

wherery, and R are the cross-sectional radius and radius of the unaffesged
tion of models, respectively. The parameigdetermines the cross-sectional area
reduction of the stenosis and it is fixed?tgiving a75% reduction of the cross-
sectional area at the centre of the stenosis. The cosimergglistically shaped
constriction/stenosis developed in the model arteriesguabove the relation (4.1)
provides a quite reasonable representation of an arteeabsis, see Ahmed and
Giddens [27].

Meshing of the flow domains was done using the meshing scétv&kM-
BIT 2.4 (Fluent Inc.). As no-slip condition is applied to the wallbaundary layer
is developed inside the wall to increase the resolution énsthiblayer. A gradient
scheme is also applied along the axial direction of the nwtieensure the finest
mesh at the centre and immediate downstream of the sterexssie high level of
vortices and turbulent fluctuations occur in these regiémal in the further down-
stream region of the stenosis a gradually coarsening méglkéep computational
cost to a minimal.
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Table 4.1: Parameters of stenosed arteries with and withgsiteam curved section
models.

Model 6 (angle of curvature) Re

Al 0° 200
A2 60° 200
A3 90° 200
A4 120° 500
B1 0° 1000
B2 60° 1000
B3 90° 1000
B4 120° 1000
C1 0° 1500
C2 60° 1500
C3 90° 1500
C4 120° 1500
D1 0° 2000
D2 60° 2000
D3 90° 2000
D4 120° 2000

4.3 Inflow Boundary Condition

A parabolic velocity profile along the axial direction:

_ 2
w(z,y) =2V {1 — (E) } , (4.2)
whereV is the bulk axial velocity which depends on the blood flow Relgla num-
ber defined age = 2“2, is imposed at the inlet of the models. And for introducing

7
spiral property, a tangential velocity profile:

wlry) = ¢ (%) (43)

is applied at the inlet. These inlet boundary conditionsen@rded in C-language
using the User Defined Function (UDF) interface of Fluent ankled with the
solver. In this chapter, each model is investigated for Reynolds numbers namely
Re = 500, 1000, 1500 and2000. The parameters of the models are presented in
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Table 4.1 and models will be referred by their names in thiefiohg sections of
the chapter.

Inlet turbulence characteristics are defined by inlet tience intensities and
diameter of the model. For the-w models, inlet turbulence intensity 8t8%,
1.5%, 1.0% and0.7% are found to give acceptable results fde = 500, 1000,
1500 and2000, respectively, as it is clear from the experimental valatator two
Reynolds number i§ 4.4. LES is applied to only moddD1 for both non-spiral
and spiral blood flow and modeb1 for non-spiral blood flow. Three different
inlet turbulent intensitiesd% i.e., no inlet perturbation,% and5% are considered
for experimental validation. The inlet perturbations inS.#ere generated using
the vortex method ([125]) and the magnitude of these adificitensities adjust
downstream from the inlet. A time-step sizelof x 10~3 s is taken for temporal
advancementin LES. Instantaneous axial velocity at sepenats on the centreline
is recorded for each time-step and sampling for time siedist initiated when the
initial transients has vanished. A total time-step3$%f00 are used to get statistical
convergence when the time averaged values has levelledRefults presented in
this chapter are mainly df-w model unless it is mentioned otherwise.

4.4 Validation with Experiment

Before discussing the main results, it would be interedtirgee how the simulation
results obtained from using different turbulence modelchavailable experimen-
tal results of Ahmed and Giddens [27; 28]. Figures 4.2 andHBdv a comparison
of axial velocity profiles at various locations downstredithe stenosis model81
andD1, respectively, for non-spiral flow, i.e. straight tube witi{; cross-sectional
area reduction stenosis for Reynolds numhegss= 1000 and2000, respectively.
Velocity profiles in modelsB1 and D1 obtained by using:-w models with inlet
intensity 1.5% and0.7%, respectively, closely follow corresponding experiménta
data, though they over-predict in the further downstreagiore For thek-w mod-
els, any inlet intensity lower than above intensities foloaesponding geometric
model gives unconvincing velocity profiles as it is cleamir&igures 4.2 and 4.3.
It is to note from the above figures that the standatdtransitional andc-w-SST
transitional models give almost the same results, i.e.ermafrihe twok-w models
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matches experimental data better than the other. So, thdasth:-w transitional
model will be used in this thesis in preference to the-SST transitional model.

Three distinct inlet perturbation8%, 1% and5% were introduced in LES for
both geometric modelB1 and D1. It appears from the above figures that LES with
0% inlet intensity agrees better with the experimental rastiian the other two
inlet intensities for modeB1. However, for modeD1, LES with5% inlet intensity
matches experimental data better. Therefore for médel5% inlet intensity will
be used in this study. Furthermore, performance of LES isonisly better than the
k-w transitional model as it can be seen that the blunt turbwelatcity profiles in
the downstream region from experimental data matches dBf tesults. In spite
of small disagreements with experimental results of Ahmeti@iddens [27; 28],
which are also present in the studies of Ryval et al. [79] addd@agen et al. [95],
overall agreement of the present simulation results wifeexnental results is very
good.

4.5 Results and Discussion

Although all the geometric models are studied for spirabdidlow, results from
models D1, D2, D3 and D4 are presented in detail while the findings from all
the models are summarised in bar charts at the end. As the fean the effects
of spiral pattern on the flow field in the downstream of the gty results in the
curved section of all the models having upstream sectioigamged to compare the
results in the remaining section with corresponding resulthe stenosed straight
tube without upstream curved section.

Grid resolution tests are done for spiral flow in two modelsaly D1 and D3
by applying LES and standafdw transitional model, respectively, to ensure sim-
ulation results are independent of grid arrangements graglol he test results are
shown in Figures 4.4 and 4.5 for axial velocity profiles afediént locations along
the axial directions. In Figure 4.4 for modBl1, Grid 1 corresponds to a total of
~ 500, 000 control volumes which is increased by% for Grid 2 to geta 700, 000
control volumes. Grid consists of huge control volumes i.ex,1, 260, 000 which
is further an increase af0% on Grid 2. However, in Figure 4.5 for moddD3,
Grid 1, Grid 2 and Grid3 consist of~ 750, 000 , 950, 000 and1, 500, 000 control
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volumes, respectively, keeping almost the same ratio dfobvolumes as in model
D1. The grid resolution studies in Figures 4.4 and 4.5 cledrbwsthat resolution
of Grid 2 is good enough to get high level accuracy in the simulatioieeeping
the computational cost to a minimum.

4.5.1 Flow Visualization

To see how the flow field in the downstream of the stenosis irsparal flow differs
from that in the spiral flow, cross-sectional streamlinesagpended on the contour
plot of axial velocity at various locations along the flowetditions in Figures 4.6-
4.13 for modelsD1, D2, D3 and D4. As a result of an adverse pressure gradient
in the downstream region of the stenosis, reverse flow ocmasthe wall, causing
recirculation of blood there. Figure 4.6 demonstrates th@te-circulation region
for non-spiral flow in modeD1 is betweer2D (frame e) andtD (frame g). The
reverse flow or negative axial velocity is stretched fram (frame e) totD (frame

g) in Figure 4.6, which makes the blood there to recirculaarrhe wall. While
in Figure 4.7 for spiral flow in the same model, the re-cirtolaregion is larger
and lies betwee D (frame e) and D (frame h) as the reverse flow near the wall
is stretched up t&6D. Also the twisting pattern of the spiral flow in this region
is much stronger than that found in the further downstreagiore In the further
downstream region, the spiral property tries to stabiliee ftow. The “twisted”
pattern found in the downstream of spiral flow in mod#l as seen in Figure 4.7
is similar to the “corkscrew” pattern found in the MRI measuments of the blood
flow in a thrombosed artery by Frydrychowicz et al. [10].

However, the length of the recirculation zone for non-dparad spiral flow in
model D3 is same and lies betweeD (frame e) and D (frame h), as it is clear
from Figures 4.8 and 4.9. It is to note that unlike spiral flommodel D1 as in
Figure 4.7, no spiral pattern is seen in the upstream regidrasithe throat of the
stenosis for either non-spiral or spiral flow in mode8. But for spiral flow in
model D3 as in Figure 4.9, a rotational pattern is visible in the fartdownstream
region. Moreover, two distinct recirculations of secoryddow can be observed for
both non-spiral and spiral flow in modél3 at —3D (frame a) in the upstream of
the stenosis due to the presence of a curved section thareotfospiral and non-
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spiral flow in modelsD1 and D3, the velocity vectors move towards the centre at
the throat of the stenosis where the axial velocity is maximierming a narrow jet
from throat of the stenosis. At the onset of turbulence/at(frame e), direction of
the vectors reverses from their previous directiom/at(frame d) where they start
to break away from the centre as it is clear from Figures 48,448 and 4.9.

No spiral pattern is seen anywhere in the flow domain for eitfo@-spiral or
spiral flow in modelsD2 and D4 from Figures 4.10, 4.11, 4.12 and 4.13, respec-
tively. For both non-spiral and spiral flow in these two made and D4, velocity
vectors betweemnD (frame d) and D (frame h) downstream of the stenosis, which
is the region of most turbulence activities, move towarda@formed in the cross-
sections where axial velocity changes from positive to tieganear the wall and
elsewhere in the flow domain the vectors move from wall to wdlhese large
recirculation zones for both non-spiral flow and spiral flemthe models are clini-
cally harmful as these may cause potential damage to bldtsdarel intima of the
stenosed artery (Paul and Larman [17], Molla [90]).

Furthermore, it can also be seen from the pathlines for Isphina in model
D2 as presented in Figure 4.14 that the flow enters the stendisuwany spiral
pattern. The absence of spiral pattern in the immediateegustof the stenosis and
at the throat of the stenosis for spiral flow in mod&lg, D3 and D4 may be due
to the constraints imposed in the simulations such as rigilll @ the models and
steady flow. But in reality, the arterial wall is distensikled the arerial blood flow
is unsteady pulsatile due to the heart pumping.

The effects of spiral pattern are more clear from the conpdairof tangential
velocity in Figures 4.15-4.22 for both non-spiral and ddiv in modelsD1, D2,

D3 and D4. Among all the contour plots of tangential velocity, it is roftational
pattern at the upstream region and the throat of the steaolyisn Figure 4.16 i.e.,
for spiral flow in modelD1. Fig. 4.15 shows that maximum and minimum tan-
gential velocity for non-spiral flow in moddD1 occurs atl D (frame d) i.e. at the
post-lip of the stenosis. However, maximum and minimum égutigl velocity for
spiral flow in the same modéb1 occur at the throat of the stenosis atid (frame

g) downstream, respectively, as seen from Figure 4.16.r&sgd.17-4.22 demon-
strate that, for both non-spiral and spiral flow in other medamelyD2, D3 and
D4, tangential velocity has its maximum and minimum at the ahiaf the steno-
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sis where it forms two crescent-like shapes of positive agghtive values. Unlike
contour plots of tangential velocity for spiral flow in modell, no rotational pat-
tern at the upstream or at the throat of the stenosis is seespifal flow in models
D2, D3 and D4 (see Figures 4.18, 4.20 and 4.22), which is again an indicati
the loss of spiral pattern before the stenosis in the modisam upstream curved
section as discussed in the above paragraph. As discussed, dbis may be due
to the rigid wall of the models and/or the treatment of bloaivflas steady flow
in the simulations. For all the cases, a ring of negativeeatigl velocity can be
observed around the centre of the cross-sections in theuéion zones, which
takes a semicircular shape in the further downstream region

4.5.2 Flow Velocity

The mean axial velocityw), profiles for both non-spiral and spiral flow at different
locations in the model®1 and D2, D3 and D4 are presented in Figures 4.23 and
4.24, respectively. Note that the corresponding LES resaltmodel D1 are also
appended in Figure 4.23. As blood enters the stenosis, @erates through the
constriction, generating a plug-shaped velocity profilthimithe stenosis and a flow
separation region immediately downstream of the stenb&isubstantial effect of
spiral flow on the axial velocity is observed from the aboverfgg. However, the
axial velocity in modelD1 increases for spiral flow near the wall and decreases
around the centre betwee (frame d) andiD (frame f) which can be seen from
the LES results. In the further downstream region, i.e. raffe (frame j), it is
almost same for all models. Magnitude of the axial velocityuad the centre is
maximum in modelD1 in the immediate downstream region and it falls slightly
from this maximum value in moddb3. While it is minimum in modelsD2 and
D4. Though the axial velocity is almost same in modesand D4, it decreases in
model D4 around the mid-region between the wall and the centre indlagdtream
betweer3 D (frame e) andLD (frame f). All these differences in the axial velocity
profiles in the different models are due to the effect of artrepsn curved segment
of varying angles of curvature.

Figure 4.25 and 4.26 show the meaivelocity, (u), profiles at different loca-
tions in modelsD1 and D2, D3 and D4, respectively. The LES results for the mean
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x-velocity differ significantly from the correspondirgw model results, which can
be seen from Figure 4.25. Also in model, the spiral effect oru) is distinctly
visible, especially up t®D (frame k) as theu) profiles in non-spiral flow vary
in magnitude and pattern from those in spiral flow. Howewether models, the
effect of spiral flow is not significant ofw), as it is clear from Figure 4.26. The
magnitudes ofu) are almost same in model3l and D3 at all corresponding lo-
cations, however, they are maximum in mod&l and of opposite pattern in model
D4 which can be attributed to the existence of an upstream dwsegment of dif-
ferent angles of curvature. The meanelocity profiles,(v), in modelsD1 andD2,
D3 and D4 are shown in Figures 4.27 and 4.28, respectively, to seatluence of
spiral flow and an upstream curved section(oh As seen inu) profiles, the LES
results for(v) do not match the correspondigw model results, which is clear
from Figure 4.27. Due to the effect of spiral velocity intumetd at the inlet, thév)
profiles for spiral flow at different locations differ frometcorresponding results
for non-spiral flow in modeD1, which can also be seen from this figure, especially
from LES results. Butv) profiles for spiral and non-spiral flow are almost same
in other models at all corresponding locations, as can be Been Figure 4.28.
However, the effect of an upstream curved sectiorf9ris distinctly visible from
the figure. At some places in the downstream region upZ2o(frame @), (v) is
maximum in modelD4 which is follwed by its corresponding value in modés
and D2. In the further downstream region, tkie) profiles are almost same in all
models.

4.5.3 Turbulent Kinetic Energy (TKE)

The effects of spiral flow and un pstream curved segment otutibelent kinetic
energy (TKE) at different locations in the flow domain in msd@1 and D2, D3

and D4 are presented in Figures 4.29 and 4.30, respectively. TigreBults in
Figure 4.29 clearly show that in modBll at some places betwee® (frame d) to

5D (frame g) i.e., in the core turbulence region, the TKE insesagreatly for spiral
flow though it may decrease along the centreline as showntyaRd Larman [17].
Also the TKE in modelD2 increases at some places when a spiral effect is intro-
duced at the inlet of the model as can be seen from Figured30No influence
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of spiral flow or an upstream curved segment on the TKE in athedels can be
seen from Figure 4.30. It remains same in the other modelseatdrresponding
locations, however, the TKE is high in the post-stenoticaedpetweer2 D (frame

d) and6D (frame h). The high TKE in the post-stenotic region for sipil@v in
modelSD1 and D2 has even more serious detrimental effect on the human atrcul
tory system because large TKE damages the red blood cellialatend activates
the platelets in the blood leading to many pathologicalaiss (Ku [3]).

4.5.4 Wall Pressure and Shear Stress

Figures 4.31 and 4.32 present the circumferential averaepressure in mod-
els D1 and D2, D3 and D4, respectively. And the circumferential average wall
shear stress (WSS) in moddls and D2, D3 and D4 are shown in Figures 4.33
and 4.34, respectively. Note that the corresponding LE@tsefor both non-spiral
and spiral flow in modeD1 are also shown in Figures 4.31 and 4.33. The spiral
flow does not affect the wall pressure and WSS in mddel D2, D3 and D4 as

it is clear from the above figures. The large velocities atttieat of the stenosis
cause a steep drop in pressure at the stenosis throat in emt#. niFigures 4.31
and 4.32 show that the pressure drop around the stenosa thigreater in models
D1 and D3 than other two model®2 and D4. The Pressure drop is maximum in
model D3 and it is same and minimum in modédl® and D4. The LES results in
Figure 4.31 shows that the pressure in mabélrecovers earlier than other mod-
els after its drop. This high Bernoulli-type pressure drotha stenosis throat can
cause local collapse of the stenosis in severe stenosestiVamd Ku [6]). Conse-
guently, choking can restrict the flow rate and generatedocessive loading may
rupture the plagque, a precipitating event in most heartlkstand stroke (Wootton
and Ku [6], Li et al. [8]).

The WSS increases to an extremely high magnitude just prithié throat of
the stenosis in each model because of high velocity at tloatlas can be seen in
Figures 4.33 and 4.34. It drops just after the throat wheaseaitmost zero and takes
an oscillatory form in the post-stenotic region. Like thegsure drop, the WSS
increase just before the throat is maximuwh Pa) and almost same in modéd
and D3 while in modelsD2 and D4, the WSS is of same value and its rise before
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the throat is 25 Pa) less than that in other two models. This high increaskean t
WSS just before the throat has many pathological signifieandvalek et al. [9]
reported that shear stress higher tfiardynes/cm (or 7 Pa) may induce thrombo-
sis. According to Fry [36], high WSSX{ 379 + 85 (SD) dynes/crhor 37.9 + 8.5
(SD) Pa) around the throat may damage endothelial cells asdré plague. And
it may also overstimulate platelet thrombosis (Ku [3]),diegy to total occlusion
(Folts et al. [38]). Additionally, high shear stress (L00 dynes/cr or 10 Pa) is
also responsible for deformation of the red blood cells€¢Buand Mehrjardi [37]).
Moreover, the abnormal oscillatory shear stress found endtwnstream of the
stenosis in all the models may cause potential damage tedhaood cells and the
inner lining of a post-stenotic blood vessel (Paul and M[EZ).

4.5.5 Summary of the other models

Bar charts in Figure 4.35 summarises the effects of spinaldlod upstream curved
segments on maximum (derived from the whole domain) TKE linh&l models.
Spiral flow has no significant effect on the maximum TKE as itlear from the
Figure 4.35. The maximum TKE increases slightly for spirahflin modelsAl,
B1, B3, C2, D1 and D2, while for spiral flow in modelsA2, A3, A4, B2, B4,
C4 and D4, it decreases a little and its change in the remaining madelery
insignificant. Particularly, for spiral flow, a maximum iease of~ 6%, ~ 2%,
~ 3% and~ 5% in the maximum TKE forRe = 500 in straight stenosed tube,
Re = 1000 in straight stenosed tub&e = 1500 in 60° curved upstream model
and Re = 2000 in 60° curved upstream model, respectively, can be observed. And
a maximum decrease ef 7%, ~ 3%, ~ 2% and=x 2% in the maximum TKE
for Re = 500 in 60° curved upstream modeRe = 1000 in 60° curved upstream
model, Re = 1500 in 120° curved upstream model ariée = 2000 in 120° curved
upstream model, respectively, can also be found for spoal fl

The influence of an upstream curved segment on the maximuncékibe seen
for all the investigated Reynolds numbers. For Reynoldsbemsize = 1000, 1500
and 2000, the maximum TKE increases most in the model wig0° curved up-
stream segment which is followed by the maximum TKBWA, 90° and0° curved
upstream segment model consecutively; butRer= 500, the maximum TKE de-
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creases most ih20° curved upstream segment model. It is interesting to note tha
the maximum TKE irD0° curved upstream segment model drops comparedifith
curved upstream segment model, especiallyfer= 1500 and Re = 2000. Fur-
ther investigations involving more models with a curvedttgem segment close
to (less than and greater thait)’ curved upstream segment and different efficient
numerical approach such as LES for the simulations are dged®mmprehend this
sudden drop of the maximum TKE #0° curved upstream segment model. The
maximum TKE rises byi8%, 18% and19% in 120° curved upstream model com-
pared with its minimum value in straight stenosed tubeRer= 1000, 1500 and
2000, respectively; however, fakRe = 500, it rises by34% in 60° curved upstream
model compared with its minimum value 120° curved upstream model. As men-
tioned earlier, this extreme rise in TKE in curved models rpatentially harm the
red blood cells and activate the platelets in the blood |tiegLin many pathological
diseases (Ku [3]).

Additionally, contour plot of TKE for both non-spiral andisgd flow in model
Al in Figure 4.36 also shows that (maximum) TKE increases foakfow (frame
b), though it decreases along the centreline for spiral flsweaorted by Paul and
Larman [17]. Therefore, taking only the centreline datalfE would provide an
incomplete description of the spiralling effects.

As to the effect of spiral flow on WSS, WSS at different phadethe wall in
model A1 in Figure 4.37 for both non-spiral and spiral flow furtherrilas that
the influence of spiral flow on WSS is negligible. Furthermatrean be observed
that the effect of spiral flow on the maximum pressure drogFe 4.38) and the
maximum WSS (Figure 4.39) in any model for all the Reynoldshbars is very
insignificant. However, the effect of upstream curved segno@ the maximum
pressure drop and the maximum WSS is clearly seen. The maxpnessure drop
increases byx 7% in 120° curved upstream model compared with its minimum
value in straight stenosed tube for all the investigatedn@kls numbers. On the
other hand, the maximum WSS increasesh$%, ~ 1.5%, ~ 3% and= 4% in
120° curved upstream model compared with its minimum value sigit stenosed
tube for Re = 500, 1000, 1500 and 2000, respectively. Thus, the stenosis in an
artery with a curved upstream segment increases the risétenpal rapture of the
plague and thrombosis formation, as discuss€d4irb.4, compared with a straight
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stenosed artery.

4.6 Conclusion

The standard-w transitional model and LES were applied to study the effetts
steady spiral blood flow ifi5% area reduction arterial stenosis models without and
with upstream curved segments0f, 90° and120° angle of curvature for Reynolds
numbersRe = 500, 1000, 1500 and2000. LES results for non-spiral flow in the
straight stenosed tube for Reynolds numbers= 1000 and2000 with appropriate
inlet perturbation match the corresponding experimerdtd dlosely. Spiral blood
flow increases the recirculation zone in the straight stesiésbe which is poten-
tially harmful as it can induce blood clot, a potential sauof stroke.

The effect of spiral velocity on any flow property in the madelith an up-
stream curved segment for the investigated Reynolds nugmbénsignificant. In
the models with an upstream curved segment, spiral patéostibefore the steno-
sis, which may be due to the rigid wall of the models taken esimulations and/or
assumption of steady flow of blood in the simulations. Cawgtta the reports of
Paul and Larman [17] and Stonebridge et al. [16], the inflearfespiral blood flow
increases the TKE in the straight stenosed tube for thetigegded Reynolds num-
bers, whereas it does not affect WSS or wall pressure. Adthapiral pattern
has many beneficial effects on hemodynamics in unstenosstkaras reported by
Stonebridge et al. [15], its detrimental effects are obsgia stenosed arteries.

As for the effects of upstream curved segment, the resulteistraight stenosed
tube at different locations are almost same as the correappresults in the model
with 90° curved upstream segment at corresponding locations aategthan the
corresponding data in the other two models. In additionpther two models, i.e.
60° and 120° curved upstream models give almost same results at cordggp
locations. However, the effect of curved upstream segmetthe maximum TKE
is prominent as the maximum TKE increases significantli20f curved upstream
model from its minimum value in straight stenosed tube Rer = 1000, 1500
and 2000 and it decreases dramatically 120° curved upstream model from its
maximum value in60° curved upstream model fdte = 500. Additionally, the
maximum pressure drop and the maximum WSS increasihcurved upstream
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model from their corresponding minimum values in straigbhesed tube for all
the Reynolds numbers.

