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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

















































































































































































































































































































































































































































































































































































































































































Chapter 7 7.4 Conclusion

© A== Re=440 NSp
E 16500 Re =440 Spiral, C=1/6 0° P1
= 16200 \ Re=440 Spiral, C=1/4 @

0

N )

e

() % Re =440 NSp k-w
Si50000 - Re=366 NSp

Z 1000 Re=366 Spiral,
15600 reemreseomeressesses

s /

Q15300

0 2 4 6 8 10 12

-2 0 2 4 6 8 10 12 -2 0 2 4 6 8 10 1z

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).

195



Chapter 7 7.4 Conclusion

0 zID=5
(9)
-\a4g spl, c=1/€
40:Spl, C=1/¢_ >
420 NSpk-oy - o
I 366 NSp {
-[ 366 Spl, c=1 L
0.0004 01 02
NS (n)
Y,
(A
g
/
/\\ \r
\
NS
X/
(%
2/D=15
//,e /’
e
0.040.08

Figure 7.21: rms of the streamwise velocity fluctuatiofis}), . (m/s), in both
non-spiral and spiral flow for Reynolds numbéts = 366 (while C' = 1/6) and
Re = 440 (while C = 1/6 andC' = 1/4) during phaseP3 at different axial
locations. Note the correspondikgw results in non-spiral flow foRe = 440 are
also appended.
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Figure 7.22: Turbulent kinetic energy (TKE){u/u) (m?/s%), in both non-spiral
and spiral ¢' = 1/6) flow for Reynolds number&e = 366 during phaseP3 at
different axial locations.
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Figure 7.23: Turbulent kinetic energy (TK%(ujuj> (m?/s?), in both non-spiral

and spiral ¢ = 1/6 andC' = 1/4) flow for Reynolds number&e = 440 during
phaseP3 at different axial locations. Note the correspondifg results in non-
spiral flow for Re = 440 are also appended.
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Figure 7.24: rms of wall pressure fluctuatiofs;)

rms

(Pa), in both non-spiral and

spiral flow for Reynolds numbeiBe = 366 (while C' = 1/6) and Re = 440 (while
C = 1/6 andC = 1/4) during phaseP3 at the two indicated circumferential
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-

201



Chapter 8 8.1 Conclusions

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
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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
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