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Abstract

The Large Eddy Simulation (LES) technique with the Smagorinsky-Lilly dynamic
subgrid model and two-equation Standardk-ω Transitional turbulence model are
applied to investigate non-spiral and spiral blood flow through three dimensional
models of arterial stenosis and aneurysm. A spiral pattern of blood flow is thought to
have many beneficial effects on hemodynamics. Previous computational studies on
spiral blood flow involve only steady spiral flow in a straightstenosed pipe without
considering an upstream curved section of the artery. But a spiral pattern in the
blood flow may exist due to the presence of an upstream curved section in the artery.
On the other hand, pressure is generally considered a constant quantity in studies on
pulsatile flow through either arterial stenosis or aneurysm; however, blood pressure
is a waveform in a physiological flow.

Although cosine-type or smooth regular stenoses are generally taken in inves-
tigations of blood flow in a three-dimensional model of arterial stenosis, in reality,
stenoses are of irregular shape. Besides stenosis and aneurysm, another abnormal
condition of the artery is the presence of stenosis with an adjacent aneurysm in the
same arterial segment, especially in the posterior circulation. A study on (steady or
pulsatile) flow through such arterial stenosis with an adjacent aneurysm in the same
arterial segment is not available so far.

Therefore, taking above things into consideration, thorough investigations of
steady and unsteady pulsatile non-spiral and spiral blood flow in three-dimensional
models of stenosis and aneurysm are needed to give a sound understanding of the
transition-to-turbulence of blood flow due to stenosis and aneurysm and to study the
the effects of spiral velocity on the transition-to-turbulence.

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

Firstly, investigations of steady non-spiral and spiral blood flow through three-
dimensional models of cosine-type regular stenosed tube without and with upstream
curved segment of varying angles of curvature are performedby using thek-ω Tran-
sitional model and LES. A fully developed Poiseuille velocity profile for blood is
introduced at the inlets of the models. To introduce a spiraleffect at the inlet, one-
sixth of the bulk velocity is taken as the tangential velocity at the inlet along with
the axial velocity profile there.

Secondly, physiological pulsatile non-spiral and spiral blood flow through a
three-dimensional model of a straight tube having cosine-type regular stenosis are
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Figure 7.16: The instantaneous wall pressure,p̄ (Pa), in both non-spiral and spiral
flow for Reynolds numbersRe = 366 (while C = 1/6) andRe = 440 (while
C = 1/6 andC = 1/4) during different phases of the last cycle at the two indicated
circumferential locations. The correspondingk-ω Transitional results in non-spiral
flow for Re = 440 are also appended.
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Figure 7.17: The instantaneous wall shear stress (Pa) forRe = 366 in both non-
spiral and spiral (C = 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 (Pa) forRe = 440 in both non-
spiral and spiral (C = 1/6 andC = 1/4) flow during different phases of the last
cycle at the two indicated circumferential locations. Notethat the corresponding
k-ω Transitional results in non-spiral flow are also appended.
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Figure 7.19: Phase-averaged streamwise velocity,〈〈w̄〉〉 (m/s), in both non-spiral
and spiral flow for Reynolds numbersRe = 366 (while C = 1/6) andRe = 440
(while C = 1/6 andC = 1/4) during phaseP3 of the last cycle at different axial
locations. Note that the correspondingk-ω 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 both non-spiral 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
correspondingk-ω Transitional results in non-spiral flow forRe = 440 are also
appended in (b).
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Figure 7.21: rms of the streamwise velocity fluctuations,〈w′′〉rms (m/s), in both
non-spiral and spiral flow for Reynolds numbersRe = 366 (while C = 1/6) and
Re = 440 (while C = 1/6 andC = 1/4) during phaseP3 at different axial
locations. Note the correspondingk-ω results in non-spiral flow forRe = 440 are
also appended.
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Figure 7.22: Turbulent kinetic energy (TKE),1
2
〈u′′ju′′j 〉 (m2/s2), in both non-spiral

and spiral (C = 1/6) flow for Reynolds numbersRe = 366 during phaseP3 at
different axial locations.
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Figure 7.23: Turbulent kinetic energy (TKE),1
2
〈u′′ju′′j 〉 (m2/s2), in both non-spiral