Blood flow is physiologically pulsatile. The study in thisagter was simplified
by considering steady flow in the arterial stenosis modelshakough numerical
investigation of physiologically pulsatile spiral blooaw in a straight stenosed
tube will be done as a natural extension of this chapter.
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(@)
3D 22D

Figure 4.1: Three dimensional view of model arteries witlemd with an upstream
curved section of varying angles of curvature. Angles ofature in frame (a), (b),
(c) and (d), ar®°, 60°, 90° and120°, respectively.
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Figure 4.2: Axial velocity comparison with the experimdrdata of Ahmed and
Giddens [28] for non-spiral flow in mode$1 at (a)z/D = 0, (b) z/D = 1, (c)
z/D =25,(d)z/D =4,(e)z/D =5and (f)z/D = 6.
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Figure 4.3: Axial velocity comparison with the experimdrdata of Ahmed and
Giddens [27] for non-spiral flow in modéD1 at (a)z/D = 0, (b) z/D = 1, (c)
z/D =25,(d)z/D =4,(e)z/D =5and (f)z/D = 6.
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Figure 4.4: Grid resolution study for LES of spiral flow in r@dd 1 showing axial
velocity at (a)z/D =0, (b)z/D = 1,(¢c)z/D = 2.5, (d)z/D = 4,(e)z/D =5
and (f)z/D = 6.
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Figure 4.5: Grid resolution study for spiral flow in mode3 with £ —w Transitional
approach showing axial velocity at (ayD = 0, (b) z/D = 1, (¢) z/D = 2.5,
(d)z/D =4,(€)z/D =5and (f)z/D = 6.
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Figure 4.6: Cross-sectional streamlines appended on thkwkocity contour for
non-spiral flow in modeD1 at (a)z/D = -3, (b) z/D = —1, (¢) z/D = 0, (d)

z/D=1,(e)z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.7: Cross-sectional streamlines appended on thkwkocity contour for
spiral flow in modelD1 at (a)z/D = -3, (b) z/D = —1, (¢c) z/D = 0, (d)

z/D=1,()z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.8: Cross-sectional streamlines appended on thkwkocity contour for
non-spiral flow in modeD3 at (a)z/D = -3, (b) z/D = —1, (¢) z/D = 0, (d)

z/D=1,(e)z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.9: Cross-sectional streamlines appended on thkwkocity contour for
spiral flow in modelD3 at (a)z/D = -3, (b) z/D = —1, (¢c) z/D = 0, (d)

z/D=1,()z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.10: Cross-sectional streamlines appended orxtalevalocity contour for
non-spiral flow in modeD2 at (a)z/D = -3, (b) z/D = —1, (¢) z/D = 0, (d)

z/D=1,(e)z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.11: Cross-sectional streamlines appended onxikaé\eelocity contour
for spiral flow in modelD2 at (a)z/D = -3, (b) z/D = —1, (c) z/D = 0, (d)

z/D=1,(e)z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.12: Cross-sectional streamlines appended orxtalevalocity contour for
non-spiral flow in modeD4 at (a)z/D = -3, (b) z/D = —1, (¢) z/D = 0, (d)

z/D=1,(e)z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.13: Cross-sectional streamlines appended onxikaé\eelocity contour
for spiral flow in modelD4 at (a)z/D = -3, (b) z/D = —1, (c) z/D = 0, (d)

z/D=1,(e)z/D =2,(f) z/D =3,(9)z/D =4, (h)z/D =5, (i) z/D = 6, (j)

z/D=T7,(K)z/D=38,()z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16

and (p)z/D = 22.
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Figure 4.14: Pathlines, coloured by the particle ID, foraiflow in modelD2
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Figure 4.15: contour plots of tangential velocity for ngural flow in model D1
at(@)z/D = =3, (b)z/D = —1,(c)z/D =0, (d)z/D =1, (e)z/D = 2, (f)
z/D =3,(9)z/D =4,(h)z/D =5,() z/D =6, () z/D =7, (K) z/D = 8, (I)
z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.16: contour plots of tangential velocity for spftaw in model D1 at (a)
z/D =-3,(b)z/D=-1,()z/D=0,(d)z/D =1, (e)z/D =2, (f) z/D = 3,
Q) z/D=4,(n)z/D =05,()z/D=6,() 2/D=1,(K)z/D =28,() 2/D =9,
(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.17: Contour plots of tangential velocity for nqoiral flow in model D2
at(@)z/D = -3, (b)z/D = —1,(c)z/D =0, (d)z/D =1, (e)z/D = 2, (f)
z/D =3,(9)z/D =4,(h)z/D =5,() z/D =6,(j) z/D =7, (K) z/D = 8, ()
z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.18: contour plots of tangential velocity for spftaw in model D2 at (a)
z/D =-3,(b)z/D=-1,()z/D=0,(d)z/D =1, (e)z/D =2, (f) z/D = 3,
Q) z/D=4,(n)z/D =05,()z/D=6,() 2/D=1,(K)z/D =28,() 2/D =9,
(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.19: Contour plots of tangential velocity for nqoiral flow in model D3
at(@)z/D = -3, (b)z/D = —1,(c)z/D =0, (d)z/D =1, (e)z/D = 2, (f)
z/D =3,(9)z/D =4,(h)z/D =5,() z/D =6,(j) z/D =7, (K) z/D = 8, ()
z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.20: contour plots of tangential velocity for spitaw in model D3 at (a)
z/D =-3,(b)z/D=-1,()z/D=0,(d)z/D =1, (e)z/D =2, (f) z/D = 3,
Q) z/D=4,(n)z/D =05,()z/D=6,() 2/D=1,(K)z/D =28,() 2/D =9,
(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.21: Contour plots of tangential velocity for nguiral flow in model D4
at(@)z/D = -3, (b)z/D = —1,(c)z/D =0, (d)z/D =1, (e)z/D = 2, (f)
z/D =3,(9)z/D =4,(h)z/D =5,() z/D =6,(j) z/D =7, (K) z/D = 8, ()
z/D=9,(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.22: contour plots of tangential velocity for spftaw in model D4 at (a)
z/D =-3,(b)z/D=-1,()z/D=0,(d)z/D =1, (e)z/D =2, (f) z/D = 3,
Q) z/D=4,(n)z/D =05,()z/D=6,() 2/D=1,(K)z/D =28,() 2/D =9,
(m)z/D =10, (n)z/D =12, (0) z/D = 16 and (p)z/D = 22.
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Figure 4.23: Mean axial velocityw), profiles for both non-spiral and spiral flow in
modelD1 at (a)z/D = —1,(b)z/D =0,(c)z/D =1,(d)z/D =2, (e)z/D = 3,
() z/D=4,0)z/D=5,(h)z/D=6,0)z2/D="171(0) 2/D=28,(K)z/D =9,
() z/D =10,(m)z/D =12, (n) z/D = 16 and (0)z/D = 22. Note that LES was
also applied to this model.
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Figure 4.24: Mean axial velocityw), profiles for both non-spiral and spiral flow in
modelsD2, D3 andD4 at (a)z/D = —1, (b)z/D =0, (c)z/D =1, (d)z/D = 2,
(€)z/D=3,(f)z2/D=4,(9)z/D =5,(h)z/D =6,()z/D=1,() z2/D =8,
(K)z/D=9,() z/D =10,(m)z/D =12, (n) z/D = 16 and (0)z/D = 22.
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Figure 4.25: Mearn-velocity, (u), profiles for both non-spiral and spiral flow in
modelD1 at (a)z/D = —1,(b)z/D =0,(c)z/D =1,(d)z/D = 2,(e)z/D = 3,
() z/D=4,@)z/D=5,()z/D=6,() z/D="17,() 2/D =38, (K)z/D =9,
() z/D =10,(m)z/D =12, (n) z/D = 16 and (0)z/ D = 22. Note that LES was
also applied to this model.
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Figure 4.26: Mearn-velocity, (u), profiles for both non-spiral and spiral flow in
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modelsD2, D3 andD4 at (a)z/D = —1, (b)z/D = 0,(c)z/D =1, (d)z/D = 2,

€)2/D =3,(f) 2/D =4,(Q)2/D =5, (h)z/D =6, () 2/D =17, () /D =8,

(K)z/D =9, () z/D = 10, (M) /D = 12, (n) /D = 16 and (0)z/D = 22.
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Figure 4.27: Mearny-velocity, (v), profiles for both non-spiral and spiral flow in
modelD1 at(a)z/D = —1,(b)z/D =0,(c)z/D =1,(d)z/D =2, (e)z/D = 3,
() z/D=4,0)z/D=5,(h)z/D=6,0) 2/D="171_0 2/D=28,(K)z/D =9,
() z/D =10,(m)z/D =12, (n) z/D = 16 and (o)/D = 22. Note that LES was
also applied to this model.
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Figure 4.28: Meary-velocity, (v), profiles for both non-spiral and spiral flow in
modelsD2, D3 andD4 at (a)z/D = —1, (b)z/D =0, (c)z/D =1, (d)z/D = 2,
(€)z/D=3,(f)z2/D=4,(9)z/D =5,(h)z/D =6,()z/D=1,() z/D =8,
(K)z/D=9,() z/D =10,(m)z/D =12, (n) z/D = 16 and (o}/D = 22.
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Figure 4.29: Turbulent kinetic energy,(m?/s?), for both non-spiral and spiral flow
in model D1 at (a)z/D = —1, (b)z/D =0, (¢c)z/D =1, (d) z/D = 2, (e)
z/D=3,(f)z/D=4,Q)z/D=5,(h)z/D =6,() 2/D =17,() z/D =8, (K)
z/D =9,()z/D=10,(m)z/D =12, (n)z/D = 16 and (0}/D = 22. Note that
LES was also applied to this model.
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Figure 4.30: Turbulent kinetic energy,(m?/s?), for both non-spiral and spiral flow
in modelsD2, D3 and D4 at (a)z/D = —1, (b) z/D = 0, (c) z/D = 1, (d)
z/D =2,()z/D =3,() z/D =4,()z/D =5, (h)z/D =6, () z/D =7,
(G) z2/D =8, (K)z/D =9,() z/D = 10, (m) z/D = 12, (n) z/D = 16 and
(0)z/D = 22.
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spiral flow in modelD1. Note that LES was also applied to this model.
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Figure 4.32: Circumferential average wall pressure (Papfih non-spiral and
spiral flow in modelsD2, D3 and D4.
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and spiral flow in modeD1. Note that LES was also applied to this model.
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Figure 4.35: Bar chart of maximum turbulent kinetic enemgytfoth non-spiral and
spiral flow in all models for (a)ze = 500, (b) Re = 1000, (c) Re = 1500 and (d)

2000.
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Figure 4.36: Contour plot of TKE, k (As?), in model A1 for (a) non-spiral flow
and (b) spiral flow.
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Chapter 5

Simulation of Physiological Pulsatile
Non-spiral and Spiral Blood Flow In
a Reqgular Arterial Stenosis

5.1 Introduction

LES of physiological pulsatile flow through arterial steisas relatively new. No-
table studies on LES of pulsatile flow in models of stenoséehainclude studies
of Paul and Molla [93], Gardhagen et al. [95] and Barber aimin®ns [96]. The
limitations of the available studies were highlighted ie tast paragraph ¢f2.2.2
in Chapter 2. On the other hand, only steady spiral blood flowugh a straight
stenosed tube was investigated by applying LES and twotequaw Transitional
turbulence model in the previous Chapter. Therefore, LE#hgs$iological pulsatile
non-spiral and spiral blood flow through straight stenosée tvould be performed
to get better insight of the transition-to-turbulence piraena of the flows through
stenosis and the effects of spiral blood flow on the flow prisgeim the downstream
of the stenosis. Two-equatidnw Transitional model was also applied to pulsatile
non-spiral flow to assess its ability to model the transiensatile flow. For LES,
the Smagorinsky-Lilly dynamic subgrid model (Germano [[115lly [116] and
Kim [123]) was used.

Following Womersley [131] solution, physiological puldatvelocity profile
was introduced at the inlet using the first four harmonicshef Fourier series of
the pressure pulse. To create spiral effect, one-sixth sfile bulk velocity was
taken as tangential velocity at the inlet according to Stodge et al. [15; 16].
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At the outlet, a physiological pulsatile pressure profiles\ganerated according to
Nichols and O’Rourke [7].

Transition-to-turbulence of pulsatile non-spiral andalblood flow in the down-
stream of the stenosis is investigated in terms of variomserical quantities such
as velocity, streamlines, velocity vectors, vortices,|\wedssure and shear stresses,
turbulent kinetic energy, pressure gradient, velocity pressure fluctuations and
their energy spectra etc. Relevant pathophysiologicalioatons of these results
are also discussed. Influence of stenosis percentage aytti lem the flow results
in non-spiral pulsatile flow is investigated in this Chapt&dditionally, the effects
of Womersley parametet,, and amplitude of pulsation in the inflow velocity on the
non-spiral flow results are examined as well.

5.2 Problem Formulation

The model geometry was a straight stenosed tube wittyaarea reduction cosine
type regular stenosis of leng2® as shown in Figure 4.1(a) of Chapter 4. The gov-
erning equations are described in Chapter 3. For studymeffiects of percentage
and length of stenosis on the flow results, stenosesWitharea reduction corre-
sponding ta70% diameter reduction and length® and4D were also considered
in the investigation. The inlet and outlet boundary comaisi used in this chapter
are presented in the following sub-section.

5.2.1 Physiological Inlet and Outlet Conditions and Compud-
tional Parameters

The time-dependent physiological pulsatile velocity peofvas introduced at the
inlet. It is generated by adding steady profile with the uadyepulsatile profile,
which can be obtained from the analytic solution of one-disienal form of the
Navier-Stokes equation in the streamwise direction takitighe-periodic pressure
gradientBe’™ , whereB is a complex constant anglis the angular frequency of
pulsation (Womersley [131], Chandran [132] and Nichols @idourke [7]). The
angular frequency, is defined ag) = %’T with 7" = 0.6 s being the period of the
pulsation used in this study corresponding @0 heartbeats per minute (Barber and
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Simmons [96]). The Navier-Stokes equation in the streamdisection becomes

Pw 10w 10w B .

~ T Zemt _R<r<R. 5.1

6T2+7"87" v ot ,ue ’ == (1)
Herer is the coordinate in the radial direction. As the considgnex$sure gradient
is periodic in time, the solution of Equation (5.1) can betten as the sum of a

series of terms in the following form:

Np

M, R? )
w(r,t) = Z WMS sin(nnt + ¢, + €). (5.2)

n=1

Here R = 0.01 m is the radius of the straight tube. The constaptis the to-
tal number of harmonics of the pulsatile flow/,, and¢,, are the coefficient and
the phase angle, respectively,:6f harmonic of the velocity profile; and is the
non-dimensional unsteady Reynolds number or the Womepsegmeter which
is defined asy = R % ratio of oscillatory inertial force to viscous force. As
the blood in the investigations was assumed to be Newtonitim avdensity of
p = 1060 kg/m® and a constant dynamic viscosity of= 3.71 x 103 Pa s, hence
the Womersley numbety, was taken a$7.3. It is to note that laminar profile de-
parts from quasi-steadiness wher> 3 (Varghese et al. [84]). The parametér
ande, are defined by the following equations

My = /14 13 — 2hq cos(8), (5.3)

and ho sin(50)
. 0 S1N{ Og
tan(ey) = 1= I cos(dg)” (5.4)

whereh, = %@E) andd, = 6y — 0 (%). Again the moduliM, and M, (%) and

phased), andd, (}%) are expressed in terms of Bessel function of order zero with
complex argument as follows

o (aﬁi%> — M, (%) g0 () (5.5)

o <0z13) — Myei®. (5.6)
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For any real variabl€, McLachlan [133] gave tables fav/,(¢) andf,(¢) and also
defined them in terms dkr(¢) andbei(¢) by the following

o (g¢%> — My(¢)e®©) = ber(¢) + i bei(C), (5.7)
e G0 000 (0"
bmoﬁeéw+@y—@y+m, (5.8)
and ] 9 (lC)6 (low (l<)14
bei (C) = (5() — (32 + (51 — (7)? +.... (5.9)
Therefore, M, (¢) andfy(¢) can be written as
\/ ber (¢ >4 bei (¢ (5.10)
and
bei ()

0o(¢) = arctan (5.11)

ber(¢)’
respectively. By adding the steady velocity profile to Egquat5.2), the physiolog-
ical pulsatile velocity profile may be written as

w(z,y,t) =2V ({ ( ) } AZ M’ sin(nnt + ¢, +eo)> , (56.12)

and following the expression for flow rate given by WomerdtEy1], the physio-
logical pulsatile bulk velocity profile becomes

W (t) (1 + A Z 2 M, sin(nnt + ¢, + 610)> , (5.13)

whereA is the amplitude of pulsation and far< 10, the values ofg—éO ande;, can
be obtained from the table provided in [131]. For> 10, Womersley [131] gave
the following expressions:
M 1 2 1
w;——£+—, (5.14)

o2 a2 o3 ot
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V2 1 19
€10 = £ + 5t :

a a? o 24203
To introduce spiral velocity, one-sixth of the pulsatildkovelocity from Equa-

tion (5.13) was taken as the tangential velocity at the jnlet

(5.15)

v(m,y,t) = W(t) (Q) , (5.16)

R

whereC' = % Four harmonicsX; = 4) were taken in this study. The Reynolds
numbers investigated, based on the diameter of unstenes#@drsof the tubepD,
and steady inlet bulk velocity;, were Re = 438, 584 and876 with peak Reynolds
numbers,Re,;, = 1200, 1600 and2400, respectively, corresponding to a value of
A = 0.40 in Equation (5.12). To investigate the effects of Womersiaynber,q,
and amplitude of pulsatiord, on the non-spiral flow results, other valuesnof=
15.5 andA = 0.67, with Re,;, = 2400 corresponding tdte = 741, were also taken
in the investigation. The resulting physiological pulkainlet velocity profiles,
derived from Equations (5.12)-(5.13), are shown in Figufiefér o = 17.3, Re =
876 and A = 0.40. The velocity profile at the centre of the inlet plane and seve
phases in the pulsatile cycle at which results were obtaaneghown in frame (a),
while velocity profiles at; = 0.5, 0.8 and0.95 are shown in frame (b). Frames (c)
and (d) present bulk velocity profile and velocity profilesraj a diametric line at
different phases of a time cycle, respectively. It is intéirg to note that due to
pulsation, back flow occurs close to the wall during the lateaderating systolic
phase, i.e. aP4 (t/T = 0.4).

A physiological 4 harmonic pulsatile pressure profile (Nichols and O’Rouil} [
shown in Figure 5.2, which can be defined by the following espion was taken at

the outlet.
Nh

p=P+ Z P, cos(nnt + v,), (5.17)

n=1
whereP is the steady pressure at the outket;andy,, are the coefficient and the
phase angle, respectively, of harmonic of the pressure profile. To link with the
solver, these inlet and outlet boundary conditions wereedad C-language using
the User Defined Function (UDF) interface of Fluent.
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5.3 Grid Independence and Simulation Details

A mesh of comprising of 700, 000 control volumes was taken for the simulation
of pulsatile non-spiral and spiral blood flow through the mlodrid independence
test was conducted in LES of non-spiral flow flBe = 741, A = 0.67, o = 17.3
and time-stepjt = 10~2 s by taking three grids, namely Grig Grid 2 and Grid3.
Grid 1 corresponds to a total ¢ 500, 000 control volumes which is increased by
40% for Grid 2 to get~ 700, 000 control volumes. Grid consists of huge control
volumes i.e.x 1,260, 000 which is further an increase 80% on Grid2. Results
of the test are presented in Figures 5.3 and 5.4 in terms cfepaeeraged stream-
wise velocity, ((w)) (m/s), at different axial positions and wall shear stress,(P
respectively, during phasg3. Note that the phase averaging of WSS was done
on the circumferential average WSS. The results show a ggmebment and the
resolution of GriR is seemed to be adequate for the simulation, though the phase
averaged streamwise velocity in Figure 5.3 in the furthevitkiream region (frame
e-g) is slightly sensitive to the choice of grid —which istgunormal in LES. Both
the resolved scale and the SGS eddies are different, defgeadithe mesh reso-
lution. Therefore, LES results will show some dependencéhergrid resolution
until the LES grid resolution becomes fine enough to qualsiyad@ NS resolution
(Mittal et al. [88]; Paul and Molla [93]).

Time-step independence test was also carried out for Lol taking two dif-
ferent time-steps oft = 1072 s and1.5 x 10~% s while keeping the other pa-
rameters same as in the grid resolution study and the remealtsompared in Fig-
ures 5.5 and 5.6 in terms of phase-averaged streamwiseitygloe)) (m/s), at
different axial positions and wall shear stress (Pa), respdy, during phase’3.
The results are quite independent of the time-step usedhwhiclear from the
above two figures. However, the phase-averaged streameliseity in Figure 5.5
in the further downstream region (frame d-f) is sensitivghdly as seen previously
in the case of grid resolution test. These sensitivities@asonable as one fixed
grid configuration was used. Time-step in the simulationuobdlent flow, how-
ever, depends on the grid size (Choi and Moin [134]). The Esiatime-step of
10~3 s was chosen in all the investigations of this thesis to aerstable solutions.

In the present study of pulsatile non-spiral and spiral 8léow through75%
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area reduction cosine-type stenosis, Reynolds numbessdayed areRe = 438,
584 and876. LES was applied for all cases and two-equation standasdransi-
tional model was also applied in non-spiral flow 8¢ = 438 to assess its suitabil-
ity for modelling pulsatile turbulence flow. In this studydaall other subsequent
studies in this thesis, eight initial cycles were run andgehaveraged statistics, as
defined in§ 3.7, were collected over the last 12 time period cyclesptfahg the
initial eight cycles. The phase-averaged statistics tesué presented during phase
P3, i.e. during decelerating systolic phase when turbulemceation by pulsatil-
ity is greatest (Ku [3]).

Cycle-to-cycle development of instantaneous streamweésecity, w, in non-
spiral flow for Re = 876 in the initial eight cycles during phade2, as shown in
Figure 5.7, shows that flow has developed well by this time iait@l transients
have disappeared from the computational domain. Figurslot/s the root mean
square (rms) of centreline streamwise velocity fluctuatjom”) . (m/s), over the
last three cycles at different axial locations for both rspiral and spiral pulsatile
flow while Re = 876. It can be observed from the figure that the rms velocity in
both non-spiral and spiral flow has reached time-perioditesh the considered 12
cycles for the calculation of phase-averaged statistics.

5.4 Results and Discussion

First, the contribution of the dynamic SGS model constanand eddy viscosity
are presented iff 5.4.1. This is followed by the results of the instantaneaus a
phase-averaged flow physics §rb.4.2 andg 5.4.3 consecutively. The results of
the thorough investigations of the turbulent flow charastiess are summarised in
§ 5.4.4 and; 5.4.5. Effects of percentage and length of stenosis areisked in

§ 5.4.6 and finally, effects of Womersley number and amplitatipulsation flow
are given ing 5.4.7.

5.4.1 Contribution of the SGS Model

Figure 5.9 depicts the contour plots of dynamic Smagorimskystant(';, in non-
spiral flow during phasé’3 in the z — = mid-plane forRe = 438, 584 andg&76.
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The effects of Reynolds number @1 is clear from the figure, i.e. the value 6f
increases with Reynolds number. It is worth noting that tleximum value ofC
occurs in the post-stenotic region where the flow may becomeilent. However,
the value ofC; in the upstream of the stenosis is very small and therefaykgilele
as the flow is laminar there.

The contour plots of the corresponding normalised SGS etdysity, 1,5/ 1t
is presented in Figure 5.10. The maximum eddy viscosity 8.3 for Re = 438
(frame a), whereas itis 0.5 for Re = 584 (frame b) and76 (frame c). Though the
maximum eddy viscosity is same f& = 584 and876, but the difference between
the two plots is obvious as the maximum eddy viscosity ocatirsore locations
in frame (c) than in frame (b). This observation suggeststti®SGS model add
up to50% extra dissipation into the flow, depending up on the Reynoldsber;
and less energy dissipated through the SGS for low Reynalchdbar, as expected.
Like C, the SGS dissipation is maximum in the downstream regionrevtiee flow
transients to turbulence. The valuesiQfandy, /1 in the respective contour plots
in spiral flow remain almost same as those in non-spiral flow.

5.4.2 Instantaneous Flow Field

The y-vorticity, Q, = (22 — 2%) (1/s), in non-spiral and spiral flow at different

phases over the last pulsatile cycle fo# = 876, as presented in Figures 5.11 and
5.12, respectively, shows how and where the transitiottiodlence takes place in
both flows. In both figures, two vortices, one anti-clockwised) and the other
clockwise (blue), are generated at the post-stenotic neggar the wall as the shear
layers separate from the stenosis throat during pliasérame a). As the phase
increases, the vortex pair roll down further downstreanramie (b) and (c). With
the adverse pressure gradient, the unstable jet and slyess lareak down at =~
4D andz ~ 3D in non-spiral and spiral flow, respectively, apparentlysiag the
flow to experience transition to turbulence betwees 4D and6D in the non-
spiral case, and between= 3D and5D in the spiral case during phaséy,
P2 and P3 (frame a, b and c). Due to jet breakdown and increased mixirige
transition-to-turbulence region, flow reattachment osaarnon-spiral and spiral
flow by z ~ 6D andz ~ 5D, respectively, during the above first three phases. No
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vortex-ring is found beyond phages3 (frame d-g). Furthermore, the vortex pair in
frames (a-c) in non-spiral flow look very similar to that inrghflow, i.e. no effect
of spiral velocity on vorticity development can be observed

The effects of Reynolds number on the development of y-s@stin both non-
spiral and spiral flow during phade3 for Re = 438, 584 and876 are shown in
Figures 5.13(a-c) and 5.14(a-c), respectively. In both$wiral and spiral flow, vor-
tices pattern generated in the post-stenotic region ate gumilar in look, however,
the vortex-rings move further downstream as the Reynoldsu is increased. In
addition, for Reynolds number2e = 438 and584, the shear layers break down at
z =~ 4D in both non-spiral and spiral flow. However, for Reynolds mem876, the
shear layers breakdown earlier ¢at= 3D) in spiral flow than in non-spiral flow (at
2z~ 4D).

Further flow characteristics can be observed through wgleectors and stream-
lines. Figures 5.15 and 5.16 show in-plane velocity ve@appended on the stream-
wise velocity,w (m/s), contours folRe = 876 during phaseP3 in non-spiral and
spiral flow, respectively, at different axial locations.both flows, the stenotic jet is
maximum atz = 2D (frame c) and cross-sectional velocities directing fluiddaod
the vessel wall. In non-spiral flow (Figure 5.15), the jetdkatively stable and flow
is laminar atz ~ 3D (frame d); however, at ~ 4D (frame e ), the jet breaks
down and flow is re-circulated and becomes transitional.i@rother hand, in spi-
ral flow (Figure 5.16), the jet breaks downzatz 3D (frame d ), with flow being
re-circulating and transitional. The reattachment of tbe ih non-spiral and spiral
flow takes place at ~ 6D (Figure 5.15(g)) and ~ 5D (Figure 5.16(f)), respec-
tively, as can be seen from the in-plane vectors. Additigntgdough spiral pattern
in spiral flow (Figure 5.16) is visible at the throat and plysf the stenosis (frames
a-b), it is lost in the further downstream region (frames) chhe to the occurrence
of strong turbulence activities there. From pathologiaahpof view, the strong
re-circulations found in non-spiral (Figure 5.15(e-g)dapiral (Figure 5.16(d-f))
flow is detrimental to blood cells and intima of the stenosedrg as pointed out
earlier in Chapter 4.

The instantaneous — x mid-plane streamlines in non-spiral and spiral flow
during phaseP3 for (a)Re = 438, (b)Re = 584 and (c)ke = 876 are shown in
Figures 5.17 and 5.18, respectively. The correspondimgstiines in non-spiral
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and spiral flow are of similar pattern and no significant défece can be found be-
tween these two figures. As a result of reverse flow near thielasge recirculation
regions are created around the post post-lip of the stenBsi®d residence time
in these recirculation regions is increased as these agtdseof low shear stress,
which in turn increases the chances of heart attack andesfhdlla [90]). Further-
more, the recirculation region in both non-spiral and dgioav increases slightly
with Reynolds number which can be observed from the FigurEs &d 5.18, re-
spectively.

5.4.2.1 Instantaneous Wall Pressure and Shear Stress

Figure 5.19 depicts the instantaneous wall pressu(Ba), in both non-spiral and
spiral flow during different phases of the last pulsatileleyior Re = 438, 584
and 876 at two circumferential locationg){ and 90°) of the wall. Note that the
corresponding wall pressures obtained from the model in non-spiral flow for
Re = 438 are also appended. It is clear from the figure that the effespioal ve-
locity on pressure drop is negligible. However, due to $pioav, some variations
in the oscillating part of the pressure within< z/D < 6 can be observed, espe-
cially for higher Reynolds number. It is interesting to nttat k-w results are in
good agreement with the corresponding LES results. Nofsigni difference can
be observed between the profiles plottedatircumferential location and those
plotted at90° circumferential location. A Bernouilli-type pressure gdroccurs at
the stenosis throat and in the immediate post-stenotiomeghere the streamwise
velocity is extremely high and this pressure drop increasethe Reynolds num-
ber is increased. In addition, the pressure drop is extremaele during phases
P1 (late accelerating systolel2 (systolic peak) and’3 (early decelerating sys-
tole) compared with the pressure drop during late decétgraystolic phasé’4 or
other diastolic phases; and it is maximum during pBaewhich is~ 685 Pa for
Re = 876. In the pathophysiological context, this extremely largesgure drop is
potentially harmful as this can cause local collapse of theasis, which in turn re-
sults in flow-choking and compressive stress, capable dlimgcthe structure. The
oscillations in compressive loading may lead to rupturénefglague cap, a precip-
itating event in most heart attacks and strokes (Woottonkan{b]; Li et al. [8]).
An extremely large pressure drop at the stenosis throat lsagaund in the steady
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case in Chapter 4 which was discussed there with the relelraidal implications.

The corresponding wall shear stress in both non-spiral pimdl$low is shown
in Figure 5.20. No significant influence of spiral velocity wall shear stress is
observed; wall shear stress in spiral flow for the investiddReynolds numbers
match that in non-spiral flow in the critical region of steispge. around the throat
and immediate post-stenotic region during all the phasesigh they vary slightly
in the further downstream region ¢ 2D). Additionally, it should be noted that
shear stress obtained frobaw model match well the corresponding LES results,
as seen previously in the results of wall pressure. For allRBynolds numbers,
shear stress rises sharply just before the stenosis thuoagdall the phases due
to the extremely high velocities at the throat, it then taissillatory form in the
downstream region with some smaller peaks than that ardumd¢htoat. During
late decelerating systolic phage&l, the second peak is bigger than the first one
around the throat except for the case of spiral velocity iith= 876 in which the
peak around ~ 3.5D is bigger than the first peak. It is interesting to note that
during phaseP3 for Re = 876, the second peak at = 2D is also quite large.
The oscillatory pattern of shear stress, which is promihetiveer2D < z < 6D
from phaseP4 to the end of the pulsatile cycle, is responsible for artetisease
progression as this has detrimental effect on red blood eeldl inner lining of the
blood vessel (Ku [3]; Paul and Molla [93]).

It is clear from the figure that the wall shear stress is dependn Reynolds
number, i.e. it increases with Reynolds number. Shearssteshes maximum
value during phasé’2 (frame c-d) just before the throat for all the investigated
Reynolds numbers; and this maximum shear stress is clasi@ywed by its value
during P1 (frame a-b) and”3 (frame e-f). ForRe = 876, the wall shear stresses
are~ 20 Pa,~ 20 Pa andx~ 16 Pa duringP1, P2 and P3, respectively. According
to Malek et al. [9], as mentioned in the previous chapterass&ess> 7 Pa may
induce thrombosis. On the other hand, Sutera and Mehrj8ijirfeported that
higher shear stressX 10 Pa) cause deformation of the red blood cells. Hence, itis
clear from the figure that shear stress for the Reynold nuiibet 876 reaches the
harmful level during all phases except the last ph@sghowever, forRe = 584,
it reaches the clinically dangerous level only during pkasg, P2 and P3 and it
remains in the normal range during all the phaseddor= 438.
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5.4.3 Phase-averaged Flow Characteristics

The phase-averaged streamwise velocity obtained at eliffexxial locations dur-
ing phaseP3 in both non-spiral (NSp) and spiral flow is shown in Figurelga2l)
for different Reynolds numbers along with the correspogdHw results. The pro-
file, which resembles fully developed Poiseuille flow at the-fip of the stenosis,
becomes plug-shaped jet at the throat of the stenosis artinmmediate post-
stenotic region (frames b-d) as the flow passes through émesis with extremely
high velocity. The negative values of the velocity foundmiba wall in frames (c-
d) correspond to the occurrence of the permanent re-ctronleegion observed in
Figures 5.17 and 5.18. The effect of Reynolds number on tharsiwise velocity is
distinctive in the figure. The influence of spiral flow is se@tyan the turbulent re-
gion, fromz = 3D to 6D (frames e-h), where the velocity profiles corresponding to
both the non-spiral and spiral flow begins to lose theirijg-tharacter and tend to
uniformity. In this region, the profiles corresponding tarapflow differ from non-
spiral flow profiles; and specifically faRe = 438 and584, the streamwise velocity
in spiral flow increases slightly at some places from its galu non-spiral flow,
whereas it decreases in spiral flow at some place&for 876. It should be noted
that in the turbulent region, the phase-averaged velocdfiles obtained fronk-w
model do not match the corresponding LES profiles bec&usenodel provides
time-averaged information instead of time-accurate oramsneous information.
The blunt-type profiles seen after= 6D are common to turbulent flow and in the
far downstream region (frame 1), the profiles regain thengash parabolic shape —
an indication of laminar flow field.

Though the instantaneous wall shear stress during diff@iesses was shown
in Figure 5.20 and discussed in detail§rb.4.2.1, it is interesting to notice how
the phase-averaged wall shear stress behaves arounddbhedhthe stenosis and
in the downstream region. Figure 5.22 shows the phase-ga@naall shear stress
at two circumferential location$){ and90°) during phaseP3 for the investigated
Reynolds numbers in both non-spiral and spiral flow. Thegpathnd magnitudes
of phase-averaged wall shear stress are largely same a&sdhtige instantaneous
wall shear stress in Figure 5.20(e-f), however, the higkbilatory pattern that was
found in the downstream region in the instantaneous shesssshas almost disap-
peared in the phase-averaged shear stress. As the osgiliatiore of WSS in the
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downstream region disappears due to phase-averaging hteget the real picture
of WSS, the instantaneous results should be consideredeeksis Figure 5.20(e-
f), the phase-averaged shear stress increases sharphejoseé the throat of the
stenosis; and this extreme rise is follow by smaller pealktsardownstream region.
This finding is quite similar to the WSS results of Mittal et @8] and Varghese
et al. [84]. It is to note that phase-averaged shear stréssét = 438 obtained
from k-w model are in excellent agreement with the corresponding flelS8its.

5.4.4 Turbulent Characteristics

A quantitative measure of turbulence can be obtained framralot mean square
(rms) of velocity fluctuations. Profiles of the root mean sgquams) of the stream-
wise velocity fluctuations(w”),. = (m/s), as defined if 3.7, recorded at different
axial locations are shown in Figure 5.23 for the Reynolds lpersiRe = 438, 584
and876 in both non-spiral (NSp) and spiral flow during pha38. Figures 5.24,
5.25 and 5.26 present the turbulent kinetic energy (TKE)/u”) (m?/s%), for
Reynolds numbeRe = 438, 584 and 876, respectively, in both non-spiral (NSp)
and spiral flow during phas@3 at different axial locations. The values of both
(w"),... and TKE at the post-lip of the stenosis and the immediate-gtestotic
region are very small as the flow is still laminar in this regand the transition-
to-turbulence is yet to start; they are extremely large m dlownstream region,
from z = 3D to 6D, where transition-to-turbulence takes place with jet kdean
and they gradually decrease aftee= 6D, indicating a relaminarised flow field in
the further downstream region. The influence of spiral flowboth (w”), . . and
TKE can be observed for all the investigated Reynolds nusiblee values of both
(w"),... and TKE rises extremely at some axial locations in spiral $lénem their
corresponding values in non-spiral flows — this finding isimect contradiction to
the claims of Paul and Larman [17] and Stonebridge et al. [B6th groups stud-
ied steady spiral flow through arterial stenosis and claithatispiral flow decreases
TKE. But blood flow is unsteady and pulsatile. Also, our TKEuks in steady spi-
ral flow in Chapter 4 contradicted the above claim made by BadlLarman [17]
and Stonebridge et al. [16]. The limitations of their stgdveere highlighted in

Chapter 4 and discussed in detaiki@.4 of Chapter 2.
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The effect of Reynold number on both the rms of the streamwesacity fluc-
tuations and the turbulent kinetic energy is clearly visiblom the figure; both
(w"),... and TKE generally increase with Reynolds number thoughrthésis bro-
ken at some axial locations . For examgle), . for Re = 876 atz = 3D and4D
is smaller than its corresponding value 8¢ = 584 at those positions and TKE
for Re = 876 in non-spiral flow at: = 4D decreases from its corresponding value
for Re = 584 in non-spiral and spiral flow at that location. The clinicadgact
of extreme velocity fluctuations or high level of TKE found time transition-to-
turbulence region in both non-spiral and spiral flow is se\as they may damage
blood cells and the tissues inside a blood vessel (Ku [3]| &aai Molla [93]).

Figure 5.27 depicts the rms of wall pressure fluctuatidp, .. (Pa), in both
non-spiral and spiral flow for the investigated Reynolds hars during phas&3
at two circumferential location®{ and90°). In both non-spiral and spiral flow for
Re = 876, (p"),,.. rises at around = 2D and in the downstream region 8D <
z <7D and maximunip”) ., .. in non-spiral flow occurs at around= 5D, whereas
in spiral flow, (p”), . . is maximum at around = 2D. For Re = 584, (p”),,.. rises
only in the downstream region 80D < z < 5.5D and maximum(p”),. . in spiral
flow is larger than that in non-spiral flow. However, the chainy(p”) .. along the
axial direction is very small foRe = 438. Furthermore, the high level of SGS eddy
viscosity, which was also found at the immediate downstresgion at around =
2D and in the downstream region from= 3D to 6D, shows its strong correlation
with the high level of(p”) . ., TKE or (w”) . In the pathophysiological context,
the high level of(p”) is potentially harmful as it may affect the arterial wall,
resulting in post-stenotic dilation and arterial murmwvbjch is a key diagnostic
condition of arterial stenosis through bio-acoustic teghes (Ask et al. [135]).

The corresponding-w turbulent results in non-spiral flow fakRe = 438 are
also appended in the above figures. It is to note khatturbulent results in Fig-
ures 5.23, 5.24 and 5.27 are in disagreement with the camelspgy LES turbu-
lent results — shows the inability é&fw model to simulate transition to turbulence
of pulsatile blood flow because the model is not capable ahgiinstantaneous
or time-accurate results, instead, it gives time-averagesdlts arising from the
time-averaged governing equations of motion (Scotti amdnilli [75]). Both the
pulsatile nature of the blood flow and the relatively low Relgls number make
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URANS turbulence models such &sv and k- models, which are designed pri-
marily for simulating well-developed high-Reynolds-nuentiurbulent flows, un-
suited for these arterial flows. On the other hand, LES canigectime-accurate
information about a wide range of dynamically importantiesan the flow. Hence
the various turbulence results in a pulsatile flow can berately calculated from
the LES time-accurate results — which is not possible bygu&§lIRANS (Mittal
et al. [88]) results.

5.4.4.1 Cycle-to-cycle variations

Cycle-to-cycle variations of important flow quantities eal further information
about transition to turbulence of physiological pulsatiter-spiral and spiral blood
flow. In this section, cycle-to-cycle variations of cenimel streamwise velocity,
wall pressure gradient, centreline velocity fluctuatiooentreline TKE and wall
pressure fluctuations in both non-spiral and spiral flowHer= 876 are presented.
Figure 5.28 shows that the centreline streamwise velocit{n/s), in both non-
spiral and spiral flow increases at the throat of the sterfomis its upstream value
due to presence stenosis and remain almost undisturbedrn@wisatile cycle even
atz = 2D and the flow becomes completely chaotic in the downstreammegf
3D < z < 9D, where the jet starts to break and mixing of the fluid takesgglaow-
ever, the flow tries to regain its upstream pattern in théhrrtlownstream region.
The magnitude of the flow velocity in the disturbed regioniffedent at every cycle
and axial location and its cycle-to-cycle variation is rmeriodic; it drops gradually
in the downstream region to its upstream value as the flowegadsng the artery.
It should be noted that the effects of spiral flow on the strge® velocity can be
seen only in the turbulent region as the spiral flow causesttkamwise velocity at
different locations in this region to be in disagreemenhwt# corresponding value
in non-spiral flow, however they match well elsewhere.

Figure 5.29 illustrates cycle-to-cycle variation of thellpaessure gradient ob-
tained at)° circumferential locations in both non-spiral and spiraiflat different
axial locations. The extremely oscillating wall pressuradient observed in the
downstream region aD < z < 7D is closely associated with arterial murmurs
that was discussed in the previous section. In additionwtikepressure gradient in
non-spiral flow differs from that in spiral flow in this os@ting region as seen in
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the case of streamwise velocity.

Cycle-to-cycle variations of the cross-stream velocitgtilationsy” /!, ... and
" /vl ., and the streamwise velocity fluctuations,/w? ., at different axial loca-
tions on the centreline in both non-spiral and spiral flowsdirewn in Figure 5.30.
The fluctuations in all the velocities before= 3D are negligible as the flatness
of them even at = 2D can be seen clearly in the figure. The magnitudes of the
velocity fluctuations increase after= 2D; and the velocity fluctuations in spiral
flow are large in the region &fD < z < 5D, whereas in non-spiral flow, extreme
velocity fluctuations can be found with#D < 2 < 6. As seen in the streamwise
velocity in Figure 5.28, the velocity fluctuations are naripdic. The fluctuat-
ing quantities in both non-spiral and spiral flow decreag@éfurther downstream
region and become almost flat as the effect of the stenosishesithere and relam-
inarisation takes place. Furthermore, Figure 5.31 ilatse the effect of spiral flow
on TKE, § (uju}) (m?/s?), over last three pulsatile cycles considered for turbugen
calculation at various axial locations on the centreling€ETn spiral flow increases
significantly during various phases of the cycle at sometiona on the centreline,
especially withi2D < z < 5D, from its corresponding magnitude in non-spiral
flow.

Again, the non-periodic wall pressure fluctuatiop$,(Pa), in both non-spiral
and spiral flow as shown in Figure 5.32, which are large in thergtream region
of 2D < z < 6D, are strongly correlated with the arterial murmurs created
to arterial stenosis. The effects of spiral flow on the wadlgsure fluctuations are
prominent at some phases of the pulsatile cycle, espeduating systolic and early
diastolic phase in the downstream regior2éf < z < 6D.

5.4.5 Turbulent Energy Spectra

Additional information about the nature of random turbal8actuations in both
non-spiral and spiral flow seen in the post-stenotic regamlee obtained from the
turbulent energy spectra presented in Figures 5.33 andi@&:. 34 = 876. Follow-
ing the convention used by Cassanova and Giddens [22], fidlaald Giddens [25]
and Varghese et al. [84], the normalised energy spekifg, = (E(f)w,) / (2nD,,),
(whereg is a generic fluctuating variable for either streamwise e&pw or pres-
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sure,p) and the Strouhal numbe$; = 2= fD,,,/w,, have been defined and plot-
ted in the above two figuresD,, = 0.5D is the minimum stenosis diametef,
is the frequency of the fluctuation ang, is peak cross-sectional average velocity
at the stenosis throat. For the energy spectra of the cemrefreamwise veloc-
ity fluctuations,w”, in both non-spiral and spiral flow in Figure 5.38( f) is the
frequency spectrum of the normalised centreline streamweocity fluctuations,
(w”/(w"), )?, whereas for the for the energy spectra of the wall pressuce fl
tuations,p”, in Figure 5.34,E(f) is frequency spectrum of the normalised wall
pressure fluctuationgp” /(p”),, .)°. Cassanova and Giddens [22] postulated that
D,, andw, are effective scaling parameters for the spectra as thegieaktic jet
velocity causes the transition to start in the downstreagiore The FFT (Fast
Fourier Transform) scheme was employed to compute thedrexyuspectrak( f).
The lines corresponding teSr) /% and (Sr)~7, describing the inertial sub-
range (or the broadband frequency region), where energgfees from the large
eddies to smaller ones with very small energy dissipation, the viscous dissi-
pation range, respectively, are shown in Figure 5.33 (Teesmand Lumley [136];
Hinze [137]; Wilcox [119]; Varghese et al. [84]). In additipanother line cor-
responding ta(Sr)~!%3 is also shown in the figure. Gross et al. [138] and Lu
et al. [47] observed thah vivo velocity spectra of-5/3 power slope break into
—10/3 power slope at a frequency closely connected with arteriaimars. The
inertial subrange region in both non-spiral and spiral flewery small at = 1D
andz = 2D (frames a-b) as the flow is relatively undisturbed. But intthasition-
to-turbulence region a3D < z < 5D (frame c-e), the inertial subrange region is
large and—5/3 power slopes break inte10/3 power slope at higher frequencies.
The viscous dissipation range is almost absent in this negidvese results agree
quite well with the experimental findings of Gross et al. [[LABd Lu et al. [47].
In both non-spiral and spiral flow, the inertial subrangdaaeglecays gradually in
the further downstream region of > 6D (frame f-i) and the spectra roll off to
viscous dissipation range at lower frequencies as the leemba intensity becomes
weaker and relaminarisation takes place. It is interedtingote that at = 5D
and6D, the inertial subrange in the velocity spectra in spiral fleag larger range
of frequencies than that in non-spiral flow (frame e-f), hegreatz = 4D, the
velocity spectra in non-spiral flow has larger range of fiaggies constituting the
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inertial subrange than that in spiral flow; ard0/3 power slope is almost absent
in non-spiral flow at this location (frame d). Additionalig,the regiornz > 8D, the
velocity spectra of-10/3 power slope in spiral flow break inte7 power slope, i.e.
the viscous dissipation range at lower frequencies condparth the correspond-
ing break frequencies in non-spiral flow; and the viscousigéation range in spiral
flow is smaller than that in non-spiral flow as the spectra iressflow immediately
changes from-7 power slope to another slope inclining towards horizonts |
(frame g-i).

Figure 5.34 depicts the normalised energy spectra of nasathpressure fluc-
tuations,E,,», along with lines corresponding {&r)~%/3, (Sr)~7/* and(Sr)~7.
Note that unlike velocity spectra;10/3 power slope is absent in wall pressure
spectra (Paul and Molla [93]). In frames (a-b), the inertiabrange (or broad-
band) region is very small as it was seen in frames 5.33(d+4®locity spectra. In
3D < z < 5D (frames c-e), a relatively large range of frequencies fatler the
broadband range; and the broad band region becomes smalbaga- 6D (frame
f) as the turbulent intensity is relatively low here. It isrtote that the viscous dis-
sipation range is observed clearly onlyzat 2D (frame b),z = 3D (frame c) and
z = 5D (frame e); and it is almost absent elsewhere. The energyragg@ressure
fluctuations roll off from—5/3 power slope to—7/3 power slope at frequencies
which transfer the energy from pressure fluctuations spdotthe sound spectra,
a potential source of arterial stenosis murmurs (Paul andlaM®3]). As to the
effect of spiral flow on energy spectra of wall pressure flattns, no significant
change in the spectra breaking into a power slope of intetesto spiral flow can
be observed.

5.4.6 Effects of Percentage and Length of the Stenosis

It is interesting to see how the increase in the percentageeaf reduction of the
stenosis and the length of the stenosis affect the imporésatts of pulsatile non-
spiral blood flow in the stenosis fdke = 876. Figure 5.35 shows instantaneous
wall pressure (Pa) for non-spiral flow 5%, 91% and91% area reduction stenosis
with length= 2D, 2D and 4D, respectively, ab° and 90° circumferential loca-
tions during phasé’2 and P3 while Re = 876 and A = 0.40. Pressure drop
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increases with stenosis percentage; the maximum pressype fbr91% stenosis
with length= 2D during phase”2 and P3 arex 5206 Pa and~ 3769 Pa, respec-
tively, whereas folr5% stenosis with lengtk 2D, the maximum pressure drops are
~ 661 Pa and~ 426 Pa during phas#2 and P3, respectively. That is, the max-
imum pressure drops increase 8y688% and~ 785% during phase”2 and P3,
respectively, iM1% stenosis compared with its corresponding valu@ésivh steno-
sis. Itis clear from the figure that the effect of the lengtktehosis on pressure drop
is very insignificant. The maximum pressure drop increages b.5% in stenosis
with 4D length during phas&2 compared with its corresponding value in stenosis
with 2D length, whereas during pha$t3, the maximum pressure drop decreases
by ~ 1.6% in stenosis witht D length compared with its corresponding value in
stenosis witl2 D length. Additionally, when the stenosis percentage iseased,
pressure rises in the further downstream region to regainatmal undisturbed
value after dropping at the stenosis throat. These extreasspre drops has severe
clinical consequences including flow-choking and ruptweiacussed if§ 5.4.2.1.
Therefore91% area reduction is a very severe stenosis case which caklfin-
mediate therapeutic measure.

The corresponding instantaneous wall shear stress (W3$)qPresented in
Figure 5.36. The maximum WSS increases when the stenosismiage is in-
creased, however it decreases if the length of the sterogierieased as can be
observed from the figure. In addition, shear stress becameesasingly oscillatory
in the downstream region &D < z < 6D with the increase in area reduction
in stenosis. The maximum WSS 1% stenosis with length 2D arex 116 Pa
and~ 93.3 Pa during phasé’2 and P3, respectively; and if1% stenosis with
length= 4D, it is ~ 81 Pa and~ 65 Pa during phasé’2 and P3, respectively,
whereas in75% stenosis with length 2D, the maximum WSS arer 20 Pa and
~ 16 Pa during phas&2 and P3, respectively. Hence, the maximum WSS,
stenosis rise by 480% and~ 481% during phas&”2 and 3, respectively, com-
pared with its corresponding value % stenosis; and the the maximum WSS
decreases by 30% in stenosis with length 4D during phaseP2 and P3 both
compared with its corresponding value in stenosis with leag2D. The patho-
physiological impacts of these extremely high WSS wereudised ir 5.4.2.1. In
addition to those implications, high WSS §7.9+8.5 (SD) Pa) can cause endothe-
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lial cells damage (Fry [36]) as well.

Figure 5.37 shows that the TKE{u”u/) (m?s?), like the maximum pressure
drop and the maximum WSS, increases with the area reductistenosis. More-
over, TKE also rises sharply when the length of the stenesiscreased fixing the
stenosis percentage. The maximum TKE found in the figur&Jgt stenosis with
length= 2D, 91% stenosis with length 2D and91% stenosis with lengts 4D
are0.023 m?/s (frame €),0.37 m?/s? (frame e) and).496 m?/s” (frame d), respec-
tively; i.e. the maximum TKE increases by 1509% in 91% stenosis compared
with its corresponding value ifi5% stenosis and it increases by 34% in the
stenosis with length 4D compared with its corresponding value in the stenosis
with length= 2D. The physiological consequences of extremely high TKE was
discussed earlier and will not be repeated here. It is ctean the above discussion
that thed1% area reduction stenosis has devastating effects on castiolar health
and therapeutic measure, therefore, should be taken inateddin this case.

5.4.7 Effects of amplitude of pulsation and Womersley numhbe

The effect of the amplitude of pulsatioA, and the Womersley parameter,on the
instantaneous wall pressure in non-spiral flow during pha&end P3 at 0° and
90° circumferential location of the vessel wall is illustratedFigure 5.38 for (i)
Re =876, A = 0.40 anda = 17.3, (ii) Re = 741, A = 0.67 anda = 17.3 and (iii)
Re = 741, A = 0.67 anda = 15.5 while the peak Reynolds number is same in all
three cases, i.d2e,; = 2400. The maximum pressure drop rises4yl7% during
phaseP? if the amplitude of pulsation is increased frafn= 0.40 to 0.67 and it
remains almost same during phase for both amplitudes of pulsation. However,
when the Womersley number is decreased frors 17.3 to 15.5, the maximum
pressure drop falls by 2% during phase”2 and it grows by~ 2% during phase
P3. Additionally, the pressure drop occurs over a relativeligér region in the
small Womersley number case.

Figure 5.39 shows the corresponding instantaneous WSS$.thi& maximum
pressure drop, the maximum WSS increasessby5% during phaseP?2 if the
amplitude of pulsation is increased framh= 0.40 to 0.67. And if the Womersley
number is decreased from = 17.3 to 15.5, the maximum WSS decreases too
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during phasé2, though insignificantly (bys 1%). However, during phasg3, the
maximum WSS is insensitive to the change either in the aogsiof pulsation or
in the Womersley number, though differences can be obsenvibé smaller peaks
downstream of the stenosis.

For higher amplitude of pulsatio = 0.67, transition-to-turbulence takes
place within3D < z < 5D, whereas forA = 0.40, it takes place in the further
downstream regioniD < z < 6D, as it can be seen from the TKE results in Fig-
ure 5.39. Though the maximum TKE decreasesby5% when the amplitude of
pulsation is increased fromM = 0.40 to 0.67, TKE rises sharply at some places
in the transition region il = 0.67 case from its corresponding value at those
locations in the case o = 0.40 (frame c-e). Furthermore, when the Womersley
number is reduced from = 17.3 to 15.5 keeping the Reynolds number and the am-
plitude of pulsation fixed, the maximum TKE increasesb$6%. Additionally, the
transition-to-turbulence occurs in the further downstreagion 4D < z < 6D, in
the low Womersley number case.

5.5 Conclusion

The physiological pulsatile non-spiral and spiral bloodvfio a straight stenosed
tube havingr5% area reduction stenosis has been studied?or= 438, 584 and
876 by employing Large Eddy Simulation with Smagorinsky-Litlynamic sub-
grid model (Germano [115], Lilly [116] and Kim [123]). A maxium of50% extra
energy dissipation into the flow through the SGS modelRer= 876 found in the
intense turbulence region justifies using LES in the studye $GS contribution
increases with Reynolds number as the turbulence inteimsitye downstream of
the stenosis rises if the Reynolds number is increased. Woweguation Standard
k-w Transitional model was also applied to non-spiral flow tiglothe model for
Re = 438 to assess its suitability for pulsatile flow simulation. Soof the re-
sults obtained front-w model, especially the wall pressure and WSS are in good
agreement with the corresponding LES results; the turbuésults, however, dif-
fer from the corresponding LES results which is expectedbse the:-w model
gives time-averaged results rather than instantaneouige<srid resolution and
time-step resolution seem to have been achieved througtieagmod agreement in
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phase-averaged results for different grid resolutionsteme-steps. The number of
pulsatile cycles taken for the phase-averaged statigiess to be enough for the
rms velocity to reach a time-periodic state by that time.

Extremely large pressure drop in both non-spiral and sfimal occurs at the
throat of the stenosis during phases$, P2 and P3 compared with other phases
which can lead to flow-choking and even rupture of the plaqupulsatile flow.
Additionally, the sharp rise of the WSS just before the sse&nthroat, that is also
extremely high during phasésl, P2 andP3, has many pathological consequences
including thrombosis and deformation of red blood cellse Effect of spiral flow
on both the maximum pressure drop and maximum WSS which @round the
throat of the stenosis is found to be insignificant as it wasse Chapter 4. How-
ever, spiral flow affects the wall pressure and WSS slightthe downstream region
where they take the oscillatory pattern, i.e. witRigt z/D < 6.

All the results in both non-spiral and spiral flow are heavigpendent on the
flow Reynolds number, e.g. the maximum pressure drop, thenusw shear stress,
TKE, the rms of turbulent fluctuations, etc. increase witlyf@ds number. In
spiral flow, the transition-to-turbulence takes place i downstream regiors (<
z/D < 5) of the stenosis, whereas it occurs in the further downstnesion ¢ <
z/D < 6) in non-spiral flow. The TKE in pulsatile spiral flow rises exhely at
some places and phases compared with its corresponding wajwlsatile non-
spiral flow — similar results were seen in Chapter 4. This Iltesantradicts the
claim made in similar studies (Paul and Larman [17]; Stoidigler et al. [16]) that
spiral flow decreases turbulent kinetic energy. The drakdat the claim made
in those studies were discussed in deta#§ 2.4. The clinical impacts of the high
level of turbulent fluctuations observed in the post-stieregion in both non-spiral
(4 < z/D < 6)and spiral § < z/D < 5) flow are profound as it may activate the
blood platelets and also harm the blood cell materialsjihggith many pathological
diseases (Ku [3]; Paul and Molla [93]).

Additionally, the change of power slope of energy spectraébocity and pres-
sure fluctuations from-5/3 to —10/3 and —7/3, respectively, at the break fre-
guencies which are closely connected with the arterial nawsris clearly found in
the transition-to-turbulence region in both non-spirad apiral flow. The distinct
viscous dissipation range corresponding-to power slope is also observed in the
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further downstream region where the turbulent intensityobees weaker and re-
laminarisation occurs. The velocity spectra-df/3 power slope in spiral flow has
larger range of frequencies at= 5D and6D than that in non-spiral flow at those
locations, while at: = 4D, the opposite is found, i.e. the broadband frequency
region in non-spiral flow is larger than that in spiral flow. rétermore, in the re-
gionz > 8D, the velocity spectra in spiral flow roll off into the viscodssipation
range at lower frequencies compared with the corresporliegk frequencies in
non-spiral flow; and the viscous dissipation range in silioal has smaller range of
frequencies than that in non-spiral flow. On the other hashiethe effect of spiral
flow on the wall pressure spectra, no significant differeretvben non-spiral and
spiral flow in the spectra rolling off into a power slope ofargst can be found.