and spiral (C = 1/6 andC = 1/4) flow for Reynolds numbersRe = 440 during
phaseP3 at different axial locations. Note the correspondingk-ω results in non-
spiral flow forRe = 440 are also appended.
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Figure 7.24: rms of wall pressure fluctuations,〈p′′〉rms (Pa), in both non-spiral and
spiral flow for Reynolds numbersRe = 366 (whileC = 1/6) andRe = 440 (while
C = 1/6 andC = 1/4) during phaseP3 at the two indicated circumferential
locations. The correspondingk-ω results in non-spiral flow forRe = 440 are also
appended.
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Figure 7.25: Time history of the centreline velocity fluctuations, (a)u′′/u′′max, (b)
v′′/v′′max and (c)w′′/w′′

max 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 the green coloured dashed
line corresponds to velocity fluctuations for spiral flow.
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Figure 7.26: Time history of centreline turbulent kinetic energy (TKE),
1
2
〈u′′ju′′j 〉 (m2/s2), at different indicated axial locations for both non-spiral and spiral

flow whileRe = 440. The red coloured solid line denotes TKE for non-spiral flow
while the green coloured dashed line and blue coloured dash-dot-dot line correspond
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Figure 7.27: Energy spectra of centreline streamwise velocity fluctuations,w′′, at
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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 summarised in§ 8.1 and some sugges-

tions on future research are made in§ 8.2.

8.1 Conclusions

Large Eddy Simulation and two-equationk-ω Transitional model were employed to

investigate the transition-to-turbulence of non-spiral and spiral blood flow through

different models of arterial stenosis and aneurysm for different Reynolds numbers.

The findings of the thesis are summed up chapter-wise and are presented below.

In Chapter 4, the steady spiral blood flow in75% area reduction arterial steno-

sis models without and with upstream curved segments of60◦, 90◦ and120◦ angle

of curvature for Reynolds numbersRe = 500, 1000, 1500 and2000 by using the

standardk-ω Transitional model and LES with Smagorinsky-Lilly dynamicsubgrid

model (Germano [115], Lilly [116] and Kim [123]) has been numerically investi-

gated. Excellent agreement between LES results for non-spiral flow in the straight

stenosed tube forRe = 1000 and2000 and the corresponding experimental results

(Ahmed and Giddens [27; 28]) were found when the appropriateinlet perturbations

were introduced. In the models with an upstream curved segment, no significant

effect of spiral flow on any flow property was found for the investigated Reynolds

numbers. The spiral pattern of the flow introduced at the inlet disappears before the

stenosis in the models with an upstream curved segment, whicmay be due to the

constraints imposed in the simulations such as steady flow and rigid wall of the mod-
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els. Contrary to the claims of Paul and Larman [17] and Stonebridge et al. [16], the

TKE in spiral flow through the straight stenosed tube for the investigated Reynolds

numbers increases compared with the corresponding result in non-spiral flow. How-

ever, the effect of spiral flow on the WSS and wall pressure is negligible. The ef-

fects of the curved upstream model can be seen mainly in the maximum TKE, the

maximum pressure drop and the maximum WSS, which in curved upstream model

generally increase significantly compared with the corresponding results in straight

stenosed tube.

In Chapter 5, mainly LES with Smagorinsky-Lilly dynamic subgrid model was

applied to investigate the transition-to-turbulence of the physiological pulsatile non-

spiral and spiral blood flow through a straight stenosed tubehaving75% area reduc-

tion stenosis forRe = 438, 584 and876. ForRe = 438 in non-spiral flow through

the model, the two-equation Standardk-ω Transitional model was also employed

to assess its suitability for pulsatile flow simulation. ForRe = 876 in both non-

spiral and spiral flow, the maximum contribution from the SGSmodel to large scale

motion is50%. The turbulent results obtained fromk-ω model differ significantly

from the corresponding LES results which is expected because thek-ω model gives

time-averaged results rather than instant results. Flow-choking and even rupture of

the plaque in pulsatile flow can take place due to the occurrence of extremely high

pressure drop in both non-spiral and spiral flow at the throatof the stenosis during

phasesP1, P2 andP3 compared with other phases. In addition, the sharp rise of

the WSS just before the stenosis throat, which is also extremely large during phases

P1, P2 andP3, may induce thrombosis and deformation of red blood cells. The

effect of spiral flow on both the maximum pressure drop and maximum WSS is very

insignificant as seen in Chapter 4. The spiral effects on the wall pressure and WSS

can only be seen in their oscillatory pattern within2 ≤ z/D ≤ 6.