As to the effects of the area reduction of stenosis, the itaporesults, such as
the maximum pressure drop, the maximum WSS and the TKE isemt@matically
when the area reduction of the stenosis is increased Tigato 91%. On the other
hand, the increase in the length of the stenosis cause thenmaxWSS to drop
significantly and the maximum TKE to rise sharply; but therggin the maximum
pressure drop due to the increase in the stenosis lengtsigmificant.

Furthermore, the increase in the amplitude of pulsatiorsesuboth the max-
imum pressure drop and the maximum WSS to rise significamtleu the inlet
peak flow condition, i.e. during phag®; whereas during phage3, the maximum
pressure drop and the maximum WSS remain almost unaffegtételncrease in
the amplitude of pulsation. While the increased amplitudeusation decrease the
maximum TKE, it is nevertheless responsible for the shase im TKE found at
some places in the transition-to-turbulence region.

The Womersley number has a very weak influence on the maxinmasspre
drop and the maximum WSS as they fall slightly during ph&&eonly when the
Womersley number is decreased fram= 17.3 to 15.5. However, the decrease in
the Womersley number causes the maximum TKE to rise extsemel

The stenosis used in the studies done so far is cosine-tgpkarestenosis. How-
ever,in vivo arterial stenoses are of irregular shape (Back et al. [32)Ehapter 6,
pulsatile non-spiral and spiral blood flow through irregidenosis will be investi-
gated by using LES.
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Figure 5.1: Inlet physiological®™ harmonic pulsatile velocity profilesp (m/s),
for a time cycle (a) at the centre of the tube, (b) at diffefenations between the
wall and the centre, (c) bulk velocity profile and (d) duringfetent phases of a
time cycle whileA = 0.40, Re = 876 and the Womersley parameter= 17.3.
Reference phases at which results are obtained are alsednark
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Figure 5.2: Outlet physiological@harmonic pulsatile pressure profilggmmHg),

for atime cycle whiled = 0.40, Re = 876 and the Womersley parameter= 17.3.
(I mmHg= 133.32 Pa.)
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Figure 5.3: Grid resolution study for phase-averaged stvaae velocity,
((w)) (m/s), in non-spiral flow during phases3 at different indicated axial loca-
tions whileA = 0.67, Re = 741 and the Womersley parameter= 17.3.

16
Tz b
a i Grid 1
wsr /% e Grid 2
102 S T Grid 3
= 4f

0: N

R 4 6 8

Figure 5.4: Grid resolution study for phase-averaged ax#l shear stress (Pa) in
non-spiral flow during phas€3 while A = 0.67, Re = 741 and the Womersley
parametern = 17.3. Phase averaging was done on the circumferential average
WSS.
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Figure 5.5: Time-step resolution study for phase-averajsgamwise velocity,
({(w)) (mls), in non-spiral flow during phase3 at different indicated axial loca-
tions whileA = 0.67, Re = 741 and the Womersley parameter= 17.3.
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Figure 5.6: Time-step resolution study for phase-averageidl wall shear
stress (Pa) in non-spiral flow during phal3g while A = 0.67, Re = 741 and the
Womersley parameter = 17.3. Phase averaging was done on the circumferential
average WSS.
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Figure 5.7: Streamwise velocity;, in non-spiral flow during phasg?2 of the first
eight cycles i.e. (a)/T =~ 0.223, (b) t/T =~ 1.223, (c)t/T ~ 2.223, (d) t/T ~
3.223, (e)t/T = 4.223, (f) t/T =~ 5.223, (9)t/T ~ 6.223 and (h)t/T ~ 7.223
while Re = 876, A = 0.40 and the Womersley parameter= 17.3.
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Figure 5.8: Time history of rms of centreline streamwiseoed#y fluctuations,
(w"),. . (m/s), at different axial locations for both non-spiral esmiral pulsatile
flow while Re = 876. The red coloured solid line denotes velocity fluctuations
for non-spiral flow while the green coloured dashed line €gponds to velocity
fluctuations for spiral flow.
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Figure 5.9: Dynamic Smagorinsky consta@t, in non-spiral flow during phase
P3 for (a) Re = 438, (b) Re = 584 and (c) Re = 876 while A = 0.40 and the
Womersley parameter = 17.3.
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Figure 5.10: Normalised SGS eddy viscosity,//, in non-spiral flow during
phaseP3 for (a) Re = 438, (b) Re = 584 and (c)Re = 876 while A = 0.40 and
the Womersley parameter= 17.3.
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Figure 5.11: Instantaneous y-vorticit§, (1/s), in non-spiral flow at different
phases of the last cycle (&)1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6 and (Q)
P7while Re = 876, A = 0.40 and the Womersley parameter= 17.3.
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Figure 5.12: Instantaneous y-vorticity, (1/s), in spiral flow at different phases
of the last cycle (a)P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6 and (g) P7 while
Re = 876, A = 0.40 and the Womersley parameter= 17.3.
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Figure 5.13: Instantaneous y-vorticity,, (1/s), in non-spiral flow during phase
P3 for (a) Re = 438, (b) Re = 584 and (c) Re = 876 while A = 0.40 and the
Womersley parameter = 17.3.
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Figure 5.14: Instantaneous y-vorticify, (1/s), in spiral flow during phasé’3 for
(a) Re = 438, (b) Re = 584 and (c)Re = 876 while A = 0.40 and the Womersley
parametery = 17.3.
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Figure 5.15: Instantaneous cross-sectional vectors aepean the contours of
streamwise velocityw (m/s), in non-spiral flow during phasi3 at (a)z/D = 0,
(b) z/D =1, (c) z/D = 2, () z/D = 3, (e)z/D = 4, (f) z/D = 5, (9)
z/D = 6 and (h)z/D = 8 while Re = 876, A = 0.40 and the Womersley pa-
rametere = 17.3.

Figure 5.16: Instantaneous cross-sectional vectors agpean the contours of
streamwise velocityw (m/s), in spiral flow during phas@3 at (a)z/D = 0, (b)
z/D=1,(c)z/D =2,(d)z/D =3,(€)z/D =4, (f) z/D =5,(g9) z/D = 6 and
(h) z/D = 8 while Re = 876, A = 0.40 and the Womersley parameter= 17.3.

117



Chapter 5 5.5 Conclusion

; S TN 8 : ’ ’

Figure 5.17: Instantaneous mid-plane streamlines in pmalslow during phase
P3 for (a) Re = 438, (b) Re = 584 and (c) Re = 876 while A = 0.40 and the
Womersley parameter = 17.3.

Figure 5.18: Instantaneous mid-plane streamlines inldfwraduring phase”3 for
() Re = 438, (b) Re = 584 and (c)Re = 876 while A = 0.40 and the Womersley
parametery = 17.3.
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Figure 5.19: Instantaneous wall pressuréa), in both non-spiral and spiral flow
for the different Reynolds numbers during different phasiethe last cycle at the
two indicated circumferential locations. Note that theresponding:-w results for
Re = 438 are also appended.
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Figure 5.20: Instantaneous wall shear stress (Pa) in batkspwal and spiral flow
for the different Reynolds numbers during different phasiethe last cycle at the
two indicated circumferential locations. Note that theresponding:-w results for

Re = 438 are also appended.
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Figure 5.21: Phase-averaged streamwise velogity}) (m/s), in both non-spiral
(NSp) and spiral flow for the different Reynolds numbers dgiphase’3 at differ-
ent axial locations. Note that the corresponding results forRe = 438 are also
appended.
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Figure 5.22: Phase-averaged wall shear stress (Pa) in bothpiral and spiral flow
for the different Reynolds numbers during phd3gat the two indicated circum-
ferential locations. Note that the corresponding results forRe = 438 are also
appended.
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Figure 5.23: rms of the streamwise velocity fluctuatiofs}),, . (m/s), in both
non-spiral and spiral flow for the different Reynolds nunsbeéuring phase’3 at
different axial locations. Note that the corresponding results forkRe = 438 are
also appended.
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Figure 5.24: Turbulent kinetic energyiu//u”) (m?/s?), for Reynolds numbeRe =

J7
438 in both non-spiral (NSp) and spiral flow during phaB8 at different axial

locations. Note that the correspondikg results are also appended.
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Figure 5.25: Turbulent kinetic energy(u/u”) (m?/s%), for Reynolds numbeRe =
584 in both non-spiral (NSp) and spiral flow during phaB8 at different axial
locations.
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Figure 5.26: Turbulent kinetic energy(u/u”) (m?/s%), for Reynolds numbeRe =
876 in both non-spiral (NSp) and spiral flow during phaB8 at different axial
locations.
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Figure 5.28: Time history of centreline streamwise velgait (m/s), at different
indicated axial locations for both non-spiral and spiralsptile flow while Re =
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coloured dashed line correspondsutdor spiral flow.
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2
ral pulsatile flow whileRe

Time history of centreline turbulent kinetimeegy (TKE),
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Figure 5.32: Time history of wall( circumferential location) pressure fluctuations,
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Figure 5.33: Energy spectra of the centreline streamwikeitg fluctuationsw”,
at different axial locations normalised by centrelia€’),, . at the same locations,
for both non-spiral and spiral pulsatile flow whilee = 876. The red and the
green coloured lines correspond to the energy spectra otiglfluctuations for
non-spiral and spiral flow, respectively.
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Figure 5.34: Energy spectra of the wall pressure fluctuatigh at different axial
locations normalised by walp”).. . at the same locations, for both non-spiral and
spiral pulsatile flow whilekRe = 876. The red and the green coloured line corre-
sponds to the energy spectra of wall pressure fluctuatiansdie-spiral and spiral
flow, respectively.
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Figure 5.35: Effects of different percentages and lengtissemosis: instantaneous
wall pressurep (Pa), in non-spiral flow during phasé® and P3 for (i) 75% steno-
sis and length: 2D (solid line), (ii) 91% stenosis and length 2D (dashed line)
and (iii) 91% stenosis and length 4D (dash-dotted line) whildRe = 876 and
A = 0.40. The circumferential positions at which wall pressure watmed are

marked
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Figure 5.36: Effects of different percentages and lengtlstemosis: instantaneous
wall shear stress (Pa) in non-spiral flow during pha3gand P3 for (i) 75% steno-
sis and length: 2D (solid line), (ii) 91% stenosis and length 2D (dashed line)
and (iii) 91% stenosis and length 4D (dash-dotted line) whileke = 876 and
A = 0.40. The circumferential positions at which WSS was recordechaarked
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Figure 5.37: Effects of different percentages and lengtistemosis: turbulent ki-
netic energy (TKE)%(u;’u;’) (m?/s%), in non-spiral flow during phasE3 at differ-
ent indicated axial locations for ()5% stenosis and length 2D (solid line), (ii)
91% stenosis and length 2D (dashed line) and (iii)1% stenosis and length4 D
(dash-dotted line) whil&e = 876 and A = 0.40.
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Figure 5.38: Effects of Womersley parameter and amplitideutsation: instan-
taneous wall pressurg, (Pa), in non-spiral flow during phase€®2 and P3 for

(i) Womersley parametery = 17.3, Re = 876 and A = 0.40 (solid line), (ii)

a =173, Re = 741 and A = 0.67 (dashed line) and (iiix = 15.5, Re = 741 and

A = 0.67 (dash-dotted line) while the peak Reynolds number is sanad three
cases, i.eRe,, = 2400. The circumferential positions at which WSS was recorded
are marked
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Figure 5.39: Effects of Womersley parameter and amplitideutsation: instan-
taneous wall shear stress (Pa) in non-spiral flow during gh&2 and P3 for
(i) Womersley parametery = 17.3, Re = 876 and A = 0.40 (solid line), (ii)
a =173, Re = 741 and A = 0.67 (dashed line) and (iiix = 15.5, Re = 741 and
A = 0.67 (dash-dotted line) while the peak Reynolds number is sanad three

cases, i.eRe,;, = 2400. The circumferential positions at which WSS was recorded
are marked
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Figure 5.40: Effects of Womersley parameter and amplitdgeitsation: turbulent
kinetic energy (TKE) (u/u/) (m?/s”), in non-spiral flow during phasg3 at dif-
ferent indicated axial locations for (i) Womersley paragngt = 17.3, Re = 876
andA = 0.40 (solid line), (ii))« = 17.3, Re = 741 and A = 0.67 (dashed line) and
(i) « = 15.5, Re = 741 and A = 0.67 (dash-dotted line) while the peak Reynolds

number is same in all three cases, ie,;, = 2400.
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Chapter 6

LES of Physiological Pulsatile
Non-spiral and Spiral Blood Flow
through a Model of Irregular
Arterial Stenosis

6.1 Introduction

All the available three-dimensional computational stadia blood flow through a
model of arterial stenosis have been done using a stenosegofar shape only,
to the best of our knowledge. However, it is clear from itheitro study of Back
et al. [32], who used mildly atherosclerotic (ab&0t% area reduction) main coro-
nary casting of man, that stenoses, in reality, are of ileggshape. Although an
arterial stenosis generally tends towards a smooth curyesi many small val-
leys and ridges (Sarifuddin [64]). Johnston and KilpatrjéR] and Andersson
et al. [61] have studied two-dimensional steady flow throaghirregular steno-
sis with48% area reduction for Reynolds numbers ranging frBm= 10 to 1000.
Two-dimensional unsteady pulsatile flow through an irragstenosis was investi-
gated by Yakhot et al. [62], Chakravarty et al. [63] and Saldfin et al. [64]. The
findings of these studies have been discuss€dar?.1 of Chapter 2. Simulation
of blood flow through an irregular arterial stenosis modéiic closely resembles
real stenosis in artery, would, therefore, understandatayide better insight into
transition-to-turbulence phenomena of blood flow throutiesosclerotic artery.

In this Chapter, we investigate three-dimensional phggichl pulsatile non-
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spiral and spiral blood flow through a straight stenosed tdneng a75% area
reduction irregular stenosis by applying Large Eddy Simatatechnique with
the Smagorinsky-Lilly dynamic subgrid model (Germano [[115lly [116] and
Kim [123]). The irregular stenosis was formed by shifting #tross-sections of a
cosine-type stenosis randomly to eithesr y-direction. The first four harmonics of
the physiological pulsatile flow and pressure pulse, asrdestin Chapter 5 were
used at the inlet and outlet, respectively, to introducsatile velocity profile at the
inlet and pressure waveform at the outlet. In addition, keapter 5, one-sixth of
physiological pulsatile bulk velocity was taken as tangenelocity at the inlet for
generating spiral effect there.

The Smagorinsky-Lilly dynamic subgrid model is assessetgrims of the re-
sults of the Smagorinsky constant and the normalised S@&8sity. The numerical
results are presented in terms of streamlines, velocitjovecvortices, wall pres-
sure and shear stresses, turbulent kinetic energy, welaed pressure fluctuations
and their energy spectra to study the transition-to-tunhce of pulsatile non-spiral
and spiral blood flow in the downstream of the irregular ssgnoThe effects of
the irregular stenosis on the pressure drop, wall sheassared turbulent intensity
are also assessed by comparing the flow results obtainedtirerpulsatile non-
spiral blood flow through the irregular stenosis with theresponding results from
Chapter 5, i.e. from the flow through a cosine-type regukemasis.

6.2 Problem Formulation

6.2.1 Model Geometry and Mesh arrangement

The model of arterial stenosis of irregular shape with rigall was developed by
using GAMBIT 2.4 (Fluent Inc.) and is shown in Figure 6.1. The diameter of
the model, the length of the stenosis, the upstream and di@ans lengths from
the stenosis centre were kept same as they were in Chaptersba€osine-type
regular stenosis af5% area reduction was developed, then the cross-sections of th
cosine-shaped stenosis were shifted maxintusrmm randomly to either: or y-
direction (positive or negative) to get the irregular s&sof circular cross-section.
Like previous chapters, a boundary layer was introducaderthe wall to have fine
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resolution in the sublayer and also the finest mesh resolut@s ensured at the
centre and immediate downstream of the stenosis.

6.2.2 Governing Equations and Boundary Conditions

The filtered Navier-Stokes governing equations, which arergin § 3.4.1 of Chap-

ter 3, were solved assuming the blood used in the study toim@geneous, incom-
pressible and Newtonian. The physiological pulsatile spimal and spiral blood
flows at the inlet and the pressure waveform at the outletiresame as in Chap-
ter 5.

6.3 Results and Discussion

The simulations were run for Reynolds numbéts,= 438, 584 and876 while the
Womersley numbery, and the amplitude of pulsatiod, were chosen ak7.3 and
0.40 respectively. Following the results in the previous cheptthe time-stepit,
was fixed atl0—2 for all the computations. As in Chapter 5, the simulationsewve
carried out for20 pulsatile cycles; the initial eight cycles were ignored &émellast
12 cycles were taken for phase-averaged statistics. The shasepwill be chosen
to present and analyse the results as they were referredCtaeipter 5.

The layout of this section is as follows. Firstly, the resuft the grid resolution
study are presented n6.3.1. This is followed by the contribution of the subgrid
model to the large scale motion §n6.3.2. The instantaneous flow physics and the
phase-averaged flow characteristics are presentg.;h3 and; 6.3.4 respectively,
while the turbulent flow characteristics are giver$if.3.5. Lastly, the findings are
summarised if§ 6.4 under ‘conclusion’.

6.3.1 Grid Resolution Study

A grid resolution study was done fdRe = 876 in non-spiral flow taking three
grids, namely Gridl, Grid 2 and Grid3. Grid 1 consists of~ 550,000 control
volumes which is increased by abalit’s in Grid 2 so that Grid2 has~ 800, 000
control volumes. The number of control volumes in G3itvas further increased
by about75% compared with Gri@, resulting in~ 1, 400, 000 control volumes in
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Grid 3. Figures 6.2 and 6.3 show grid resolution results duringpl#a in terms
of phase-averaged streamwise velodjty;)) (m/s), at different axial positions and
wall shear stress (Pa), respectively. Note that the cireuential-averaged WSS
was used for the phase averaging of WSS in Figure 6.3. Thalbagreement
between the results obtained for three different grids iteqyood, given that LES
results are dependent on the mesh resolution until LES gsdlation becomes
fine enough to be used for DNS (Mittal et al. [88]; Paul and ¢83]). Further,
results for GricR agree better with Grid results compared with Gritl Hence the
resolution of Grid2 was used for the simulation of pulsatile non-spiral andadpir
blood flow through the irregular stenosis model as its reswiiseems adequate to
resolve the transient flow in the model.

6.3.2 Contributions of the SGS Dynamic Model

Figure 6.4 presents the contour plots of the dynamic Smasgikyiconstant(, in
non-spiral flow during phasgs in the z — x mid-plane forRe = 438, 584 and&76.

The maximum value of’; here is~ 0.05, whereas it wasz 0.045 in Chapter 5,

i.e. the maximum value af’; has increased due to the effects of irregular stenosis.
Also, the locations of non-zer@, increase in the downstream region of the stenosis
when the Reynolds number is increased. It should be notédhthaalue ofC; in

the upstream of the stenosis is very insignificant as condpaith its downstream
value where the flow is predicted to be turbulent.

The contribution of the SGS dynamic model to the large scaléan can be
observed clearly from Figure 6.5, which shows the contootspbf normalised
SGS eddy viscosityy,,s/ i, in non-spiral flow during phases for the investigated
Reynolds numbers in the— x mid-plane. Though the maximum (normalised) eddy
viscosity, which is also found in the downstream transiiofiurbulence region, for
all the Reynolds numbers is same, iz.0.55, the effects of Reynolds number on
it can be distinctly seen as the maximum eddy viscosity acatimore places for
higher Reynolds number (frame b-c). That means a maximusa‘%fcontribution
is received from the SGS model f&e = 438, 584 and876. Additionally, like C,
the maximum eddy viscosity increases in the irregular stisnmodel compared
with its corresponding value in the regular stenosis modetivwas0.5. Thus, the
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SGS dynamic model in the irregular stenosis model congiiitc more energy
diffusion into the flow than that in the regular stenosis niotitespiral flow through
the irregular stenosis model, the valuesgfandy, /1« are almost same as that in
non-spiral flow.

6.3.3 Instantaneous Flow Physics

The contour plots of the instantaneous y-vorticity, = (% — %) (1/s), in non-
spiral and spiral flow through the irregular stenosis duphgseP3 of 20" cycle
for (a) Re = 438, (b) Re = 584 and (c) Re = 876 are shown in Figures 6.6(a-
c) and 6.7(a-c), respectively. Note that the correspongimgrticity in both non-
spiral and spiral flows through the regular stenosisRer= 876 is appended in
frame (d). Two vortices, one clockwise (blue) and the othei-adockwise (red),
are developed in the downstream region near the wall as #er $yers separate
from the stenosis throat. The vortex-rings in non-spirakffor a given Reynolds
number resemble their counterparts in spiral flow. Howethey become larger and
move further downstream when the Reynolds number is inecedsor Re = 438

in both non-spiral and spiral flow, the jet and shear layeeskidown at ~ 3D;
evidently, the flow undergoes transition to turbulence leetwe = 3D and4D with
the flow reattachment by ~ 4D (frame a). The transition-to-turbulence region
changes if the Reynolds number is increased. Fer= 584 in both non-spiral
and spiral flow, the transition-to-turbulence region ishnt3D < z < 5D (frame
b), however, forke = 876, apparently the flow transients to turbulence in non-
spiral and spiral flow withikD < z < 6D (Figure 6.6(c)) andD < z < 6D
(Figure 6.7(c)), respectively.

In both non-spiral and spiral flows fdte = 876, the vortex-rings are stronger
and stretch as far as/D ~ 2.5 in frame (c) due to the effects of the irregular
stenosis as compared with their counterparts in the regtdsnosis in frame (d)
where they stretch up to/D ~ 2.25. Additionally, in spiral flow, though the
shear layers break down atD = 3 in both the irregular and regular stenoses, the
flow reattachment occurs at further downstream region by 6D in the irregular
stenosis (Figure 6.7(c)) ; whereas in the regular stentisisflow reattachment
occurs byz ~ 5D (Figure 6.6(d)). In non-spiral flow through both the irregul
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and regular stenoses (Figure 6.6(c-d)), the shear layeaktown and the flow
reattachment occur at~ 4D andz ~ 6D, respectively.

Figures 6.8(a-c) and 6.9(a-c) depict the instantaneous: mid-plane stream-
lines in non-spiral and spiral flow, respectively, throulgé irregular stenosis during
phaseP3 for (a) Re = 438, (b) Re = 584 and (c)Re = 876. The corresponding
streamlines in both flows through the regular stenosid#or= 876 are appended
in frame (d). In both non-spiral and spiral flow for all the Reyds numbers, large
recirculation regions are developed near the wall, rigtdgrahe stenosis throat due
to the occurrence of back flow there. The length of the retatmn region grows if
the Reynolds number is increased. As mentioned in the ps\wibapter, these re-
circulation regions increase the blood residence timea$litod is recirculated in
these regions during each cycle for a significant time, gpaipotential risk of heart
attack and brain stroke (Molla [90]). The correspondingatnlines in non-spiral
and spiral flow resemble each other and the effect of spinal dio the streamlines
is negligible. The only difference in the pattern of strei@es in non-spiral and
spiral flow which can be observed féte = 876 (frame c) is the existence of an
additional small recirculation region in non-spiral floweaf: = 4D (at the bottom
wall), which is absent in the spiral flow case. However, tHeat$ of the irregular
stenosis on the recirculation region is obvious from frafees) in both the figures.
The recirculation region in the irregular stenosis is ggerthan that in the regu-
lar stenosis; the flow reattachment in the irregular stenoscurs at/D ~ 2.6,
whereas in the regular stenosis, it occurs/db ~ 2.25. It is clear from the above
discussion that results in the irregular stenosis varyisogmtly from that in the
regular stenosis and irregular stenosis should, therelf@eonsidered for getting
clear picture of the flow physics in the downstream of theaden

Further information on the flow characteristics of non-apand spiral flow
through the irregular stenosis is revealed through cryesu® velocity vectors. The
in-plane velocity vectors appended on the streamwise itgleec (m/s), contours at
different axial locations foRe = 876 during phase”3 in non-spiral and spiral flow
are presented in Figures 6.10 and 6.11. The flow is appardantipar at the throat
of the stenosis (frame a) and= 1D (frame b) in both non-spiral and spiral flow;
the streamwise velocity attains its maximum value at 1 D (frame b) andt = 2D
(frame c). However, in both non-spiral and spiral flow, thenstic jet breakdown
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starts atz = 2D (frame c), resulting in the onset of transition-to-turimde and
the flow is very chaotic withi2 < z/D < 6 (frame c-g). Relaminarisation pro-
cess takes place subsequently, which is more obvious-aB8D (frame h) where
the flow is almost undisturbed. It is interesting to note tin&t spiral pattern of
the velocity vectors is found only up to the throat of the stg (Figure 6.11(a))
and it is lost subsequently as a result of intense turbulanteities in the further
downstream region.

6.3.3.1 Instantaneous Wall Pressure

The instantaneous wall pressup€Pa), profiles at two circumferential locatiors (
and90°) of the wall during different phases of the last pulsatileleyfor Re = 438,
584 and 876 in both non-spiral (NSp) and spiral flow are shown in Figurg26.
The corresponding wall pressure results far = 876 in non-spiral flow through
the regular stenosis are also appended in the figure. It isriiaupt to note that the
effects of spiral flow on the wall pressure is found only at edotations within
2 < z/D < 6 where the pressure is of oscillating nature for = 584 and876
and the maximum pressure drop remains almost unaffectedebgpiral flow. As
seen in the previous chapters, the pressure drops shatpl/stenosis throat and in
the immediate post-stenotic region where the streamwiseitygis extremely high
and the pressure drop increases with Reynolds number. Tkanua pressure
drop occurs during phasl and it is extremely high during phasé® and P3
compared with the corresponding pressure drop during qineses.

Due to the effect of irregular stenosis, the pressure drald atrcumferential
location differs significantly from that &0° circumferential location, e.g. for
Re = 876 in non-spiral flow, excess pressure drops (around the tlofdae steno-
sis) of ~ 132 Pa,~ 198 Pa and~ 125 Pa during phaseB1, P2 and P3, respec-
tively, are found a0° circumferential location compared with the correspondaig
sults at90° circumferential location. Also the ridges in the profilesiial between
z = —1D andz = 1D are caused by the influence of the irregular stenosis. Rurthe
more, the maximum pressure drop increases significantliganirtegular stenosis
compared with that in the regular stenosis. For exampleptagimum pressure
drops in non-spiral flow through the irregular stenosis niyphases’1, P2 and
P3 for Re = 876 are~ 883 Pa,~ 864 Pa andx 567 Pa, respectively, whereas the
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corresponding maximum pressure drops for the regular sigdoring phasegl,
P2 andP3 are~x 685 Pa,~ 661 Pa andx 426 Pa, respectively — which are equiv-
alent to~ 29%, ~ 31% and= 33% increase in the maximum pressure drop in the
irregular stenosis during phases, P2 andP3, respectively, compared with the the
corresponding maximum pressure drops in the regular sgenblse pressure drop
agrees with the corrsponding results of in the similar gsidif Johnston and Kil-
patrick [60], Andersson et al. [61], Chakravarty et al. [6B} Sarifuddin et al. [64],
but the magnitude of the pressure drop in the irregular sismothis study is higher
than that in the regular stenosis. However, they reportatittie pressure drop in
a cosine-type regular stenosis increasesl(i¥y to 16%) compared with the corre-
sponding pressure drop in an irregular stenosis — this isiplgdue to the fact that
their studies were limited to two-dimensional laminar fldwaugh relatively mild
stenosis 48% area reduction). The clinical implications of these extgmhigh
pressure drops are potentially dangerous which, were &@sasked in the previous
chapters, include flow choking and rupture of the plaque ¥épofton and Ku [6];
Li et al. [8]).

6.3.3.2 Instantaneous Wall Shear Stress

Figures 6.13, 6.14 and 6.15 illustrate the instantaneodksiaar stress (WSS)
in both non-spiral and spiral flow fokRe = 438, 584 and 876, respectively, at
0° and90° circumferential locations of the wall during different @es of the last
pulsatile cycle. Note that the corresponding wall sheasses in non-spiral flow
through the regular stenosis for the investigated Reynolasbers are appended
in the figures. For all the Reynolds numbers during all thesphathe WSS starts
to rise at the pre-lip of the stenosis with sharp ridges dusdfexts of the irregular
stenosis; and it attains its maximum value just before theasis throat. After this
sharp rise it drops to almost its upstream value at the sietio®at and continues
with slightly decreasing value almost up to the post-lipled stenosis; in the fur-
ther downstream region the WSS takes oscillatory pattesseen in the results
of wall pressure, the effects of spiral flow on the WSS can ts=poked only in the
downstream region between~ 1.25D and7D where the WSS is of oscillating
nature. The oscillatory WSS is implicated in arterial dgearogression (Ku [3];
Paul and Molla [93]). Throughout the pulsatile cycle, the SMS heavily depen-
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dent on Reynolds number; it increases significantly wherRignolds number is
increased.

For all the investigated Reynolds numbers in Figures 6.113} é&nd 6.15, the
maximum value of WSS occurs during phaBe at 90° circumferential location
of the wall (frame d); the maximum shear stresses aroundtém®sis throat dur-
ing phaseP2 (at 0° circumferential location) (frame c)’1 (frame a-b) andP3
(frame e-f) are also extremely large. FBe = 438, 584 and&876, the maximum
shear stresses are 17 Pa (Figure 6.13(d))}> 25 Pa (Figure 6.14(d)) ang 48 Pa
(Figure 6.15(d)), respectively. It is interesting to ndtattdue to the effects of the
irregular stenosis, the maximum value of the WSStcircumferential location
significantly differs from that at° circumferential location during a given phase,
more specifically, it is greater 80° circumferential location than that @t circum-
ferential location. For example, the maximum shear steekweRRe = 876 during
phasesP1, P2 and P3 at90° circumferential location are: 47 Pa,~ 48 Pa and
~ 38 Pa, respectively, whereas their counterpart® aircumferential location are
~ 41 Pa,~ 41 Pa and~ 32 Pa, respectively. Furthermore, it is clear from the
figures that for all the Reynolds numbers during all the pbatbe maximum WSS
increases in the irregular stenosis compared with the spporeding WSS in the reg-
ular stenosis. The maximum shear stresses (frame d) inrdgilar stenosis rise by
~ 126%, ~ 126% and= 140% for Re = 438, 584 and876, respectively, compared
with that in the regular stenosis. This result agree withabwesponding findings
in the studies of Johnston and Kilpatrick [60], Anderssonlef61], Chakravarty
et al. [63] and Sarifuddin et al. [64], who also reported W8S rises significantly
in the irregular stenosis compared with that in the cosype-tegular stenosis.

The pathophysiological impacts of high WSS, as discussttiprevious chap-
ters, are profoundly detrimental to cardiovascular he#ticording to Ku [3], high
WSS may overstimulate platelet thrombosis, resulting faltocclusion of the ves-
sel (Folts et al. [38]). Fry [36] reported that high WSS37.9 + 8.5 (SD) Pa may
harm endothelial cells. Shear stressl0 Pa lead to deformation of the red blood
cells (Sutera and Mehrjardi [37]) and 7 Pa, according to Malek et al. [9], may in-
duce thrombosis. It is, therefore, clear from the aboveetfigres that wall shear
stress reaches the clinically harmful level during all thages foRe = 876, how-
ever, forRe = 584 and438, it reaches the dangerous level only during phd3gs
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P2 andP3.

6.3.4 Phase-averaged Flow Characteristics

It would be interesting to present some phase-averagetigeswu see how they
behave. The phase-averaged streamwise velocity duringegh@in both non-
spiral (NSp) and spiral flow at different axial locations isgented in Figure 6.16(a-
[) for Reynolds numberdte = 438, 584 and876. The corresponding results in
non-spiral flow through the regular stenosis f&¢ = 876 are also appended in
the figure. The streamwise velocity increases with Reynoldaber. Its pattern
is similar to that of fully developed Poiseuille flow at theegip of the stenosis;
it increases dramatically at the throat and in the immedatst-stenotic region
(frames b-d). Due to the existence of the permanent redation region observed
in Figures 6.8 and 6.9, negative values of the streamwisziglis observed near
the wall in frames (c-d). As seen in the phase-averagedswese velocity profiles
in Chapter 5, the effect of spiral flow is visible only in thartsition-to-turbulence
region, between = 2D and6D, where the profiles lose their jet-like character and
tend to uniformity. The streamwise velocity in spiral flovcirases at some places
compared with that in non-spiral flow, e.g. fé& = 876, due to spiral flow, it
increases at some places in frames (e-h) and decreasemesf(d, h). Flow tries
to regain its upstream character in further downstreanoregs the relaminarisation
process takes place. The effects of the irregular stenadiseostreamwise velocity
is observed only between the throat ang 6D. In the further downstream region,
the velocity profiles in the regular stenosis match that eitfegular stenosis. The
streamwise velocity in the irregular stenosis increasdéames (b-e, h ) compared
with that in the regular stenosis, however, the oppositpeap at: = 4D and5D
(frames f-g).

Figure 6.17 depicts the phase-averaged wall shear stré8satl90° circum-
ferential locations of the wall during pha$¢3 in both non-spiral and spiral flow
for Re = 438, 584 and876. Note that the corresponding phase-averaged results in
non-spiral flow through the regular stenosis are also apaEnds seen in Chap-
ter 5, the phase-averaged wall shear stresses closely bles#dme corresponding
instantaneous results in Figures 6.13(e-f), 6.14(e-f) G@i&(e-f) in both magni-
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tude and pattern. The oscillating nature of the WSS, which al@served in the
downstream region in the instantaneous results, is abgseatds a result of phase-
averaging. Therefore, instantaneous WSS is importantdourate description of
its profile. The effect of spiral flow on the phase-averagedAshegligible. Like
the instantaneous WSS in the irregular stenosis, the passaged WSS in the ir-
regular stenosis increases dramatically compared witltdhesponding result in
the regular stenosis. For example, the maximum phasegeaishear stresses at
90° circumferential location in the irregular stenosis ingeay~ 116%, ~ 122%
and~ 137% for Re = 438, 584 and 876, respectively, compared with the corre-
sponding results in the regular stenosis.

6.3.5 Turbulent Characteristics

In this section, the effects of the irregular stenosis o lnain-spiral and spiral tur-
bulent flows are presented in terms of the root mean squag (hthe streamwise
velocity and pressure fluctuations, turbulent kinetic gndlKE) and the energy
spectra of the streamwise velocity and pressure fluctustion

Figure 6.18 shows the root mean square (rms) of the streanwelecity fluctu-
ations,(w”),.... (m/s), at different axial locations during phal&in both non-spiral
(NSp) and spiral flow forze = 438, 584 and876. Note that the corresponding re-
sults in non-spiral flow through the regular stenosisfer= 876 are also appended.
The maximum(w”), occurs at different places for different Reynolds numbers.
For Re = 438 and 584, the maximum(w”), is found atz = 4D, whereas for
Re = 876, it occurs atz = 5D. The magnitude of the maximuga”) . increases
with Reynolds number. The streamwise velocity fluctuatiansome places in spi-
ral flow rises compared with that in non-spiral flow. Additady, the maximum
(w"),. . intheirregular stenosis is larger than that in the regutemasis.

Further information on the effects of the irregular stesasid spiral flow can be
obtained from the TKE results. Figures 6.19, 6.20 and 61R&trate the turbulent
kinetic energy (TKE),;(u/uf) (m?/s”), at different axial locations during phase
P3 in both non-spiral (NSp) and spiral flow through the irregideenosis along
with the corresponding results in non-spiral flow througé tegular stenosis for

Re = 438, 584 and876, respectively. The TKE is very small at the post lip for a# th
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Reynolds numbers, it increases in the downstream regionesthe flow transients
to turbulence and die away in the further downstream regsdh@relaminarisation
process begins. It is clear from the above figures that thmesitian-to-turbulence
region increases when the Reynolds number is increasedharinsition starts in
the immediate downstream region for high Reynolds numbbilevit starts in the
further downstream region for low Reynolds numbers. Fongda, the transition-
to-turbulence regions fokRe = 438, 584 and 876 are within3D < z < 4D,
3D < z<5Dand2D < z < 6D, respectively.

Like (w"),, .., the maximum TKE increases when the Reynolds number is in-
creased. Moreover, for all the Reynolds numbers, the maxiriKE in spiral
flow (Figures 6.19(b), 6.20(d) and 6.21(e)) increases &agmtly compared with
that in non-spiral flow. Also TKE at some other places risesrgly due to the
effects of spiral flow. As observed in the previous chaptirs, result contradicts
the claims of Paul and Larman [17] and Stonebridge et al. [T&f drawbacks of
their studies will not be repeated here as they were disdusseetail in§ 2.4 of
Chapter 2. As for the effects of the irregular stenosis on THE values of TKE
at some locations in the irregular stenosis increase signifly compared with the
corresponding results in the regular stenosis. In the pagiwal context, the large
TKE in the transition-to-turbulence region may lead to taendge of the blood cell
tissues inside a blood vessel (Ku [3]; Paul and Molla [93]).

The rms of wall pressure fluctuation§,”) . . (Pa), in both non-spiral and
spiral flow for Reynolds numberge = 438, 584 and 876 during phaseP3 at
0° and90° circumferential locations of the wall are shown in Figur2z.The cor-
responding results in non-spiral flow through the regulanssis forkRe = 876 are
also appended in the figure. FBe = 438, the rms of wall pressure fluctuations in
both non-spiral and spiral flow is very small as the wall puessioes not fluctuate
much for low Reynolds number. The valgg’),. . increases when the Reynolds
number is increased. In both non-spiral and spiral flowRer = 584 and 876,
(P"),.ms InCreases significantly at around= 2D; and in the further downstream
region between ~ 3D and7D, its rise is of oscillatory pattern. The maximum
(P"),.ms» Which occurs at around= 2D at0° circumferential location foRe = 584
andg876, in non-spiral flow increases as compared with that in spioal. Addi-
tionally, the maximum(p”) _in non-spiral flow through the regular stenosis for

rms
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Re = 876, which occurs at around= 5D, is much less than the corresponding re-
sult through the irregular stenosis. As discussed in Cin&ptagh level of pressure
fluctuations are the main source of arterial murmurs, a kagrihstic condition of
arterial stenosis detected by bio-acoustic techniquels ¢Aal. [135]). As the value
of pressure fluctuations in the irregular stenosis incieasmpared with that in the
regular stenosis, the intensity of the arterial murmurs@itregular stenosis would
be higher than that in the regular stenosis. the same oltigemean be made for
non-spiral and spiral flow, i.e. the intensity of arterialmmurs in spiral flow is less
than that in non-spiral flow.

6.3.5.1 Cycle-to-cycle variations

Figure 6.23 presents cycle-to-cycle variations of theredine cross-stream velocity
fluctuations,u” /u!” . andv” /v ., and the centreline streamwise velocity fluctu-

max max?

ations,w” /w! .., at different axial positions in both non-spiral and spfta for
Re = 876 over the last three cycles used for phase-averaged stati$the magni-
tudes of the velocity fluctuations befote= 2D are very small and not shown in
the figure. Itis clear from the figure that the centreline giofluctuations in both
non-spiral and spiral flow are non-periodic and very big irgmtude in the down-
stream region 08D < z < 6D; they fade away in the further downstream region
due to the decreasing influence of the stenosis there. Aésefthcts of the spiral
flow on the centreline velocity fluctuations are clearly bisiwithin3D < z < 6D.

The cycle-to-cycle variations of the TKE(u/u/) (m?s?), at different axial
locations on the centreline in both non-spiral and spiral/ffor Re = 876 are
shown in Figure 6.24. Note that the corresponding resultemspiral flow through
the regular stenosis are also appended in the figure. Asiséles previous chapter,
the centreline TKE in spiral flow rises significantly duringnse phases at some
locations compared with the corresponding result in ndrasflow. In addition,
due to the effects of the irregular stenosis, the maximum TiKRon-spiral flow
through the irregular stenosis increasesb$5% compared with that through the
regular stenosis. Hence the irregular stenosis shouldrmdred in the simulation
of blood flow through stenosis to accurately predict theulebt characteristics in
the post-stenotic region.
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6.3.5.2 Turbulent Energy Spectra

Energy spectral, . of the normalised centreline streamwise velocity fluctu-
ations, (w”/(w").)?, and E,.» of the normalised wall pressure fluctuations,
(p”/(p”)rms)z, in both non-spiral (red coloured line) and spiral (greelooed line)
flow at different axial positions foRe = 876 are shown in Figures 6.25 and 6.26,
respectively. Along withZ,,.,,», the lines of(Sr)=>/3, (Sr)~1%/3 and (Sr)~" are
also included in Figure 6.25, whereas foy.,, the lines of(Sr)~°/3, (Sr)~"/3 and
(Sr)~" are included in Figure 6.26. The calculation methods foeihergy spectra
have already been explained§i®.4.5 of Chapter 5.

In the downstream region betweenr= 2D and6D in both non-spiral and spiral
flow where the flow transients to turbulence, the inertialranbe region of-5/3
power slope in the velocity spectra in Figure 6.25 break inl0/3 power slope
at higher frequencies, resulting in large range of broadldeaquencies and very
small viscous dissipation range eff power slope for this region (frame b-f). The
broadband frequency range is very small at the post-lip anthe down stream
regionz > 6D (frame a, g-i). The spectra changes frerm0/3 power slope to
—7 power slope at lower frequencies in the down stream region6D (frame g-

i) as a result of weak turbulence intensity there, givingrgdarange of viscous
dissipation frequencies. These findings are consistehttivit experimental results
of Gross etal. [138] and Lu et al. [47]. Additionally, it sHduwbe noted that at
z = 2D and6D, the broadband frequency range in the velocity spectrannsparal
flow has larger range of frequencies than that in spiral fleanfe b,f), however in
frames (c-e), the opposite happens, i.e. the inertial sigleran the velocity spectra
in spiral flow has larger range of frequencies than that in-sgral flow. In the
regionz > 8D, the viscous dissipation range in non-spiral flow is smahan that
in spiral flow as the spectra ef7 power slope in non-spiral flow roll off to another
power slope inclining toward horizontal line at lower fremgies than that in spiral
flow.

As seen in the velocity spectra, the pressure spectra imuwotfspiral and spiral
flow in Figure 6.26 has larger range of frequencies consiiuhe inertial subrange
in the downstream region between= 2D and6D (frame b-f). And atz = 1D
(frame a), the inertial subrange region in the pressuretspecvery small as well.
The pressure spectra change from the broadband rangg/afpower slope to the
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break frequency region of7/3 power slope at frequencies which represent the
energy transfer from the pressure spectra to the soundrapagiossible source of
arterial stenosis murmurs (Paul and Molla [93]) which wasbaliscussed in the
previous chapter. Due to the effect of spiral flow on the pressspectra, apart from
the absence of the viscous dissipation range in non-spkaldt > = 3D (frame c),
the change in the spectra rolling off to a power slope of egeis negligible.

It is to note that these findings on the turbulence power spaatnon-spiral
and spiral flow through the irregular stenosis are quitelaind the corresponding
results through the regular stenosis in Chapter 5.

6.4 Conclusion

In this chapter, Large Eddy Simulation with SmagorinskiiyLdynamic subgrid
model (Germano [115], Lilly [116] and Kim [123]) has been dayed to investi-
gate the physiological pulsatile non-spiral and spirabbldlow through a straight
tube having an irregular stenosis 1% area reduction folRe = 438, 584 and
876. The results of non-spiral flow through the irregular sténase also compared
with the corresponding results through a regular stenosim Chapter 5 to assess
the effects of the irregular stenosis. Although the maxinmamtribution from the
SGS model i$5% in both non-spiral and spiral flow for all the Reynolds number
the maximum SGS contribution occurs at more places when éyadtds number
is increased. And due to the effect of the irregular stendbis maximum SGS
contribution increases significantly.

The permanent recirculation regions near the wall aftettitaat of the stenosis
found in both non-spiral and spiral flow are quite strong amde@ase due to the
effects of the irregular stenosis. As seen in the previowptr, the maximum
wall pressure drop increases with Reynolds number; thetedfespiral flow on the
wall pressure is found only in the downstream region withigd z/D < 6 where
the pressure is of oscillating form and the effect of spiraiflon the maximum
pressure drop is negligible. The maximum pressure drop atcmecumferential
location of the wall differs significantly from that at othercumferential location
as a result of the irregular stenosis. Also the maximum presdgrop through the
irregular stenosis greatly increases compared with thatuth the regular stenosis.
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For example, the maximum pressure drop during plise.e. under the inlet peak
flow condition, for Re = 876 through the irregular stenosis increasesby1%
compared with that through the regular stenosis. Furthegntioe findings on WSS
are quite similar to the wall pressure results. The effespifal flow is found only
in the downstream region where the WSS is of oscillatorynesaind the maximum
WSS in the irregular stenosis rises sharply compared wélctiresponding result
in the regular stenosis. For example, the maximum WSS dptiageP?2 for Re =
876 in the irregular stenosis rises by 140% compared with the corresponding
result in the regular stenosis.

The transition-to-turbulence region and the TKE in both-spiral and spiral
flow increases with Reynolds number; the flow transients tioulence in the im-
mediate downstream region for high Reynolds number, wikei@dow Reynolds
number, the flow transition begins in the further downstreagion. As seen in
the previous chapter, the TKE increases significantly ateslmrations and phases
due to spiral effect. This finding contradicts the claim medgimilar studies (Paul
and Larman [17]; Stonebridge et al. [16]) which was alsouBsed in the previous
chapters. In addition, the maximum TKE in the non-spiral fitmough the irreg-
ular stenosis rises sharply compared with correspondisigitren non-spiral flow
through the regular stenosis. In the pathological contegtjrregular stenosis has
devastating effects on the cardiovascular health of themtat In the simulation of
blood flow through stenosed artery, irregular stenosislshtherefore, be taken for
accurate prediction of the flow field. As seen in the previdwpter, in both veloc-
ity and pressure spectra in non-spiral and spiral flow, trgelaroadband frequency
range exists in the transition-to-turbulence region ardabll-defined viscous dis-
sipation range can be found in the further downstream reggdhe relaminarisation
process starts there. At some locations in the transitigione the velocity spectra
in spiral flow has larger range of broadband frequenciesttinatrin non-spiral flow.
The effects of spiral flow on the pressure spectra is neddigib

So far, we have studied non-spiral and spiral flow throughastss only. But
stenosis may be followed by an adjacent aneurysm in the seereahsegment (In
et al. [13]). Hence it would be interesting to study physgital pulsatile non-spiral
and spiral blood flow through a model of arterial stenosi$ajacent aneurysm
in the next chapter.
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2D

Figure 6.1: Three dimensional view of model artery havimggular stenosis: (a)
the whole domain and (b) zoomed-in section on irregularastisn
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Figure 6.2: Grid resolution study for phase-averaged stvaae velocity,

((w)) (m/s), in non-spiral blood flow during phage3 at different indicated axial
locations whileRe = 876.
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Figure 6.3: Grid resolution study for phase-averaged ax#l shear stress (Pa) in
non-spiral blood flow during phade3 while Re = 876. Phase averaging was done
on the circumferential average WSS.
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Figure 6.4: Dynamic Smagorinsky constat, in non-spiral blood flow during
phaseP3 for (a) Re = 438 and (b)Re = 584 and (c)Re = 876.
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Figure 6.5: Normalised SGS eddy viscosijty,/ 1, in non-spiral blood flow during
phaseP3 for (a) Re = 438 and (b)Re = 584 and (c)Re = 876.
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Figure 6.6: Instantaneous y-vorticity,, (1/s), in non-spiral flow during phage3
for (a) Re = 438, (b) Re = 584 and (c)Re = 876. The corresponding, in
non-spiral flow through the regular stenosis ftr = 876 is also appended in frame

(d).
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Figure 6.7: Instantaneous y-vorticity, (1/s), in spiral flow during phasg3 for
(a) Re = 438, (b) Re = 584 and (c)Re = 876. The corresponding, in spiral
flow through the regular stenosis f&te = 876 is also appended in frame (d).
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Figure 6.8: Instantaneous mid-plane streamlines in naaisplood flow during
phaseP3 for (a) Re = 438, (b) Re = 584 and (c)Re = 876. Note that the corre-
sponding streamlines in non-spiral flow through the regetsine-type stenosis for
Re = 876 are also appended in frame (d).

Figure 6.9: Instantaneous mid-plane streamlines in spicald flow during phase

P3 for (a) Re = 438, (b) Re = 584 and (c)Re = 876. The corresponding stream-
lines in spiral flow through the regular stenosis fér = 876 are also appended in
frame (d).
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Figure 6.10: Instantaneous cross-sectional vectors aggeon the contours of the
streamwise velocity;o, in non-spiral flow during phas@3 at (a) z/D = 0, (b)
z/D =1,(c)z/D =2,(d)z/D =3,(€)z/D =4, (f) z/D =5,(g9) z/D = 6 and
(h) z/D = 8 while Re = 876.

Figure 6.11: Instantaneous cross-sectional vectors aggeon the contours of the
streamwise velocityp, in spiral flow during phas@3 at (a)z/D = 0, (b)z/D =1,
() z/D =2,(d)z/D =3,()z/D =4, () z/D =5, (9) /D = 6 and (h)
z/D = 8 while Re = 876.
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Figure 6.12: Instantaneous wall pressyréRa), in both non-spiral (NSp) and spiral
flow for the different Reynolds numbers, naméty = 438, 584 and876, during
different phases of the last cycle at the two indicated omenential locations. Note
that the corresponding wall pressures far = 876 in non-spiral flow through the
regular stenosis are also appended.
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Figure 6.13: Instantaneous wall shear stress (PaRéor= 438 in both non-spiral
and spiral flow during different phases of the last cycle atttho indicated circum-
ferential locations. Note that the corresponding wall sisgi@sses foRe = 438 in
non-spiral flow through the regular stenosis are also apgzénd
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Figure 6.14: Instantaneous wall shear stress (PaRéor= 584 in both non-spiral
and spiral flow during different phases of the last cycle attihio indicated cir-
cumferential locations. The corresponding wall shearsstre forRe = 584 in
non-spiral flow through the regular stenosis are also apgzénd
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Figure 6.15: Instantaneous wall shear stress (PaRéor= 876 in both non-spiral
and spiral flow during different phases of the last cycle attihio indicated cir-
cumferential locations. The corresponding wall shearsstere forkRe = 876 in
non-spiral flow through the regular stenosis are also apgzénd
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Figure 6.16: Phase-averaged streamwise velogity}) (m/s), in both non-spiral
(NSp) and spiral flow for the different Reynolds numbers, agnke = 438, 584
and 876, during phaseP3 at different axial locations. Note that the correspond-
ing ((w)) in non-spiral flow through the regular stenosis f&¢ = 876 are also
appended.
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Figure 6.17: Phase-averaged wall shear stress (Pa) in bothpiral and spiral flow
during phaseP3 at the two indicated circumferential locations for (@) = 438,
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Figure 6.18: rms of the streamwise velocity fluctuatiofs}),, . (m/s), in both
non-spiral (NSp) and spiral flow for the different Reynoldsmbers, namely
Re = 438, 584 and 876, during phase’3 at different axial locations. Note that
the correspondingw”),. . for Re = 876 in non-spiral flow through the regular
stenosis are also appended.
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Figure 6.19: Turbulent kinetic energy,(u/u/) (m?/s°), for Reynolds number
Re = 438 in both non-spiral (NSp) and splral flow during phal@ at different
axial locations. The correspondlr%gu” Y in non-spiral flow through the regular
stenosis forkRe = 438 are also appended.
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Figure 6.20: Turbulent kinetic energy,(u/u/) (m?/s°), for Reynolds number
Re = 584 in both non-spiral (NSp) and splral flow during phal@ at different
axial locations. The correspondléqw’ Y in non-spiral flow through the regular
stenosis forRe = 584 are also appended.
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Figure 6.21: Turbulent kinetic energy,(u/u/) (m?/s°), for Reynolds number
Re = 876 in both non-spiral (NSp) and splral flow during phakg at different
axial locations. The correspond@gu” Y in non-spiral flow through the regular
stenosis forkRe = 876 are also appended.
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spiral flow for the different Reynolds numbers, namé&ly = 438, 584 and 876,
during phaseP3 at the two indicated circumferential locations. The cquoesl-
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appended.
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Figure 6.23: Time history of the centreline velocity fludioas, (a)u”/u!. .., (b)

max?

o" /ol and (c)w” /w! . at different axial locations for both non-spiral and spiral
pulsatile blood flow whileRe = 876. The red coloured solid line denotes velocity
fluctuations for non-spiral flow while the green colouredhdasline corresponds to

velocity fluctuations for spiral flow.
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Figure 6.24: Time history of centreline turbulent kinetimeegy (TKE),

5(ufuf) (m?/s), at different indicated axial locations for both non-spitred

coloured dashed line) and spiral (green coloured daslualdine) pulsatile blood

flow while Re = 876. Note that the correspondingu/u/) for Re = 876 in non-

spiral flow through the regular stenosis (blue colouredddole) are also appended.
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Figure 6.25: Energy spectra of centreline streamwise itglflactuations,w”, at
different axial locations normalised by centrelie”) = at the same locations,
for both non-spiral and spiral pulsatile flow whilee = 876. The red and the
green coloured lines correspond to the energy spectra otiglfluctuations for
non-spiral and spiral flow, respectively.
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Figure 6.26: Energy spectra of wall pressure fluctuatipfisat different axial lo-
cations normalised by walp”) at the same locations, for both non-spiral and
spiral pulsatile flow whileRe = 876. The red and the green coloured line corre-
sponds to the energy spectra of wall pressure fluctuatiansdie-spiral and spiral
flow, respectively.
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Chapter 7

Physiological Pulsatile Non-spiral
and Spiral Flow in a Model of a
Stenosis with an Adjacent Aneurysm
In Basilar Artery

7.1 Introduction

Atherosclerotic artery rarely has both stenosis and aiseuny the same arterial
segment. Until recently no reports on intracranial stea@ssociated with adja-
cent aneurysms have been found (In et al. [13]). In et al. [&Bbrted the exis-
tence of a severe stenosis with an adjacent (pre-stenaticusar’ or post-stenotic
‘fusiform’) aneurysm in basilar artery. They defined a ‘sdac aneurysm as an
aneurysm which has a smooth berry-shaped body and a necknaatharoscle-

rotic fusiform’ aneurysm as an aneurysm having a dilatedriaft segment with-
out definite neck formation. Aneurysm has the potential égoture of the vessel
wall, which may lead to haemorrhage, complications to lacghn function, and
even death as aneurysm ruptures have high mortality andidmgrbates (Kassell

et al. [139]). Hence, like severe stenosis, aneurysm cowdepfatal if left with-

out taking any therapeutic measures. When both stenosigreaudysm exist in the
same arterial segment, it would pose more danger to thenpaian the existence
of either of them in an artery. Therefore, it would really Inéeresting to study
blood flow through a model of an arterial stenosis with an @l (post-stenotic)
aneurysm in the same arterial segment as no studies (lamirtarbulence) have
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been done on it, to the best of the author’'s knowledge.