The transition-to-turbulence in non-spiral flow occurs in the further downstream

region than that in spiral flow. As seen in Chapter 4, the TKE inpulsatile spiral

flow also increases significantly at some places and phases compared with the cor-

responding result in pulsatile non-spiral flow. In both non-spiral and spiral flow,

the occurrence of the high level of turbulent fluctuations inthe downstream region

has serious pathological implications as it may activate the blood platelets and also

damage the blood cell materials, leading to many pathological diseases (Ku [3]; Paul
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and Molla [93]). The break frequencies of energy spectra forvelocity and pressure

fluctuations from−5/3 power slope to−10/3 power slope and−7/3 power slope,

respectively, are observed in the downstream transition-to-turbulence region in both

non-spiral and spiral flow. At some locations in the transition region, the velocity

spectra in spiral flow has larger inertial subrange region than that in non-spiral flow.

The effects of spiral flow on the pressure spectra is insignificant.

Additionally, we have also studied the effects of percentage of area reduction

in stenosis, length of stenosis, amplitude of pulsation andWomersley number,α,

in Chapter 5. The maximum pressure drop, the maximum WSS and the TKE rise

sharply when the area reduction in the stenosis is increased. As for the effects of

length of the stenosis, the maximum WSS falls significantly and the maximum TKE

rises sharply due to the increase in the length of the stenosis; but the maximum pres-

sure drop is almost unaffected by the increase in the stenosis length. The increase

in the amplitude of pulsation causes both the maximum pressure drop and the max-

imum WSS to increase significantly under the inlet peak flow condition, i.e. during

phaseP2. While the increased amplitude of pulsation decrease the maximum TKE,

it is nonetheless responsible for the sharp rise in TKE foundat some places in the

transition-to-turbulence region. The decrease in the Womersley number causes the

maximum TKE to increase dramatically; however, the maximumpressure drop and

the maximum WSS decrease slightly during phaseP2 as a result of the decrease in

the Womersley number.

In Chapter 6, LES was applied to investigate the physiological pulsatile non-

spiral and spiral blood flow through a straight tube having anirregular stenosis of

75% area reduction forRe = 438, 584 and876. The results of non-spiral flow

through the irregular stenosis are also compared with the corresponding results

through a regular stenosis from Chapter 5 to assess the influence of the irregular

stenosis. In both non-spiral and spiral flow, the maximum contribution from the

sub-grid scale to the large scale motion in the irregular stenosis for all the investi-

gated Reynolds numbers is55%, which is larger than that in the regular cosine-type

stenosis. The effects of spiral flow on the wall pressure and WSS are observed only

in the downstream region where the pressure and WSS are of oscillatory nature.

Due to the effects of the irregular stenosis, the maximum wall pressure drop and the

maximum WSS at one circumferential location of the wall differ significantly from
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those at other circumferential location of the wall. Also, the maximum wall pres-

sure drop, the maximum WSS and the maximum TKE in non-spiral flow through

the irregular stenosis rise significantly compared with thecorresponding results in

non-spiral flow through the regular stenosis. As seen in Chapters 4 and 5, the TKE

rises significantly at some locations and phases if the spiral effect is introduced at

the inlet. From the pathological point of view, the irregular stenosis has devastat-

ing impacts on the cardiovascular health of the patients. Inthe simulation of blood

flow through stenosed artery, irregular stenosis instead ofregular stenosis should,

therefore, be taken to accurately predict the flow field.