In this Chapter, mainly Large Eddy Simulation (LES) with tBmagorinsky-
Lilly dynamic subgrid model (Germano [115], Lilly [116] anim [123]) was
applied to study physiological pulsatile non-spiral andalood flow through
a three-dimensional model of an irregular stenosis withdjacaent post-stenotic
fusiform irregular aneurysm in basilar artery. The stesmasid the aneurysm were
of 75% area reduction and26% area enlargement, respectively, at their centres.
The cross-sections of both cosine-type stenosis and asraumere shifted ran-
domly to eitherx or y-direction to form irregular shape of them. Two-equation
k-w Transitional model was also applied to pulsatile non-$fiav for the highest
Reynolds number investigated. As described in ChaptereSijrst four harmonics
of the physiological pulsatile flow and pressure pulse wenpleyed at the inlet
and outlet, respectively, to generate pulsatile velocitfife at the inlet and pres-
sure waveform at the outlet. To introduce spiral velocityhat inlet, one-sixth of
physiological pulsatile bulk velocity was taken as tangdmnelocity at the inlet, as
seen in Chapters 5 and 6. Moreover, to investigate the affeitte magnitude of
spiral velocity, spiral velocity was increased by takingedourth of physiological
pulsatile bulk velocity as tangential velocity at the inlet

The numerical results are presented in terms of velocitgtors, streamlines,
wall pressure and shear stress distributions, turbulerdtiki energy, velocity and
pressure fluctuations and the energy spectra of the cer@rsiffeamwise velocity
fluctuations to investigate the transition-to-turbuleé¢eulsatile non-spiral and
spiral blood flow in the downstream of the irregular stenwosth the adjacent post-
stenotic irregular aneurysm.

7.2 Problem Formulation

7.2.1 Model Geometry and Mesh arrangement

Figure 7.1 depicts the geometry of the model of an artergis with an adjacent
post-stenotic aneurysm of irregular shape with rigid wdlich was developed by
using GAMBIT 2.4 (Fluent Inc.). The existence of a severe stenosis with an ad-
jacent (pre- or post-stenotic) aneurysm is commonly foumnloiaisilar and vertebral
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artery (In etal. [13]). Our model resembles basilar artexytas a straight tube
like basilar artery. Thén vivo study of Pico et al. [140] shows that the diameter of
basilar artery varies betwe@r6 mm and35 mm and the mean diameter of it1h9
subjects i8S mm. The diameter of the unaffected section of the model veset
fore, taken a9 = 8 mm. As seen in the previous chapters, the stenosis is centred
atz = 0 and of length= 2D. As for aneurysm length, Neofytou et al. [141] and
Molla [90] took four times diameter of the model tube and foares height of the
channel, respectively, as the aneurysm segment lengthheSadjacent aneurysm
is taken of length= 4D and centred at = 3D. The upstream and downstream
lengths of the model from the stenosis centredpeand15D, respectively, giving
a total length of the modeaR D.

First a cosine-type stenosis@f% area reduction with an adjacent post-stenotic
cosine-type aneurysm @26% area enlargement correspondingt®0.33% diam-
eter dilation was developed using the following relation:

1—%(1—1—(}08%) if -D<z<D
o é@ =145 (1 eosE27) i D<2<5D (7.1)
1 elsewhere

wherer, andR are the cross-sectional radius and radius of the unaffeetettbn of
the model, respectively. Herg andé? are the parameters that control the percent-
age of the area reduction in the stenosis and the area emiangén the aneurysm,
respectively. The values ¢f ands? were fixed a0.5 and+/2 — 1, respectively, to
obtain ar5% reduction and 26% enlargement of the cross-sectional area at the cen-
tres of the stenosis and aneurysm, respectively. And theeartiss-sections of both
the stenosis and the aneurysm were shifted maxi@mmm randomly to either

x or y-direction (positive or negative) to get the irregular shalpis to note that In

et al. [13] defined aneurysm as an artery diameter greaterithdimes that of the
adjacent normal lumen, which corresponds to greater tBa% area enlargement.
As in previous chapters, a boundary layer was applied tortkidé of the wall to
get fine resolution in the sublayer; and the finest grid reéswluvas also ensured
in the region from the centre of the stenosis to the immediatenstream region of
the aneurysm.
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7.2.2 Boundary Conditions

The equations for the inlet and outlet boundary conditioasevdescribed i§ 5.2.1

of Chapter 5. The values of the angular frequengydensity, p, and dynamic
viscosity, i, remain same as they were in Chapters 5 and 6. However, the Wom
ersley numberpy = Rﬁ, becomes.92 as R = 0.004 in this chapter. The
Reynolds numbers investigated, based on the diameter ointitected section of
the tube,D, and steady inlet bulk velocity/, were Re = 366 and440 with peak
Reynolds numbersze,, ~ 1000 and1200, respectively, corresponding to a value
of A = 0.40 in Equation (5.12). Note that the two-equationw Transitional model
was applied to non-spiral flow for Reynolds numbgr = 440 only. To assess the
effect of the magnitude of the spiral velocity, the spirdioegty was increased for
Re = 440 by increasing the value of the control parameter for spiedbeity, C,

in Equation (5.16) frorr% to i The inlet velocity profiles at different positions and
phases and the outlet pressure profile are presented ireBiguz(a-d) and 7.3, re-
spectively. The phases in the pulsatile cycle at which tealte were obtained are
indicated in Figure 7.2(a).

7.3 Results and Discussion

As in previous chapters, the time-step, for all the computations in this chapter
was also fixed at0—3. The simulations were performed 20 pulsatile cycles; the
last12 cycles were used for phase-averaged statistics while ttial imight cycles
were set aside for the flow development. A grid resolutiodgtvas done only in
non-spiral flow and the chosen grid was deemed sufficientdtn hon-spiral and
spiral flow.

7.3.1 Grid Resolution Study

Three grid arrangements, namely GtidGrid 2 and Grid3 were used in grid res-
olution study forRe = 440 in the non-spiral flow. Grid has~ 500, 000 control
volumes, whereas Gri#gl consists of~ 750, 000 control volumes, which is an in-
crease of aboui0% on Grid 1. Grid 3 is a further refinement of Gridl which has
~ 1,350,000 control volumes, i.e. a massive increase of al&iy on Grid 2.
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Grid resolution results are shown in terms of phase-averaggeamwise velocity,
((w)) (mls), at different axial positions and wall shear stres§ (Riring phasé’3

in Figures 7.4 and 7.5, respectively. It is to note that thasghaveraging of WSS

in Figure 7.5 was done on the circumferential-averaged W88 agreement of the
results for Gric2 and Grid3 are good indeed, considering the fact that LES results
cannot be fully grid independent unless LES grid resolubenomes fine enough
to be qualified for DNS (Mittal et al. [88]; Paul and Molla [93]The resolution of
Grid 2 appears to be adequate for resolving the transient flow imiheel and it
was, therefore, chosen for all the simulations in this chiapt

7.3.2 Contributions of the SGS Dynamic Model

The contour plots of the dynamic Smagorinsky constant, in non-spiral flow
during phaseP3 in the z — x mid-plane forRe = 366 and 440 are depicted in
Figure 7.6. The maximum value ¢f, found in the downstream of the aneurysm
which is~ 0.04. The locations of non-zer@’, inside the aneurysm and in the
downstream region of the aneurysm increase with Reynoldgoeu Additionally,
for both the Reynolds numbers, the value(afin the upstream of the stenosis is
very small as the flow is laminar there.

Figure 7.7 presents the corresponding contour plots ofan@alised SGS eddy
viscosity, 11545/t It is clear from the figure that the maximum contribution loé t
SGS dynamic model to the large scale motion for both the Rdgnaumbers is
~ 25% and it is found in the downstream region of the aneurysm, ke flow
is predicted to be turbulent. Lik€;, the non-zerqu,,/u is found at more places
for higher Reynolds number. The characteristicogfand 1,/ in spiral flow
through the model are almost same as that in non-spiral flow.

7.3.3 Instantaneous Flow Field

The contour plots of the instantaneous streamwise velagi{yn/s), in both non-
spiral and spiral flow folRe = 440 during phase2, i.e. peak inlet flow condition,
are shown in Figure 7.8 . In both non-spiral and spiral flow, ftbw reverses near
the wall from the centre of the stenosis to the immediate dbwgam region of the
aneurysm. The stenotic jet becomes weaker at around thdiposthe aneurysm,
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i.e. atz = 5D, and starts to break down; the flow appears to be very chaotiei
downstream region between~ 5D andz ~ 10D. The effect of spiral flow on the
instantaneous streamwise velocity during ph&ages insignificant.

Figures 7.9(a-b) and 7.10(a-b) present the contour plotheinstantaneous
streamwise velocity;o (m/s), in non-spiral and spiral flow, respectively, during
phaseP3 for Re = 366 and440. Note that the corresponding results from non-
spiral flow with k-w Transitional model and increased spiral flo@/ & 1/4) are
also appended in Figures 7.9(c) and 7.10(c), respectivityseen during phase
P2 in Figure 7.8, during phasgE3, the reverse flow near the wall occurs after the
throat of the stenosis which is stretched up to the immedietenstream region of
the aneurysm and the jet breaks downr a¢ 5D in non-spiral and spiral flow for
both the Reynolds numbers. The effects of Reynolds numbeetmtity magni-
tudes can be clearly seen from the figures; also the flow maitant takes place by
z =~ 8D for Re = 366, whereas for Reynolds numb&e = 440, it occurs in the
further downstream region by~ 10D. It is interesting to note that in Figure 7.9,
the velocity jet fromk-w Transitional model (frame c ) is weaker than that from
LES (frame b), though the streamwise velocitychv Transitional model increases
at some places in the region afte= 8D compared with the corresponding LES
results. As for the effects of spiral flow during phaB8, the magnitudes of the
streamwise velocity in the downstream region, e.gz at 6D for Re = 366 and
atz = 8D for Re = 440, decrease in spiral flows (7.10(a-b)) compared with those
in non-spiral flows (7.9(a-b)). Moreover, when the magnétofithe spiral velocity
is increased (7.10(c)), the jet in the region after 6D becomes weaker and the
magnitude of the streamwise velocity decreases compardtiat in low spiral
flow (7.10(b)).

Further information on the flow physics of non-spiral andadlow through the
model can be obtained from cross-stream velocity vectoigurés 7.11 and 7.12
depict the in-plane velocity vectors appended on the stnasevelocity,w (m/s),
contours at different axial locations in non-spiral and&dow, respectively, dur-
ing phaseP3 for Re = 440. In both non-spiral and spiral flow, the stenotic jet
appears to be stable, i.e. the flow is laminar up te- 4D (frames a-e) and the
streamwise velocity is maximum at = 4D (frame e); the jet breaks down at
z = 5D (frame f), causing the flow to become recirculating and itaomal. The
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flow reattachment occurs by= 10D (frame k) and relaminarisation process starts
subsequently in both the flows. It should be noted that thealspattern of the
flow in Figure 7.12 disappears after the post-lip of the ssen@frame b) due to the
occurrences of disturbances in the flow in the further doreash region.

The instantaneous mid-plane streamlines in non-spiralspival C = 1/6)
flow during phaseP2 for Re = 440 are presented in Figure 7.13. In both non-spiral
and spiral flow, extremely large primary recirculation mtg are created near the
wall after the throat of the stenosis which are stretchedup# 6D and occupy
almost half of the diameter of the model due to the existeriaeverse flow or
adverse pressure gradient in this region. Secondary véaiign regions are also
found betweenr ~ 6D andz ~ 7D. The effect of spiral flow on the streamlines
during this phase is invisible.

Figures 7.14(a-b) and 7.15(a-b) show the streamlines inspaal and spiral
flow, respectively, during phasB3 for Re = 366 and440. Note that the cor-
responding streamlines fake = 440 in non-spiral flow withk-w Transitional
model and in increased spirdl' (= 1/4) flow are also included in Figures 7.14(c)
and 7.15(c), respectively. During phaB8, the recirculation regions in both non-
spiral (7.14(b)) and spiral (7.15(b)) flow appear to be leseee than those during
phaseP2 (Figure 7.13), however, the recirculation regions durihggel’3 increase
compared with those during phaBe. The recirculation region also increases when
the Reynolds number is increased. Along with primary andséary recirculation
regions, tertiary recirculation region is also observadciigher Reynolds number.

It is interesting to note that, the recirculation regionseted ink-w Transi-
tional model (7.14(c)) are larger than those in LES (7.24(B¥ k-w model gives
time-averaged results, we can, therefore, safely saylikattirculation regions in
the above figures are permanent. During ph&8an spiral flow (7.15(a-b)), the
primary recirculation regions become weaker and the sengrahd tertiary recir-
culation regions become stronger than those in non-spaal(ff.15(a-b)) while the
total length of the regions remain almost same in both thesflémarthermore, when
the spiral velocity is increased (7.15(c)), the secondadytartiary recirculation re-
gions increase, causing the total length of the recircutategions to be larger than
that in low spiral flow (7.15(b)). In the pathological contethese extremely large
recirculation regions are very harmful as they increasélbed residence time with
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potential risk of stroke; and also they may induce blood olathrombosis inside
the aneurysm (Molla [90]; Rayz et al. [106]).

7.3.3.1 Instantaneous Wall Pressure

The instantaneous wall pressupe(Pa), distributions at two circumferential loca-
tions (0° and90°) of the wall in both non-spiral (NSp) and spiral flow durind-di
ferent phases of the last pulsatile cycle ¢ = 366 and 440 are presented in
Figure 7.16. The corresponding pressure resultddor= 440 in non-spiral flow
with k-w Transitional model and in high spiral’(= 1/4) flow are also appended
in the figure. For all the cases of the flows during all the phas®l circumferen-
tial locations, the wall pressure drops sharply at the thobdéhe stenosis as seen
in Chapters 5 and 6. However, it rises a little immediatetgrathe stenosis throat
and continues steadily with almost the same value up#04 D, where it starts to
rise as the magnitude of the streamwise velocity decreasesiglly in the further
downstream region; and the pressure regains its undistwddee byz ~ 8D even-
tually. The ridges found in the pressure profiles around thecsis throat are due
to the effect of the irregular shape of the stenosis.

Additionally, the wall pressure drop varies considerablthwhe circumferen-
tial location as a result of the irregular shape of the motiasis and aneurysm,
e.g. forRe = 440 in non-spiral flow, excess pressure drops-030 Pa,~ 28 Pa and
~ 24 Pa during phaseB1, P2 and P3, respectively, are observed atlatcircum-
ferential location compared with the corresponding pressiiops at0° circum-
ferential location. The pressure drops, for all the casdbeflows, are maximum
during phaseP1 at0° circumferential location as seen in Chapter 6. They are ex-
tremely large during first three phases, i.e. duriiig P2 and P3, compared with
the corresponding results during other phases. The peedsop rises significantly
if the Reynolds number is increased, e.g. the maximum pressaps at° circum-
ferential location in non-spiral flow during phases$, P2 andP3 for Re = 366 are
~ 900 Pa,~ 854 Pa and~r 588 Pa, respectively, whereas f&e = 440, the corre-
sponding maximum pressure drops during pha3gsP2 and P3 are~ 1280 Pa,
~ 1231 Pa andx 859 Pa, respectively.

It is clear from the figure that the effect of spiral flow on theximum pressure
drop is very insignificant, e.g. the maximum pressure dropigh spiral C' =
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1/4) flow decreases by onlt 0.23% compared with that in non-spiral flow and
this decrease in the maximum pressure drop in 16 1/6) spiral flow is even
less than that in high({ = 1/4) spiral flow. However, the effects of spiral flow
on the wall pressure can be observed clearly in the regiondsgt: ~ 4D and

z ~ 10D where the pressure is of oscillating form, especially dyphases’3,
P4 and P7. It is interesting to note that an excellent agreement isdooetween
the k-w pressure results and the corresponding LES results. Asideddn the
previous chapters, these extremely large pressure drepsskeaere impacts on the
pathophysiology of the artery, such as flow choking and mgptd the plaque cap
(Wootton and Ku [6]; Li et al. [8]).

7.3.3.2 Instantaneous Wall Shear Stress

Figures 7.17 and 7.18 depict the instantaneous wall shessgWWSS) in both non-
spiral and spiral@ = 1/6) flow through the model &@° and90° circumferential
locations of the wall during different phases of the lastsptile cycle forRe =
366 and 440, respectively. The corresponding WSS resultsRer= 440 in non-
spiral flow with k-w Transitional model and in high spiral’(= 1/4) flow are also
appended in Figure 7.18. For all the cases of the flows dutinthephases and
circumferential locations, as seen in the previous chafite\WWSS begins to rise at
the pre-lip of the stenosis and reaches its maximum valuebgfere the stenosis
throat; it then falls to its upstream value right after thensisis throat and continues
with slightly decreasing value up to~ 3D. The WSS takes on oscillating form
after the centre of the aneurysm, which is prominent duringspsP3 and P4
(frames e-h) in the region betweern~ 4D andz ~ 8D. The sharp ridges in the
WSS distributions found in the stenosis region and in theHa¥ of the aneurysm
and the discrepancy in the magnitudes of WSS at differectigiferential locations,
e.g. the maximum value of the WSS%X circumferential location is greater than
that at0° circumferential location, are due to the effects of thegular shapes of
the stenosis and aneurysm.

The maximum WSS around the throat of the stenosis increaislesweynolds
number. For both the Reynolds numbers, the cycle maximumnaindnum of
the maximum WSS around the throat of the stenosis occfid°atircumferential
location during phas@1 and0° circumferential location during phag&7, respec-
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tively. For example, the cycle maximum of the maximum WSSuatbthe throat
of the stenosis in non-spiral flow fake = 440 is ~ 98 Pa (Figure 7.18(b)) and
the corresponding cycle minimum of the maximum WSSRer= 366 is ~ 16 Pa
(Figure 7.17(m)).

Furthermore, it is clear from the above two figures that tfeces of spiral flow
on the maximum WSS around the centre of the stenosis is veignificant, e.g.
the maximum WSS around the stenosis centrefer= 440 at 90° circumferen-
tial location during phasé’1 in high (C = 1/4) spiral flow rises by~ 0.14%
(Figure 7.18(b)) compared with the corresponding resution-spiral flow and this
increase in the maximum WSS in low (= 1/6) spiral flow is even less than that
in high (C = 1/4) spiral flow. However, as seen in the wall pressure distidiost,
the effects of spiral flow on the WSS can be seen distinctlggnascillatory pattern
of the WSS in the region between~ 4D andz ~ 8D during phase$’3 and P4
(frames e-h). It should be pointed out that the overall agesd between thé-w
WSS results and the corresponding LES results are quiteigdedd (Figure 7.18),
though the maximum WSS with-w Transitional model increases by 2% com-
pared with the corresponding LES result (Figure 7.18(b)).

The clinical implications of high WSS, as discussed in thevigus chapters,
include overstimulation of platelet thrombosis leadingaial occlusion of the ves-
sel (Ku [3]; Folts et al. [38]), endothelial cells damage fogh WSS> 37.9 +
8.5 (SD) Pa (Fry [36]), deformation of the red blood cells for 8hstress> 10 Pa
(Sutera and Mehrjardi [37]) and induced thrombosis for $b#ass> 7 Pa (Malek
et al. [9]). Owing to the above discussion, it is clear frore #bove two figures
that the maximum values of the WSS around the throat of theosie are above
the harmful level for both the investigated Reynolds numalgerring all the phases.
Also the oscillatory WSS is responsible for arterial digepsogression (Ku [3];
Paul and Molla [93]). Is is interesting to note that the WS&si significantly in
the region between ~ 4D (beginning of the last quarter of the aneurysm) and
z ~ 8D during phaseg$’3 and P4 (frames e-h). Salsac [142] observed that high
shear stress may activate platelets, which can be traesptrtthe regions of low
shear stresses inside the aneurysm wall where they would noij initiating the
formation of the endothelial thrombus. Lasheras [12] nated high shear stress
and other anomalous conditions resulting from the sepaiféde on the endothe-
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lial activity accelerates the expansion process of theseuand an endoluminal
thrombus is developed early in the expansion process. hhigntbus covers the
aneurysm’s wall and leads to the destruction of the endiallayer by hypoxia — a

pathological condition in which a region of the body doesgettadequate oxygen

supply.

7.3.4 Phase-averaged Flow Characteristics

Phase-averaged streamwise velocity and wall shear strdssmg phase’3 are
presented in this section. Figure 7.19 shows the phasege@istreamwise veloc-
ity, ({(w)) (m/s), during phasé’3 in both non-spiral (NSp) and spiral’(= 1/6)
flow at different axial locations for Reynolds numbets = 366 and440. It is
to note that the corresponding results f&¢ = 440 in non-spiral flow withk-w
Transitional model and in high({ = 1/4) spiral flow are also appended in the fig
ure. At the pre-lip of the stenosis, i.e. at= —1D (frame a) , the velocity profile
is parabolic in shape as the flow is laminar there. When the [flagses through
the centre of the stenosis, the velocity profile becomes-phaped jet and the jet
remains stable up te = 4D (frame f). The break down of the jet starts at the
post-lip of the aneurysm, i.e. at= 5D (frame g) and the profiles tend toward
uniformity in the region between = 5D andz = 10D (frames g-k) where the
flow transients to turbulence. In the further downstreamoreghe relaminarisa-
tion process starts and the velocity profiles incline torthet character (frame 1).
The negative values of the streamwise velocity in the regetween: = 1D and

z = 7D (frames c-i) near the wall, which covers almost half of thenakter of the
tube are due to adverse pressure gradient. The streamvoes@yecreases signif-
icantly with Reynolds number. It is interesting to note that Transitional results
do not agree with the corresponding LES results, espediatlye turbulent region
becausé-w model gives only time-averaged results instead of timesate results
(Scotti and Piomelli [75]) as mentioned in Chapter 5. Furntin@re, the effects of
spiral flow becomes significant only after= 4D (frame f). The maximum value
of the phase-averaged streamwise velocity near the ceitihe tube decreases in
the subsequent frames except in frame (I)z(at 12D) when the spiral velocity is
increased. However, at some places near the wall, the stnsanaelocity increases
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with spiral flow.

The corresponding wall shear stres$aand90° circumferential locations are
shown in Figure 7.20. The phase-averaged wall shear strdssieig phasé’3 for
Re = 366 in Figure 7.20(a)(i-ii) and forRe = 440 in Figure 7.20(b)(i-ii) closely re-
semble the corresponding instantaneous WSS in FigureeffLa(d Figure 7.18(e-
f), respectively. All the characteristics of the instartans WSS remain same in
the phase-averaged WSS except the oscillatory patterreiddtvnstream region,
which become less prominent in the phase-averaged WSSeHasdliscussed in
Chapters 5 and 6, the instantaneous WSS should be considei@tturate repre-
sentation of WSS distributions.

7.3.5 Turbulent characteristics

The root mean square (rms) of the streamwise velocity flticos, (w”),. . (m/s),
in non-spiral and spiral{ = 1/6 andC' = 1/4) flow for Re = 366 and440 during
phaseP3 at different axial locations are presented Figure 7.21. ddreesponding
rms velocity fluctuations in non-spiral flow fadke = 440 with k-w Transitional
model are also included in the figure. The rms of the streamwadocity fluctua-
tions at the pre-lip of the stenosis is almost zero; it insesawith the axial distance
and is extremely high in the region between= 4D and> = 10D (frames f-
[) where the flow transition-to-turbulence takes place. He turther downstream
region, the magnitude ofw”),, .. decreases again as the relaminarisation process
starts after- = 10D. As seen in the phase-averaged streamwise velocity, the rms
of velocity fluctuations withk-w model do not agree with the corresponding LES
results as only time-averaged results can be obtained franmodel. It is clear
from the figure that the velocity fluctuations increase wittyRolds number. Ad-
ditionally, the magnitude ofw”) . in spiral flow increases significantly at some
locations compared with the corresponding result in naresflow. But the ef-
fects of high ' = 1/4) spiral flow on(w"”), . remain unclear as the magnitude of
(w”),, . inlow (C = 1/6) spiral flow rises at some places compared with the cor-
responding result in hight{ = 1/4) spiral flow and the opposite happens at other
places.

Further information on the transition-to-turbulence ohrgpiral and spiral flow
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can be obtained from the turbulent kinetic energy resuligurés 7.22 and 7.23
show the turbulent kinetic energy (TKE§{u;’u;’) (m?/s?), in non-spiral and spiral
(C = 1/6) flow during phaseP3 at different axial locations foRe = 366 and
440, respectively. Note that the corresponding TKE f&¢ = 440 in non-spiral
flow with k-w Transitional model and in high{ = 1/4) spiral flow are also ap-
pended in Figure 7.23. The TKE behaves lik€'),, .. That is the maximum TKE
increases dramatically with Reynolds number. The disagee¢ between thé-w
and LES results show the unsuitability v model for simulating pulsatile flow
as it gives only time-averaged results instead of time4ateuresults (Scotti and
Piomelli [75]), which was also discussed in Chapter 5. At madghe locations,
the TKE in spiral flow rises sharply compared with that in remiral flow — sim-
ilar findings were observed in the previous chapters. Magav is clear from
Figure 7.23 that the maximum TKE in higly'(= 1/4) spiral flow occurs in the
further downstream region of the aneurysm at 8D with a slight & 5.8%) drop
in its magnitude (frame j) compared with the maximum TKE iwl¢C' = 1/6)
spiral flow atz = 7D (frame i). However, the TKE in hight{ = 1/4) spiral flow
generally increases compared with that in l@w=€ 1/6) spiral flow.

The rms of the wall pressure fluctuatior{g’’),. . (Pa), in non-spiral and spi-
ral (C = 1/6) flow during phaseP3 at 0° and 90° circumferential locations of
the wall for Re = 366 and 440 are presented in Figure 7.24. The correspond-
ing (p"),,,s results forRe = 440 in non-spiral flow withk-w Transitional model
and in high ' = 1/4) spiral flow are also appended in the figure. It is interest-
ing to note thatp”),, . is strongly oscillating in the transition-to-turbulen@gjion
betweenz ~ 4D andz ~ 10D. Like other results, the maximur@p”) in-
creases with Reynolds number, but it occurs in the furtherndtream region of
the aneurysm for high Reynolds number than that for low ReElmoumber. As
seen in the other turbulent results, the Transitional mode{p”) . . results do not
agree with the corresponding LES results. Unlike the marinpuessure drop, the
maximum(p”),.... occurs ab0° circumferential location of the wall. Additionally,
the maximum(p”) in spiral (C' = 1/6) flow, which occurs at/D ~ 7.2, rises
by ~ 117.2% compared with that in non-spiral flow, which occurs in thettier
downstream region at/ D ~ 7.7. Like the maximum TKE, the magnitude of the
maximum(p”) _ _in high (C = 1/4) spiral flow falls by~ 5.8% compared with

rms
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that in low (C' = 1/6) spiral flow. The extreme pressure fluctuations are impgitat
in arterial murmurs in the presence of arterial stenosi& @sl. [135]), which was
also discussed in Chapters 5 and 6.