In Chapter 7, the physiological non-spiral and (both low andhigh) spiral blood

flow through a three-dimensional model of an irregular stenosis with an adjacent

post-stenotic fusiform irregular aneurysm in basilar artery have been studied for

Re = 366 and440 by applying LES. The two-equationk-ω Transitional model was

also applied in non-spiral flow forRe = 440 to crudely assess the LES results as no

experimental or computational study of blood flow through this kind of geometry is

available in the literature. The maximum contribution fromthe 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 from thek-ω Transitional model agree

quite well with the corresponding LES results, the turbulent results obtained from

thek-ω Transitional model differ significantly from the corresponding LES results

– this shows unsuitability ofk-ω model for pulsatile flow simulation. Throughout

the pulsatile cycle in both non-spiral and spiral flow, the wall pressure falls signifi-

cantly at the throat of the stenosis and does not rise to regain its undisturbed value

before the start of the last quarter of the aneurysm, i.e.z = 4D. The maximum

value of the WSS in both non-spiral and spiral flow, which is found just before the

stenosis throat, attains clinically harmful level during all the phases of the pulsatile

cycle for both the Reynolds numbers. In both non-spiral and spiral flow, the cycle

maximum pressure drop and WSS occur during phaseP1 at 0◦ and90◦ circumfer-

ential location of the wall, respectively. The effects of (low or high) spiral flow on

the wall pressure and WSS are visible only in the downstream region afterz ≈ 4D

where they take oscillatory pattern. The transition-to-turbulence in both non-spiral

and spiral flow occurs in the downstream region betweenz ≈ 4D and10D, i.e.

the transition does not start before the last quarter of the aneurysm. The TKE in
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spiral flow rises significantly compared with that in non-spiral flow. However, the

maximum value of the TKE in high spiral flow drops considerably compared with

that in low spiral flow.

Modelling transitional blood flow through arterial stenosis and aneurysm is very

challenging. Accuracy of the simulation depends mainly on suitable numerical ap-

proach, realistic model geometry and boundary conditions.The suitability of LES

in this kind of investigations has been shown in the present study and also in similar

studies by Paul and Molla [93], Molla [90], Gårdhagen et al.[95], Mittal et al. [88],

Scotti and Piomelli [75] and Liang and Papadakis [143]. The present study was

simplified by taking rigid walls for the arterial models; even so, we do believe

that it makes a breakthrough in understanding the non-spiral and spiral transient

blood flows through arteries having stenosis and stenosis with adjacent post-stenotic

aneurysm. The results presented in the thesis would, therefore, help the interested

groups such as pathologists, medical surgeons and researchers greatly in gaining

better insight into transient non-spiral and spiral blood flow through models of ar-

terial stenosis and aneurysm.

8.2 Future Research

Only a handful of studies of transient non-spiral flow in models of stenosis or

aneurysm by applying LES are available and no report of LES oftransitional spiral

flow through stenosis and/or aneurysm can be found in the literature, which was also

discussed in Chapter 2. This thesis has shown that LES can be potentially applied to

investigate both non-spiral and spiral blood flow through various models of stenosis

and aneurysm. LES, in our view, can also be employed to study fluid-structure in-

teraction in transient non-spiral and spiral blood flow in various models of stenosis

and/or aneurysm. In the light of the findings of this project,the following proposals

are put forward for future research.

• The stenoses taken in this study are axisymmetric. Models ofeccentric steno-

sis of irregular shape could be taken for future investigation of non-spiral and

spiral transient blood flow through such models.

• We have studied non-spiral and spiral transitional flow in a model of basilar
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artery having both stenosis and adjacent post-stenotic fusiform aneurysm. So,

LES of non-spiral and spiral blood flow through models of artery having both

stenosis and adjacent pre-stenotic fusiform or saccular aneurysm would be an

interesting investigation in future.

• Unlike compliant arterial wall in real biological system, the arterial wall in

this project was considered rigid. Arterial murmurs in the presence of an ar-

terial stenosis are produced due to vibration of the arterial wall, which is again

associated with the pressure fluctuations in the transient blood flow. Also, the

velocity profiles at the inlet and the pressure profile at the outlet were theoret-

ically derived. Therefore, the more realistic approach would be investigation

of transient non-spiral and spiral blood flow through patient based compliant

model geometry with patient based velocity and pressure waveform. Hence

a potential future study would be simulation of fluid-structure interactions in

diseased arteries using the LES technique.

• Bifurcated arteries are commonly associated with stenosisand spiral flow. So,

it would be interesting to employ LES for studying transition-to-turbulence of

non-spiral/spiral flow through models of bifurcation stenosis.
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