7.3.5.1 Cycle-to-cycle variations

The cycle-to-cycle variations of the velocity fluctuaticasd the TKE would be
presented in this section. Figure 7.25 illustrates cyateytcle variations of the
centreline cross-stream velocity fluctuation’s/v” .. andv” /v ., and the centre-

max max?

line streamwise velocity fluctuations/” /w! .., at different axial positions in both
non-spiral and spirak{ = 1/6) flow for Re = 440 over the last three cycles used
for phase-averaged statistics. The centreline velocittdhtions before = 4D
are very small in magnitude and, therefore, are not showhenfigure. It can
be observed from the figure that the centreline velocity fiatibns in both non-
spiral and spiral flow are non-periodic and significanthgkain the region within
5D < z < 10D; the magnitudes of these centreline velocity fluctuaticzepkde-
creasing in the further downstream region of the aneurystheaselaminarisation
process starts. In addition, the effects of spiral flow onddetreline velocity fluc-
tuations can be distinctly seen in the figure.

The cycle-to-cycle variations of the centreline TKEy//u) (m?/°), at differ-
ent axial locations in non-spiral and spiral (both high and,li.e. C = 1/4 and
C = 1/6) flow for Re = 440 are presented in Figure 7.26. Itis clear from the figure
that in the region betweetD < > < 7D, the magnitudes of the centreline TKE are
mostly significantly large during.2 < ¢/T < 0.6 of the pulsatile cycle and zero
during other phases of the cycle; however, in the furtherrdstieam region, they
are generally very insignificant duririgd < ¢/7T" < 0.7 of the pulsatile cycle. As
seen in Chapters 5 and 6, the centreline TKE in spiral (8bth 1/6 andC' = 1/4)
flow increases significantly during some phases. Also theirmax value of the
centreline TKE in spiral flow (frame e) is greater than thatam-spiral flow (frame
f). Furthermore, the maximum TKE in higl@’(= 1/4) spiral flow during the last
pulsatile cycle drops by 12.8% compared with that in lom{ = 1/6) spiral flow,

whereas this drop iss 33.3% when the last three cycles are considered (frame e).
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7.3.5.2 Turbulent Energy Spectra

Energy spectraF,, .~ of the normalised centreline streamwise velocity fluctua-
tions, (w”/(w"),. ), in both non-spiral (red coloured line) and spirél & 1/6)
(green coloured line) flow at different axial positions f@e = 440 are depicted
in Figure 7.27. As seen in Chapters 5 and 6, the linesSef—°/3, (Sr)~'/3 and
(Sr)~" are also appended in the figure. At= 4D, the inertial subrange region of
—5/3 power slope is very small while the viscous dissipation eaafj—7 power
slope is quite large. The velocity spectra changes fré3 power slope te-10/3
power slope at higher frequencies in the downstream redidgimo< z < 10D
(frames b-g), giving a large range of frequencies for thetialesubrange region
in the transition-to-turbulence region of the flow. In theter downstream region
(frames h-i), the inertial subrange region becomes smagjam as the turbulence
intensity decreases there. In addition, after 5D, the velocity spectra in spiral
flow has slightly larger range of frequencies constituting inertial subrange re-
gion than the velocity spectra in non-spiral flow; and alsthendownstream region
after - = 8D, the viscous dissipation region in the velocity spectraon-spiral
flow are almost absent.

7.4 Conclusion

Large Eddy Simulation with the Smagorinsky-Lilly dynamidogrid model (Ger-
mano [115], Lilly [116] and Kim [123]) and-w Transitional model were employed
to investigate the physiological non-spiral and (both lea &igh) spiral blood flow
through a three-dimensional model of an irregular stenegls an adjacent post-
stenotic fusiform irregular aneurysm in basilar artery for = 366 and440. In
this chapter, the maximum contribution from the SGS model &% in both non-
spiral and spiral flow, which is smaller than those in Chapfeand 6. The effects
of Reynolds number on all the flow results are observed, &g rdcirculation re-
gions, the maximum pressure drop and the maximum WSS ardwnthtoat of
the stenosis, the TKE, etc. increase with Reynolds numbgise®n in Chapter 5,
the turbulent results obtained from thev Transitional model do not agree with
the corresponding LES results, though other results sualathpressure and shear

183



Chapter 7 7.4 Conclusion

stress from thé-w Transitional model agree quite well with the correspondiB®
results — this shows unsuitability 6w model for pulsatile flow simulation.

In both non-spiral and spiral flow, large permanent recatiah regions are gen-
erated right after the throat of the stenosis which aredtest beyond the aneurysm.
The length of the recirculation regions increases when ghielsvelocity is in-
creased. During all the phases in both non-spiral and Sjona) the wall pressure
drops significantly at the throat of the stenosis and doegs®to get its undisturbed
value before the last quarter of the aneurysm,4.e. 4D. The maximum pressure
drop in non-spiral flow forRe = 440 is 1280 Pa, which occurs during phagel
at 0° circumferential location of the wall. The effect of (bottwl@nd high) spiral
flow on the pressure drop is very insignificant; the spiragé&f on the wall pres-
sure can only be seen in the downstream region after4D where the pressure
takes oscillatory form. In both non-spiral and spiral fldwe maximum value of the
WSS, which is found around the throat of the stenosis, reacl@cally dangerous
level during all the phases of the pulsatile cycle for bota Reynolds numbers.
The cycle maximum WSS in both non-spiral and spiral flow osauring phase
P1 at90° circumferential location of the wall, which #8 Pa in non-spiral flow for
Re = 440. As seen in the wall pressure, the effects of spiral flow onVW&S are
visible only in the oscillatory pattern of the WSS in the d@tvream region after
z~4D.

In both non-spiral and spiral flow, the transition-to-tudnce of the flow occurs
in the downstream region betweenz 4D and10D, i.e. the transition starts in the
last quarter of the aneurysm, not in the immediate downstregion of the stenosis
as seen in the previous chapters. The TKE is large in thisnegid it fades away
in the further downstream region as the relaminarisatioogss starts there. Due to
the influence of spiral flow, the TKE in spiral flow increasegngiicantly compared
with that in non-spiral flow. However, the maximum value & ifKE in high spiral
flow drops considerably compared with that in low spiral flow.

Furthermore, the velocity spectra in the transition-tdtience region in both
non-spiral and spiral flow have large range of frequenciekimgaup the inertial
subrange region. The inertial subrange regions in spiral Aave slightly larger
range of frequencies than that in non-spiral flow. Also tlseous dissipation region
in non-spiral flow is almost absent in the downstream regitera = 8D.
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Figure 7.1: Three dimensional view of model artery havimggular stenosis with
adjacent irregular aneurysm (a) the whole domain and (bjneabin section on
irregular stenosis with adjacent irregular aneurysm.
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Figure 7.2: Inlet physiological®™ harmonic pulsatile velocity profilesy (m/s),
for a time cycle (a) at the centre of the tube, (b) at diffetenations between the
wall and the centre, (c) bulk velocity profile and (d) duringfetent phases of a
time cycle whileA = 0.40, Re = 440 and the Womersley parameter= 6.92.
Reference phases at which results are obtained are alsednark
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Figure 7.3: Outlet physiologicalharmonic pulsatile pressure profilggmmHg),
for atime cycle whiled = 0.40, Re = 440 and the Womersley parameter= 6.92.
(I mmHg= 133.32 Pa.)
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Figure 7.4. Grid resolution study for phase-averaged sivgae velocity,

((w)) (m/s), in non-spiral blood flow during phage3 at different indicated axial
locations whileRe = 440.
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Figure 7.5: Grid resolution study for phase-averaged ax#l shear stress (Pa) in
non-spiral blood flow during phade3 while Re = 440. Phase averaging was done
on the circumferential average WSS.
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Figure 7.6: Dynamic Smagorinsky constat, in non-spiral blood flow during
phaseP3 for (a) Re = 366 and (b)Re = 440.
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Figure 7.7: Normalised SGS eddy viscosijty,/ /., in non-spiral blood flow during
phaseP3 for (a) Re = 366 and (b)Re = 440.

187



Chapter 7 7.4 Conclusion

-03 -03 02 01 0O 01 02 03 04 05 06 07 08 09 1 11 12 13 14 (mls)

Figure 7.8: Contour plot of the instantaneous mid-planeastwise velocity,
w (m/s), for Re = 440 during phase&2 in (a) non-spiral and (b) spiral blood flow
while C' = 1/6.
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Figure 7.9: Contour plot of the instantaneous mid-planeastwise velocity,
w (m/s), in non-spiral blood flow during phade3 for (a) Re = 366 and (b)
Re = 440 and (c) the corresponding from k-w Transitional model in non-spiral
flow for Re = 440.
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Figure 7.10: Contour plot of the instantaneous mid-plameastwise velocity,
w (m/s), in spiral blood flow during phage3 for (a) Re = 366 while C' = 1/6, (b)
Re = 440 while C' = 1/6 and (c)Re = 440 while C' = 1/4.
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Figure 7.11: Instantaneous cross-sectional vectors aggeon the contours of the
streamwise velocity,, in non-spiral flow during phas€3 at (a) z/D = 0, (b)
z/D =1,()z/D =2,(d)z/D =3,()z/D =4, () z/D =5, (9) 2/D = 6,
(h)z/D =7,(01) z/D =38,() 2/D =9, (k) z/D = 10 and (I)z/D = 12 while
Re = 440.
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Figure 7.12: Instantaneous cross-sectional vectors aggeon the contours of the
streamwise velocityp, in spiral flow during phas&3 at (a)z/D = 0, (b)z/D =1,
(©)z/D=2,(d)z/D=3,(€)z/D =4,(f) z/D=5,()z/D =6, (h)z/D =1,
(i) 2/D=28,() z/D =9,(k) z/D =10and () z/D = 12 while Re = 440,
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Figure 7.13: The instantaneous mid-plane streamlinegfor 440 during phase
P2 in (a) non-spiral and (b) spiral blood flow whife = 1/6.
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Figure 7.14: The instantaneous mid-plane streamlinesnrspiral blood flow dur-
ing phaseP3 for (a) Re = 366 and (b)Re = 440 and (c) the corresponding stream-
lines fromk-w Transitional model in non-spiral flow fadke = 440.

Figure 7.15: The instantaneous mid-plane streamlinesimldgood flow during
phaseP3 for (a) Re = 366 while C' = 1/6, (b) Re = 440 while C' = 1/6 and (c)
Re =440 while C' = 1/4.
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Figure 7.16: The instantaneous wall pressgréRa), in both non-spiral and spiral
flow for Reynolds number&e = 366 (while C' = 1/6) and Re = 440 (while
C =1/6 andC = 1/4) during different phases of the last cycle at the two indidat
circumferential locations. The corresponditig Transitional results in non-spiral
flow for Re = 440 are also appended.
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Figure 7.17: The instantaneous wall shear stress (Padoe 366 in both non-
spiral and spiral@ = 1/6) flow during different phases of the last cycle at the two
indicated circumferential locations.
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Figure 7.18: The instantaneous wall shear stress (Padoe 440 in both non-
spiral and spiral@ = 1/6 andC = 1/4) flow during different phases of the last
cycle at the two indicated circumferential locations. Ntftat the corresponding
k-w Transitional results in non-spiral flow are also appended.
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Figure 7.19: Phase-averaged streamwise velogity}) (m/s), in both non-spiral
and spiral flow for Reynolds numbefg = 366 (while C' = 1/6) and Re = 440
(while C' = 1/6 andC' = 1/4) during phase&’3 of the last cycle at different axial
locations. Note that the correspondihgu Transitional results in non-spiral flow
for Re = 440 are also appended.
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Figure 7.20: Phase-averaged wall shear stress (Pa) in lbotispiral and spiral
flow during phaseP3 for (a) Re = 366 (while C' = 1/6) and (b) Re = 440
(while C' = 1/6 andC' = 1/4) at the two indicated circumferential locations. The
corresponding:-w Transitional results in non-spiral flow fdke = 440 are also
appended in (b).
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Figure 7.21: rms of the streamwise velocity fluctuatiofis}), . (m/s), in both
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Figure 7.22: Turbulent kinetic energy (TKE){u/u) (m?/s%), in both non-spiral
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different axial locations.
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phaseP3 at different axial locations. Note the correspondifg results in non-
spiral flow for Re = 440 are also appended.
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locations. The correspondirigw results in non-spiral flow foRe = 440 are also

appended.
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Figure 7.25: Time history of the centreline velocity fludioas, (a)u” /., .., (b)

" /ol and (c)w” /w! .. at different axial locations for both non-spiral and spiral
(C = 1/6) pulsatile blood flow whileRe = 440. The red coloured solid line
denotes velocity fluctuations for non-spiral flow while theen coloured dashed

line corresponds to velocity fluctuations for spiral flow.
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Figure 7.26: Time history of centreline turbulent kinetimeegy (TKE),

5 (ufuf) (m?/$°), at different indicated axial locations for both non-gpand spiral
flow while Re = 440. The red coloured solid line denotes TKE for non-spiral flow
while the green coloured dashed line and blue coloured daslot line correspond
to TKE for spiral flow corresponding t6' = 1/6 andC' = 1/4 respectively.
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Figure 7.27: Energy spectra of centreline streamwise itglflactuations,w”, at
different axial locations normalised by centrelineg’),, . at the same locations, for
both non-spiral and spiraf{ = 1/6) pulsatile flow whileRe,;, = 1200. The red and
the green coloured lines correspond to the energy specidarfity fluctuations for
non-spiral and spiral flow, respectively.
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Chapter 8

Conclusions and Suggestions for
Future Research

In this chapter, the findings of the thesis are summaris€®id and some sugges-
tions on future research are madei@.2.

8.1 Conclusions

Large Eddy Simulation and two-equatibrw Transitional model were employed to
investigate the transition-to-turbulence of non-spirad apiral blood flow through
different models of arterial stenosis and aneurysm foediffit Reynolds numbers.
The findings of the thesis are summed up chapter-wise andesernged below.

In Chapter 4, the steady spiral blood flowib% area reduction arterial steno-
sis models without and with upstream curved segmen®9fo0° and120° angle
of curvature for Reynolds numbefge = 500, 1000, 1500 and2000 by using the
standardk-w Transitional model and LES with Smagorinsky-Lilly dynarsidbgrid
model (Germano [115], Lilly [116] and Kim [123]) has been renally investi-
gated. Excellent agreement between LES results for naatdjaw in the straight
stenosed tube fakRe = 1000 and2000 and the corresponding experimental results
(Ahmed and Giddens [27; 28]) were found when the appropimdee perturbations
were introduced. In the models with an upstream curved seggme significant
effect of spiral flow on any flow property was found for the istigated Reynolds
numbers. The spiral pattern of the flow introduced at the oliappears before the
stenosis in the models with an upstream curved segment, wéaycbe due to the
constraints imposed in the simulations such as steady fldwigial wall of the mod-
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els. Contrary to the claims of Paul and Larman [17] and Stodgeb et al. [16], the
TKE in spiral flow through the straight stenosed tube for thestigated Reynolds
numbers increases compared with the corresponding rasudni-spiral flow. How-
ever, the effect of spiral flow on the WSS and wall pressureegigible. The ef-
fects of the curved upstream model can be seen mainly in tkenrmen TKE, the
maximum pressure drop and the maximum WSS, which in curvettegam model
generally increase significantly compared with the commesing results in straight
stenosed tube.

In Chapter 5, mainly LES with Smagorinsky-Lilly dynamic guidl model was
applied to investigate the transition-to-turbulence efphysiological pulsatile non-
spiral and spiral blood flow through a straight stenosed hawing75% area reduc-
tion stenosis folke = 438, 584 and876. For Re = 438 in non-spiral flow through
the model, the two-equation Standdrdy Transitional model was also employed
to assess its suitability for pulsatile flow simulation. H&¢ = 876 in both non-
spiral and spiral flow, the maximum contribution from the S@&del to large scale
motion is50%. The turbulent results obtained frokao model differ significantly
from the corresponding LES results which is expected becties-w model gives
time-averaged results rather than instant results. Flooking and even rupture of
the plaque in pulsatile flow can take place due to the occoerehextremely high
pressure drop in both non-spiral and spiral flow at the thob#tte stenosis during
phasesP1, P2 and P3 compared with other phases. In addition, the sharp rise of
the WSS just before the stenosis throat, which is also exielarge during phases
P1, P2 and P3, may induce thrombosis and deformation of red blood cellse T
effect of spiral flow on both the maximum pressure drop andimarm WSS is very
insignificant as seen in Chapter 4. The spiral effects on #iepressure and WSS
can only be seen in their oscillatory pattern witBir< z/D < 6.

The transition-to-turbulence in non-spiral flow occursha further downstream
region than that in spiral flow. As seen in Chapter 4, the TKpursatile spiral
flow also increases significantly at some places and phasesared with the cor-
responding result in pulsatile non-spiral flow. In both repiral and spiral flow,
the occurrence of the high level of turbulent fluctuationthie downstream region
has serious pathological implications as it may activagdaibod platelets and also
damage the blood cell materials, leading to many pathadbdiseases (Ku [3]; Paul
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and Molla [93]). The break frequencies of energy spectraéocity and pressure
fluctuations from—5/3 power slope to-10/3 power slope and-7/3 power slope,

respectively, are observed in the downstream transibetoioulence region in both
non-spiral and spiral flow. At some locations in the traositiegion, the velocity
spectra in spiral flow has larger inertial subrange regian that in non-spiral flow.
The effects of spiral flow on the pressure spectra is insicaniti.

Additionally, we have also studied the effects of perceatafjarea reduction
in stenosis, length of stenosis, amplitude of pulsation\Afethersley numbery,
in Chapter 5. The maximum pressure drop, the maximum WSSrend@KE rise
sharply when the area reduction in the stenosis is increasedor the effects of
length of the stenosis, the maximum WSS falls significantly the maximum TKE
rises sharply due to the increase in the length of the sterimsi the maximum pres-
sure drop is almost unaffected by the increase in the stefergyth. The increase
in the amplitude of pulsation causes both the maximum prestop and the max-
imum WSS to increase significantly under the inlet peak flomdtton, i.e. during
phaseP2. While the increased amplitude of pulsation decrease thémuen TKE,
it is nonetheless responsible for the sharp rise in TKE faatrgbme places in the
transition-to-turbulence region. The decrease in the Weleg number causes the
maximum TKE to increase dramatically; however, the maxinpuessure drop and
the maximum WSS decrease slightly during phR2es a result of the decrease in
the Womersley number.

In Chapter 6, LES was applied to investigate the physioklgitisatile non-
spiral and spiral blood flow through a straight tube havingresgular stenosis of
75% area reduction folRe = 438, 584 and876. The results of non-spiral flow
through the irregular stenosis are also compared with tmeegoonding results
through a regular stenosis from Chapter 5 to assess thenn#uaf the irregular
stenosis. In both non-spiral and spiral flow, the maximumtrdoumtion from the
sub-grid scale to the large scale motion in the irregularnagis for all the investi-
gated Reynolds numbersis%, which is larger than that in the regular cosine-type
stenosis. The effects of spiral flow on the wall pressure a&S\are observed only
in the downstream region where the pressure and WSS are illdtwsyg nature.
Due to the effects of the irregular stenosis, the maximunhpvaksure drop and the
maximum WSS at one circumferential location of the wall@ifignificantly from

203



Chapter 8 8.1 Conclusions

those at other circumferential location of the wall. Aldog tmaximum wall pres-
sure drop, the maximum WSS and the maximum TKE in non-spial through
the irregular stenosis rise significantly compared withdabeesponding results in
non-spiral flow through the regular stenosis. As seen in @nag and 5, the TKE
rises significantly at some locations and phases if the Isgiiiect is introduced at
the inlet. From the pathological point of view, the irreguséenosis has devastat-
ing impacts on the cardiovascular health of the patientthérsimulation of blood
flow through stenosed artery, irregular stenosis insteaegilar stenosis should,
therefore, be taken to accurately predict the flow field.

In Chapter 7, the physiological non-spiral and (both low hig) spiral blood
flow through a three-dimensional model of an irregular stehwith an adjacent
post-stenotic fusiform irregular aneurysm in basilar grteave been studied for
Re = 366 and440 by applying LES. The two-equatidrw Transitional model was
also applied in non-spiral flow fake = 440 to crudely assess the LES results as no
experimental or computational study of blood flow throughk &ind of geometry is
available in the literature. The maximum contribution fréme SGS model to the
large scale motion is 25%, relatively small compared with those in Chapters 5 and
6. Although wall pressure and shear stress fromitheTransitional model agree
quite well with the corresponding LES results, the turbtilesults obtained from
the k-w Transitional model differ significantly from the corresplimg LES results
— this shows unsuitability of-w model for pulsatile flow simulation. Throughout
the pulsatile cycle in both non-spiral and spiral flow, thél\weessure falls signifi-
cantly at the throat of the stenosis and does not rise tonetgaundisturbed value
before the start of the last quarter of the aneurysm,4.e- 4D. The maximum
value of the WSS in both non-spiral and spiral flow, which igrfd just before the
stenosis throat, attains clinically harmful level durinigtlae phases of the pulsatile
cycle for both the Reynolds numbers. In both non-spiral qnckflow, the cycle
maximum pressure drop and WSS occur during plasat 0° and90° circumfer-
ential location of the wall, respectively. The effects ailor high) spiral flow on
the wall pressure and WSS are visible only in the downstresgion after: ~ 4D
where they take oscillatory pattern. The transition-tdtilence in both non-spiral
and spiral flow occurs in the downstream region between 4D and 10D, i.e.
the transition does not start before the last quarter of tleeiysm. The TKE in
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spiral flow rises significantly compared with that in nonrapflow. However, the
maximum value of the TKE in high spiral flow drops consideyatmpared with
that in low spiral flow.

Modelling transitional blood flow through arterial stereand aneurysm is very
challenging. Accuracy of the simulation depends mainly witesle numerical ap-
proach, realistic model geometry and boundary conditidimg suitability of LES
in this kind of investigations has been shown in the pregenysand also in similar
studies by Paul and Molla [93], Molla [90], Gardhagen ef@], Mittal et al. [88],
Scotti and Piomelli [75] and Liang and Papadakis [143]. Thesent study was
simplified by taking rigid walls for the arterial models; eveo, we do believe
that it makes a breakthrough in understanding the nonismig spiral transient
blood flows through arteries having stenosis and steno#iisadjacent post-stenotic
aneurysm. The results presented in the thesis would, tirerdielp the interested
groups such as pathologists, medical surgeons and resesigieatly in gaining
better insight into transient non-spiral and spiral bloaavithrough models of ar-
terial stenosis and aneurysm.

8.2 Future Research

Only a handful of studies of transient non-spiral flow in misdef stenosis or
aneurysm by applying LES are available and no report of LEgaofitional spiral
flow through stenosis and/or aneurysm can be found in thratitee, which was also
discussed in Chapter 2. This thesis has shown that LES caotéetlly applied to
investigate both non-spiral and spiral blood flow throughotzss models of stenosis
and aneurysm. LES, in our view, can also be employed to studi+structure in-
teraction in transient non-spiral and spiral blood flow ini@as models of stenosis
and/or aneurysm. In the light of the findings of this projéug, following proposals
are put forward for future research.

e The stenoses taken in this study are axisymmetric. Modedsadntric steno-
sis of irregular shape could be taken for future investayatif non-spiral and
spiral transient blood flow through such models.

e We have studied non-spiral and spiral transitional flow in@ei of basilar
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artery having both stenosis and adjacent post-stenotfofasaneurysm. So,
LES of non-spiral and spiral blood flow through models ofigrteaving both
stenosis and adjacent pre-stenotic fusiform or saccukurgsm would be an
interesting investigation in future.

e Unlike compliant arterial wall in real biological systenmetarterial wall in
this project was considered rigid. Arterial murmurs in thegence of an ar-
terial stenosis are produced due to vibration of the afteradl, which is again
associated with the pressure fluctuations in the transleatiflow. Also, the
velocity profiles at the inlet and the pressure profile at ttéebwere theoret-
ically derived. Therefore, the more realistic approach idne investigation
of transient non-spiral and spiral blood flow through patleased compliant
model geometry with patient based velocity and pressuresfgawm. Hence
a potential future study would be simulation of fluid-stuuret interactions in
diseased arteries using the LES technique.

e Bifurcated arteries are commonly associated with stermmglspiral flow. So,
it would be interesting to employ LES for studying trangitito-turbulence of
non-spiral/spiral flow through models of bifurcation steiso

206



References

[1]
[2]

[3]

[4]

[5]

[6]

A. J. Lusis, “AtherosclerosisNature vol. 407, pp. 233-241, 2000.

D. F. Young, “Fluid mechanics of arterial stenoses3SME J. Biomech. Eng.
vol. 101, pp. 157-173, 1979.

D. N. Ku, “Blood flows in arteries,Annu. Rev. Fluid Mechanigcsol. 29, pp.
399-434, 1997.

S. S. Varghese, S. H. Frankel, and P. F. Fischer, “Diranterical simulation
of stenotic flows. Part 1. Steady flowd” Fluid Mech, vol. 582, pp. 253-280,
2007.

D. N. Ku and B. N. McCord, “Cyclic stress causes ruptureéhaf atheroscle-
rotic plaque cap,Suppl. to Circulationvol. 88 (1), pp. 1362-1375, 1993.

D. M. Wootton and D. N. Ku, “Fluid mechanics of vascularsggms, dis-
eases, and thrombosig&hnu. Rev. Biomed. Engol. 01, pp. 299-329, 1999.

[7] W. W. Nichols and M. F. O’'Rourke,McDonald’s Blood Flow in Arteries:

Theoretical, Experimental and Clinical Principle4éth ed. Oxford Univer-
sity Press, 1998.

[8] Z.-Y. Li, V. Taviani, T. Tang, U. Sadat, V. Young, A. Patt®n, M. Graves,

and J. H. Gillard, “The mechanical triggers of plaque ruptwhear stress vs
pressure gradientThe British Journal of Radiologyol. 82, pp. S39-545,
20009.

[9] A. M. Malek, S. L. Alper, and S. Izumo, “Hemodynamic sheaess and its

role in atherosclerosisJ. Ameriacnh Medical Association (JAMA)l. 282,
pp. 2035-2042, 1999.

207



References

[10] A. Frydrychowicz, A. Harloff, B. Jung, M. Zaitsev, E. \igang, T. A. Bley,
M. Langer, J. Henning, and M. Markl, “Time-resolved, 3-Dimseonal mag-
netic resonance flow analysis at 3 T: visualization of noramal pathological
aortic vascular hemodynamicsl’ Comput. Assist. Tomogwol. 31(1), pp.
9-15, 2007.

[11] B. V. R. Kumar and K. B. Naidu, “Hemodynamics in aneurys@omputers
and Biomedical Researchiol. 29 (2), pp. 119-139, 1996.

[12] J. C. Lasheras, “The biomechanics of arterial aneusysAnnu. Rev. Fluid
Mechanicsvol. 39, pp. 293-319, 2007.

[13] H. S. In, H. Y. Lee, J. Y. Park, S. Y. Kim, J. H. Jung, J. SnKiS. J. Kim,
and D. C. Suh, “Intracranial stenting in patients with atiseterotic stenosis
associated with various aneurysms in the same diseasedhlasegment,”
AJNR Am J Neuroradigplol. 31, pp. 1895-1898, Nov-Dec 2010.

[14] P. A. Stonebridge and C. M. Brophy, “Spiral laminar flowarteries?"The
Lancet vol. 338, pp. 1360-1361, 1991.

[15] P. A. Stonebridge, P. R. Hoskins, P. L. Allan, and J. FBElch, “Spiral
laminar flow in vivo,” Clinical Sciencevol. 91, pp. 17-21, 1996.

[16] P. A. Stonebridge, C. Buckley, A. Thompson, J. Dick, Quniter, J. A.
Chudek, J. G. Houston, and J. J. F. Belch, “Non spiral andakfielical)
flow patterns in stenoses — in vitro observations using spigradient echo
magnetic resonance imaging (mri) and computational fluithdyic model-
ing,” International Angiologyvol. 23, no. 3, pp. 276-283, 2004.

[17] M. C. Paul and A. Larman, “Investigation of spiral bloffow in a model of
arterial stenosis,Medical Engineering & Physigssol. 31, pp. 1195-1203,
20009.

[18] D. F. Young and F. R. Tsai, “Flow characteristics in migd# arterial steno-
sis -i. steady flow,J. Biomechanicsvol. 6, pp. 395-410, 1973.

[19] D. F. Young and F. R. Tsai, “Flow characteristics in migd# arterial steno-
sis -ii. unsteady flow,J. Biomechanicsvol. 6, pp. 547-559, 1973.

208



References

[20] C. Clark, “The fluid mechanics of aortic stenosis—I. dheand steady flow
experiments,J. Biomechanicsvol. 9, pp. 521-528, 1976.

[21] C. Clark, “The fluid mechanics of aortic stenosis—II.dteady flow experi-
ments,”J. Biomechanigsvol. 9, pp. 567-573, 1976.

[22] R. A. Cassanova and D. P. Giddens, “Disorder distal tol@wd stenoses in
steady and pulsatile flowJ. Biomechanicsvol. 11, pp. 441-453, 1978.

[23] W. Yongchareon and D. F. Young, “Initiation of turbutenin model arterial
stenoses,J. Biomechanigsvol. 12, pp. 185-196, 1979.

[24] A. M. A. Khalifa and D. P. Giddens, “Analysis of disordén pulsatile
flows with application to poststenotic blood velocity measoent in dogs,”
J. Biomechanigsvol. 11, pp. 129-141, 1978.

[25] A. M. A. Khalifa and D. P. Giddens, “Characterizatiordagvolution of post-
stenotic flow disturbances]. Biomechanigsvol. 14 (5), pp. 279-296, 1981.

[26] L.J.D’Luna, V. L. Newhouse, and D. P. Giddens, “In viboppler detection
of axisymmetric stenosis from transverse velocity measerds,”J. Biome-
chanics vol. 15(9), pp. 647—660, 1982.

[27] S. A. Ahmed and D. P. Giddens, “Velocity measurementteady flow
through axisymmetric stenosis at moderate Reynolds nymbeBiome-
chanics vol. 16 (7), pp. 505-516, 1983.

[28] S. A. Ahmed and D. P. Giddens, “Flow disturbance measerds through
a constricted tube at moderate Reynolds numbeksBiomechanicsvol.
16 (12), pp. 955-963, 1983.

[29] L. H. Back and E. J. Roschke, “Shear-layer flow regimed aave insta-
bilities and reattachment lengths downstream of an abriogilar channel
expansion,’J. Applied Mechanigsrol. 39, pp. 677-681, 1972.

[30] S. A. Ahmed and D. P. Giddens, “Pulsatile poststenotiw fstudies with
Laser Doppler AnemometryJ. Biomechanigsvol. 17 (9), pp. 695-705,
1984.

209



References

[31] S. A. Ahmed, “An experimental investigation of pulsatflow through a
smooth constriction,Exp. Therm. Fluid Scivol. 17, pp. 309-318, 1998.

[32] L. Back, Y. Cho, D. Crawford, and R. Cuffel, “Effect of fdiatheroscle-
rosis on flow resistance in a coronary artery casting of ma&SME
J. Biomech. Engvol. 106, pp. 48-53, 1984.

[33] D.L.Bruns, “A general theory of the cause of murmurdia tardiovascular
system,”American J. Medicinevol. 27, pp. 360-374, 1959.

[34] E. L. Yellin, “Hydraulic noise in submerged and boundeplid jets,” Pro-
ceedings of ASME Biomedical Fluid mechanics Sympqspym209-221,
1966.

[35] R. S. Lees and C. F. Dewey, Jr., “Phonoangiography: a memwnvasive
diagnostic method for studying arterial diseag&@csedings of the National
Academy of Sciengeol. 67(2), pp. 935-942, Oct. 1970.

[36] D. L. Fry, “Acute vascular endothelial changes asseciavith increased
blood velocity gradients Circulation Res.vol. 22, pp. 165-197, 1968.

[37] S. P. Sutera and M. H. Mehrjardi, “Deformation and fragtation of human
red blood cells in turbulent flowBiophysical J.vol. 15, pp. 1-10, 1975.

[38] J. D. Folts, E. B. Crowell Jr., and G. G. Rowe, “Platelggeegation in par-
tially obstructed vessels and its elimination with aspir@irculation, vol.
54 (3), pp. 365-370, 1976.

[39] P. Stein, F. J. Walburn, and H. N. Sabbah, “Turbulerdsstes in the region
of aortic and pulmonary valvesASME J. Biomech. Engvol. 104 (3), pp.
238-244,1982.

[40] M. H. Friedman, G. M. Hutchins, C. B. Bargeron, O. J. Dstand F. Mark,
“Correlation between intimal thickness and fluid shear imba arteries,”
Atherosclerosisvol. 39, pp. 425-436, 1981.

[41] D. N. Ku, D. P. Giddens, C. K. Zarins, and S. Glagov, “Rule flow and
atherosclerosis in the human carotid bifurcation. Positiwrelation between

210



References

plague location and low oscillating shear stregdlierosclerosisvol. 5, pp.
293-302, 1985.

[42] T. A. Salam, A. B. Lumsden, W. D. Suggs, and D. N. Ku, “Lokesr stress
promotes intimal hyperplasia thickening,’Vasc. Investvol. 2 (1), pp. 12—
22,1996.

[43] X. He and D. N. Ku, “Pulsatile flow in the human left coropartery bifur-
cation: average conditionsASME J. Biomech. Engvol. 118, pp. 74-82,
1996.

[44] B. M. Kim and W. H. Corcoran, “Experimental measurenseoitturbulence
spectra distal to stenosisl’ Biomechanigsvol. 7 (4), pp. 335-342, 1974.

[45] C. Clark, “Turbulent velocity measurements in a modeortic stenosis,”
J. Biomechanicsvol. 9, pp. 677-687, 1976.

[46] C. Clark, “Turbulent wall pressure measurements in @ehof aortic steno-
sis,”J. Biomechanicsvol. 10, pp. 461-472, 1977.

[47] P.C. Lu, D.R. Gross, and N. H. C. Hwang, “Intravasculagsure and veloc-
ity fluctuations in pulmonic arterial stenosig),’ Biomechanigsvol. 13 (3),
pp. 291-300, 1980.

[48] P. C. Lu, C. N. Hui, and N. H. C. Hwang, “A model investigat of the
velocity and pressure spectra in vascular murmulsBiomechanigsvol.
16 (11), pp. 923931, 1983.

[49] R. J. Tobin and I.-D. Chang, “Wall pressure spectraiagatiownstream of
stenoses in steady tube flow]! Biomechanigsvol. 9 (10), pp. 633-640,
1976.

[50] D. P. Giddens, R. F. Mabon, and R. A. Cassanova, “Measents of disor-
dered flows distal to subtotal vascular stenoses in the¢lwaartas of dogs,”
Circulation Researchvol. 39, pp. 112-119, 1976.

[51] S. A. Jones and A. Fronek, “Analysis of break frequesciewnstream of a
constriction in a cylindrical tube,J). Biomechanicsvol. 20 (3), pp. 319-327,
1987.

211



References

[52] J. S. Lee and Y. C. Fung, “Flow in locally constricted éstat low Reynolds
numbers,’J. Applied Mechanicssol. 37, pp. 9-16, 1970.

[53] M. D. Deshpande, D. P. Giddens, and R. F. Mabon, “Steadyiriar flow
through modelled vascular stenosek,Biomechanicsvol. 9 (4), pp. 165—
174,1976.

[54] L. C. Cheng, M. E. Clark, and J. M. Robertson, “Numericalculations of
oscillating flow in the vicinity of square wall obstacles itape conduits,”
J. Biomechanicsvol. 5, pp. 467-484, 1972.

[55] B. J. Daly, “A numerical study of pulsatile flow througiesosed canine
femoral arteries,J. Biomechanicsvol. 9 (7), pp. 465475, 1976.

[56] V. O'Brien and L. W. Ehrlich, “I. Simple pulsatile flow ian artery with a
constriction,”J. Biomechanigsvol. 18 (2), pp. 117-127, 1985.

[57] S. Cavalcanti, “Hemodynamics of an artery with mildrgises,”J. Biome-
chanics vol. 28 (4), pp. 387-399, 1995.

[58] G. R. Zendehbudi and M. S. Moayeri, “Comparison of pbimjical and
simple pulsatile flows through stenosed arteriek,”Biomechanicsvol.
32 (9), pp. 959-965, 1999.

[59] P.F. Marques, M. E. C. Oliveira, A. S. Franca, and M. RintModeling and
simulation of pulsatile blood flow with a physiologic wavetigan,” Artificial
Organs vol. 27 (5), pp. 478-485, 2003.

[60] P. R.Johnston and D. Kilpatrick, “Mathematical modwell of flow through
an irregular arterial stenosis]! Biomechanigsvol. 24 (11), pp. 1069-1077,
1991.

[61] H.I. Andersson, R. Halden, and T. Glomsaker, “Effedtsuwrface irregulari-
ties on flow resistance in differently shaped arterial séesgJ. Biomechan-
ics, vol. 33, pp. 1257-1262, 2000.

[62] A. Yakhot, L. Grinberg, and N. Nikitin, “Modeling rougbktenoses by an
immersed-boundary methodJ. Biomechanicsvol. 38, pp. 1115-1127,
2005.

212



References

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

S. Chakravarty, P. K. Mandal, and Sarifuddin, “Effeofssurface irregular-
ities on unsteady pulsatile flow in a compliant arteryt. J. Non-Linear
Mechanicsvol. 40, pp. 1268-1281, 2005.

Sarifuddin, S. Chakravarty, P. K. Mandal, and G. C. Ugy®&umerical sim-
ulation of unsteady generalized newtonian blood flow throdgferently
shaped distensible arterial stenosdsMedical Engineering & Technology
vol. 32 (5), pp. 385-399, 2008.

M. C. Melaaen, “Analysis of fluid flow in constricted tuband ducts using
body-fitted non-staggered griddrit. J. Numer. Meth. Fluidsvol. 15, pp.
895-923, 1991.

C. Bertolotti and V. Deplano, “Three dimensional numal simulations of
flow through a stenosed coronary bypags,Biomechanigsvol. 33 (8), pp.
1011-1022, 2000.

J. S. Stroud, S. A. Berger, and D. Saloner, “Influence@figsis morphology
on flow through severely stenotic vessels: implicationsplague rupture,”
J. Biomechanigsvol. 33, pp. 443-455, 2000.

A. S. Dvinsky and M. Ojha, “Simulation of three-dimeasal pulsatile flow
through an asymmetric stenosi§fed. Biol. Eng. Computvol. 32 (2), pp.
138-142, 1994.

Q. Long, X. Y. Xu, K. V. Ramnarine, and P. R. Hoskins, “Nartal inves-
tigation of physiologically realistic pulsatile flow thrgh arterial stenosis,
J. Biomechanicsvol. 34, pp. 1229-1242, 2001.

F. Ghalichi, X. Deng, A. De Champlain, Y. Douville, M. Kg, and
R. Guidoin, “Low Reynolds number turbulence modeling ofdaldlow in
arterial stenosesBiorheology vol. 35 (4-5), pp. 281-294, 1998.

[71] S. S. Varghese and S. H. Frankel, “Numerical Modelingusatile turbulent

flow in stenotic vessels, ASME J. Biomech. Engvol. 125, pp. 445-460,
2003.

213



References

[72] T. S. Lee, W. Liao, and H. T. Low, “Numerical simulatioftorbulent flow
through series stenoseds;t. J. Numer. Meth. Fluidsvol. 42, pp. 717740,
2003.

[73] T. S. Lee, W. Liao, and H. T. Low, “Numerical study of phyt®gical tur-
bulent flows through series arterial stenosést’ J. Numer. Meth. Fluids
vol. 46, pp. 315-344, 2004.

[74] M. X. Li, J. J. Beech-Brandt, L. R. John, P. R. Hoskinsg &. J. Easson,
“Numerical Analysis of pulsatile blood flow and vessel wadtchanics in dif-
ferent degrees of stenosed, Biomechanigsvol. 40, pp. 3715-3724, 2007.

[75] A. Scotti and U. Piomelli, “Turbulent models in pulsagiflows,” AIAA Jour-
nal, vol. 40 (3), pp. 537-544, 2002.

[76] P.R. Spalart and S. R. Allmaras, “A one-equation tuebgke model for aero-
dynamic flows,"La Recherche Aerospatialeol. 1 (1), pp. 5-21, 1994.

[77] P. G. Saffman and D. C. Wilcox, “Turbulence-model potidins for turbulent
boundary layers,AIAA Journa) vol. 12, pp. 541-546, 1974.

[78] P. A. Durbin, “Separated flow computations with the-v?> model,” AIAA
Journal, vol. 33, pp. 659-664, 1995.

[79] J. Ryval, A. G. Straatman, and D. A. Steinman, “Two-daraturbulence
modelling of pulsatile flow in a stenosed tubASME J. Biomech. Engvol.
126, pp. 625-635, 2004.

[80] F. Mallinger and D. Drikakis, “Instability in three-gliensional, unsteady,
stenotic flows,Int. J. Heat and Fluid Flowvol. 23, pp. 657-663, 2002.

[81] F. Mallinger and D. Drikakis, “Laminar-to-turbulentainsition in pulsatile
flow through a stenosisBiorheology vol. 39, pp. 437-441, 2002.

[82] S. J. Sherwin and H. M. Blackburn, “Three-dimensionaktabilities
and transition of steady and pulsatile axisymmetric siendiows,”
J. Fluid Mech, vol. 533, pp. 297-327, 2005.

214



References

[83] H. M. Blackburn and S. J. Sherwin, “Instability modesldaransition of pul-
satile stenotic flow: pulse-period dependende Fluid Mech, vol. 573, pp.
57-88, 2007.

[84] S. S. Varghese, S. H. Frankel, and P. F. Fischer, “Dmaaterical simulation
of stenotic flows. Part 2. Pulsatile flonJ: Fluid Mech, vol. 582, pp. 281—
318, 2007.

[85] S. S. Varghese, S. H. Frankel, and P. F. Fischer, “Mougliransition to
turbulence in eccentric stenotic flow&SME J. Biomech. Engvol. 130, pp.
0145031-7, 2008.

[86] F.P.P.Tan, N.B. Wood, G. Tabor, and X. Y. Xu, “Compan&d les of steady
transitional flow in an idealized stenosed axisymmetriergrmodel with a
rans transitional modelASME J. Biomech. Engrol. 133, pp. 051001112,
2011.

[87] R. Mittal, S. P. Simmons, and H. S. Udaykumar, “Applioatof Large-eddy
simulation to the study of pulsatile flow in a modelled adestienosis, ASME
J. Biomech. Engvol. 123, pp. 325-332, 2001.

[88] R. Mittal, S. P. Simmons, and F. Najjar, “Numerical sguaf pulsatile flow
in a constricted channelJ. Fluid Mech, vol. 485, pp. 337-378, 2003.

[89] O. R. Tutty, “Pulsatile flow in a constricted channel,ASME
J. Biomech. Engvol. 114, pp. 50-54, 1992.

[90] M. M. Molla, “Les of pulsatile flow in the models of artaii stenosis and
aneurysm,” PhD Dissertation, University of Glasgow, Démpa&nt of Me-
chanical Engineering, May 2009.

[91] M. C. Paul, M. M. Molla, and G. Roditi, “Large-eddy sination of pulsatile
blood flow,” Medical Engineering & Physi¢wvol. 31, p. 153159.

[92] M. M. Molla, M. C. Paul, and G. Roditi, “Les of additive dmon-additive
pulsatile flows in a model arterial stenosi§bmputer Methods in Biome-
chanics and Biomedical Engineeringpl. 13 (1), pp. 105-120, 2010.

215



References

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

M. C. Paul and M. M. Molla, “Investigation of physiolagal pulsatile flow
in a model of arterial stenosis using large-eddy and direoterical simula-
tions,” Applied Mathematical Modellingsol. 36, pp. 4393—4413, 2012.

R. Gardhagen, J. Lantz, F. Carlsson, and M. KarlssQuzhtifying turbulent
wall shear stress in a stenosed pipe using large eddy sirtionylaASME
J. Biomech. Engvol. 132 (6), pp. 0610021-0610027, 2010.

R. Gardhagen, J. Lantz, F. Carlsson, and M. Karlssbarde eddy simmu-
lation of stenotic flow for wall shear stress estimation {dation and ap-
plication,” WSEAS Transactions on Biology and Biomedicuwd. 8 (3), pp.
86-99, 2011.

T. J. Barber and A. Simmons, “Large eddy simulation otenesed artery
using a femoral artery pulsatile flow profile&rtificial Organs vol. 35 (7),
pp. E155-E160, 2011.

P. W. Scherer, “Flow in axisymmetrical glass model agsms,”J. Biome-
chanics vol. 6, pp. 695700, 1973.

C. J. Egelhoff, R. S. Budwig, D. F. Elger, T. A. Khraishihd K. H. Johansen,
“Model studies of the flow in abdominal aortic aneurysms nigiresting and
exercise conditions,). Biomechanicsvol. 32, pp. 1319-1329, 1999.

A. V. Salsac, S. R. Sparks, J. M. Chomaz, and J. C. LashéEolution
of the wall shear stresses during the progressive enlameoiesymmetric
abdominal aortic aneurysmsl’ Fluid Mech, vol. 560, pp. 19-51, 2006.

V. Deplano, Y. Knapp, E. Bertrand, and E. Gaillard,0Wlbehaviour in an
asymmetric compliant experimental model for abdominatia@neurysm,”
J. Biomechanicsvol. 40, pp. 2406—2413, 2007.

S. O. Wille, “Finite element simulations of the pulsablood flow patterns
in arterial abnormalities,” R. H. Gallagher (Ed.) et aFinite Elements in
Biomechanicgohn Wiley, New York, pp. 39—60, 1982.

216



References

[102] K. Perktold, K. Gruber, T. Kenner, and H. Florian, “@allation of pulsatile
flow and particle paths in an aneurysm-mod@idsic Research in Cardiol-
ogy, vol. 79, pp. 253—-261, 1984.

[103] K. Perktold, “On the paths of fluid particles in an axiayetrical aneurysm,”
J. Biomechanicsvol. 20 (3), pp. 311-317, 1987.

[104] B. V. R. Kumar, “A space-time analysis of blood flow in B $essel with
multiple aneurysms,Computation Mechani¢sol. 32, pp. 16—-28, 2003.

[105] B. Utter and J. S. Rossmann, “Numerical simulationadcsilar aneurysm
hemodynamics: Influence of morphology on rupture risk Biomechanics
vol. 40, pp. 2716-2722, 2007.

[106] V. L. Rayz, L. Boussel, M. T. Lawton, G. Acevedo-Boltdn Ge, W. L.
Young, R. T. Higashida, and D. Saloner, “Numerical modebhthe flow in
intracranial aneurysms: prediction of regions prone toriisus formation,”
Annals of Biomedical Engineeringol. 36 (11), pp. 1793-1804, 2008.

[107] I. Chatziprodromou, A. Tricoli, D. Poulikakos, andMentikos, “Haemody-
namics and wall remodelling of a growing cerebral aneurysntomputa-
tional model,”J. Biomechanicsvol. 40, pp. 412-426, 2007.

[108] A. A. Valencia, A. M. Guzman, E. A. Finol, and C. H. AmotBlood
flow dynamics in saccular aneurysm models of the basilarygit&SME
J. Biomech. Engvol. 128, pp. 516-526, 2006.

[109] A. Valencia, H. Morales, R. Rivera, E. Bravo, and M. @, “Blood flow
dynamics in patient-specific cerebral aneurysm models:rélagionship be-
tween wall shear stress and aneurysm area indé&dlical Engineering &
Physics vol. 30, pp. 329-340, 2008.

[110] K. M. Khanafer, J. L. Bull, and R. Berguer, “Fluid-stture interaction of
turbulent pulsatile flow within a flexible wall axisymmet@ortic aneurysm
model,”European Journal of Mechanics B/Fluidsl. 28, pp. 88-102, 2009.

[111] M. D. Deshpande and D. P. Giddens, “Turbulence measemés in a con-
stricted tube,J. Fluid Mech, vol. 97, pp. 65-89, 1979.

217



References

[112] D. A. McDonald, “The relation of pulsatile pressure ftow in arteries,”
J. Physiologyvol. 127, pp. 533-552, 1955.

[113] S. K. Lam, G. S. K. Fung, S. W. K. Cheng, and K. W. Chow, ‘Bnmputa-
tional study on the biomechanical factors related to sgeatt models in the
thoracic aorta,Med Biol Eng Computvol. 46, pp. 1129-1138, 2008.

[114] R. M. Nerem, “Vascular fluid mechanics, the arteriallnand atherosclero-
sis,” ASME J. Biomechanical Engineeringpl. 114 (3), pp. 274-282, 1992.

[115] M. Germano, U. Piomelli, and W. Cabot, “A dynamic suldegcale eddy
viscosity model,Physics of Fluids Avol. 3 (7), pp. 1760-1765, 1991.

[116] D. K. Lilly, “A Proposed Modification of the Germano Sgitid-Scale Clo-
sure Method,Physics of Fluids Avol. 4 (3), pp. 633-635, 1992.

[117] T. J. Pedley, The fluid mechanics of large blood vessel€ambridge Uni-
versity Press, 1980.

[118] Y. C. Fung,Biomechanics: Circulation2nd ed. Springer, 1997.

[119] D. C. Wilcox,Turbulence modelling for CFD La Canada, California: DCW
Industries, 2002.

[120] F. R. Menter, “Two-equation eddy-viscosity turbutermodels for engineer-
ing applications,’AIAA J, vol. 32 (8), pp. 1598-1605, 1994.

[121] A. Leonard, “Energy cascade in Large-Eddy Simulatiohturbulent fluid
flows,” Adv. Geophysvol. 18A, pp. 237-248, 1974.

[122] J. Smagorinsky, “General circulation experimenthwithe primitive equa-
tions. i. the basic experiment¥onthly Weather Rewol. 91, pp. 99-164,
1963.

[123] S. E. Kim, “Large eddy simmulation using unstructuneeishes and dynamic
subgrid-scale turbulence models,” AIAA paper 2004-2548;hl Rep., Jun.
2004, (34th Fluid Dynamics Conference and Exhibit).

218



References

[124] G. Erlebacher, M. Y. Hussaini, C. G. Speziale, and TZang, “Toward the
large-eddy simulation of compressible turbulent flowss,Fluid Mech, vol.
238, pp. 155-185, 1992.

[125] Fluent 6.3: User’s GuidgFluent Inc., Sep. 2006.

[126] J. P. Vandoormaal and G. D. Raithby, “Enhancementa@ttmple method
for predicting incompressible fluid flowsNumer. Heat Transfewol. 7, pp.
147-163, 1984.

[127] R.I.Issa, “Solution of implicitly discretized fluiddv equations by operator
splitting,” J. Computational Physi¢sol. 62, pp. 40—65, 1986.

[128] C. M. Rhie and W. L. Chow, “Numerical study of the turbent flow past an
airfoil with trailing edge separationAIAA Journa) vol. 21 (11), pp. 1525—-
1532, 1983.

[129] B. B. Lieber and D. P. Giddens, “Post-stenotic core fi@mavior in pulsatile
flow and its effects on wall shear stres3,”Biomechanicsvol. 23 (6), pp.
597-605, 1990.

[130] MATLAB: The Language of Technical Computifipe Mathworks Inc., Feb.
2008, (Release 7.6).

[131] J. R. Womersley, “Method for the calculation of vekycirate of flow and
viscous drag in arteries when the pressure gradient is kfidwRhysiology
vol. 127, pp. 553-563, 1955.

[132] K.B. ChandranCardiovascular BiomechanicsNew York University Press,
1992.

[133] N.W. McLachlanBessel Functions for Enginee&nd ed. Clarendon Press,
1955.

[134] H. Choi and P. Moin, “Effect of the computational timeg on numerical
solutions of turbulent flow,”"J. Computational Physi¢s/ol. 111, pp. 1-4,
1994.

219



References

[135] D. L. P. Ask, B. Hok and H. Terio, “Bio-acoustic signditem stenotic tube
flow: state of the art and perspectives for future methodo&dglevelop-
ment,”Med. Bio. Engn. Compuytpp. 669-675, 1995.

[136] H. Tennekes and J. L. Lumle4first course in turbulence The MIT press,
1972.

[137] J. O. Hinze Turbulence McGraw-Hill, 1975.

[138] D. R. Gross, P. C. Lu, K. T. Dodd, and N. H. Hwang, “Phgsicharacteris-
tics of pulmonary artery stenosis murmurs in clavésyi. J. Physiol.- Heart
Circ. Physiol, vol. 238 (6), pp. H876—H885, 1980.

[139] N.F. Kassell, J. C. Torner, E. C. Haley Jr., J. A. JaneR.l-Adams, and G. L.
Kongable, “The international cooperative study on the rignof aneurysm
surgery. Part 1: Overall management resulisNeurosurgeryvol. 73 (1),
pp. 18-36, 1990.

[140] F. Pico, J. Labreuche, I. Gourfinkel-An, and P. AmaggriBasilar artery
diameter and 5-year mortality in patients with strok8tfoke vol. 37, pp.
2342-2347, 2006.

[141] P. Neofytou, S. Tsangaris, and M. Kyriakidis, “Vasmuwall flow-induced
forces in a progressively enlarged aneurysm modabinputer Methods in
Biomechanics and Biomedical Engineerjngl. 11 (6), pp. 612—-626, 2008.

[142] A. V. Salsac, S. R. Sparks, and J. C. Lasheras, “Hemadjschanges oc-
curring during the progressive enlargement of abdominglaaneurysm,”
Annals Vascular Surgeyyol. 18 (1), pp. 14-21, 2004.

[143] C. Liang and G. Papadakis, “Large eddy simulation dsatie flow over
a circular cylinder at subcritical Reynolds numbeZ@mputers and Fluids
vol. 36, pp. 299-312, 2007.

220



