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Abstract:

The spiral component of blood flow has both benm&fiand detrimental effects in human
circulatory system (Stonebridge and Brophy [1]). Weestigate the effects of the spiral
blood flow in a model of three-dimensional artesg&nosis with a 75% cross-sectional area
reduction at the centre by means of computatioled fdynamics (CFD) techniques. The
standardck-wmodel is employed for simulation of the blood fléev the Reynolds number of
500 and 1000. We find that for Re=500 the spirahgonent of the blood flow increases both
the total pressure and velocity of the blood, anthes significant differences are found
between the wall shear stresses of the spiral anespiral induced flow downstream of the
stenosis. The turbulent kinetic energy is reducethb spiral flow as it induces the rotational
stabilities in the forward flow. For Re=1000 thadantial component of the blood velocity is
most influenced by the spiral speed, but the effi#cthe spiral flow on the centreline
turbulent kinetic energy and shear stress is niilee results of the effects of the spiral flow

are discussed in the paper along with the relepaifiological issues.
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1 Introduction

The hemodynamics in blood vessels of human cirenfatystem is often associated with the
pathophysiology of cardiovascular diseases. Thezefa thorough understanding of blood
dynamics in human vessels is of great interestt & well known that the flow pattern
interacts directly with the vessel walls and, thean cause both beneficial and detrimental
effect on its endothelium (type of cells that colikrod vessels) walls (Friedman et al. [2] and
Ku et al [3]). A deep knowledge of blood-flow patte is essential to identify relationships
between the patterns and the diseases that forartenes and vein branches, therefore, the
study of physiological blood flow is quite importaand nowadays the computational

simulation is playing a significant role in thigff.

Numerous computational and experimental studiese hasen performed to model and
investigate the blood flow in arterial stenosise $ke papers of Ahmed and Giddens [4],
Ghalichi et al. [5], Lee et al. [6], Paul et al] @d Sarifuddin et al. [8], and the relevant
references therein. In [4] the effects of varioescpntages of axisymmetric stenosis on the
velocity field in the post-stenosis zone were itiggded by using laser Doppler anemometry
and flow visualisation techniques. In the experitmére flow at the upstream was kept steady
and the Reynolds numbers within the range of 5(0@0 were considered in the study. The
k-cw turbulent model was applied by Ghalichi et al. {&]study the blood flow in the same
stenosed model of artery as in [4]. Their restimasthat thek-comodel performs better than
the standard-¢ model in terms of predicting the pressure anduigrice intensity of the
blood flow. The results presented in Lee et al, 8ho investigated the turbulent flow
through a series of axisymmetric stenosis by imppsa steady parabolic profile at the

upstream, also suggest that taewmodel is good enough in the prediction of the eanias



well as turbulent flow in the stenosed vessel. Hmuethe limitation of thé&-cw model in the
modelling of transient blood flow through the steisois highlighted in Paul et al. [7] who
used the Large Eddy Simulation technique in theadeh The smooth constriction, which
was generated using the cosine relation of [4]egia fairly accurate representation of an
arterial stenosis. But the recent numerical pape3avifuddin et al. [8] shows that the post-
stenotic results are largely influenced by the chaif the stenosis used in the model. Three
different shapes of the stenosis such as cosin@, faregular shape and smooth are
considered in [8] and the blood flow through thesmnvestigated numerically prescribing a

parabolic profile of the streamwise velocity at thiet.

It is evident from the in-vivo research of Stondge and Brophy [1] and Stonebridge et al.
[9] that the blood flow through artery is spirapg/because of the twisting of heart on its own
axis. So the previous in-vitro models [4-8] do refiresent truly the blood flow patterns at the
inlet of artery. This spiral component of blood a@ty can have both beneficial and
detrimental effects according to Stonebridge arapBy [1]. Even though all these effects are
not yet well understood, it is sure that the smpahponent in the blood flow has to be studied
for better comprehension of the blood flow in thirewatory system. Moreover, Stonebridge
et al. [10] concluded that the spiral blood flow ¢®ot only reduce the laterally directed forces
and turbulence caused by stenosis but also indabdity over non-spiral flow that prevents
disturbance of normal blood flow pattern in a sestbvessel. To the authors’ knowledge, this
is the only published paper [10] which looked itie non-spiral and spiral flows in stenosis
by using magnetic resonance imagining (MRI) and patational fluid dynamics (CFD, Star-
CD commercial package). A constant streamwise itgledth a rotational speed (176of the
streamwise velocity) was used at the inlet of thedeh and the effect of spiral flow was

investigated. However, the effects of the variaiaf the flow velocity (i.e. Reynolds



number) along with the variation of the spiral gpea the results of the transient blood flow

downstream of the stenosis have not been investdat them.

In the present paper, our aim is to investigatesihieal blood flow in a model of stenosed
artery with 75% constriction by means of computadidiuid dynamics (CFD) techniques. In
particular, we focus on how the spiral nature @f flow profile, that is prescribed along with
the parabolic streamwise velocity at the inlethe thodel, affects the important results such
as blood pressure, velocity, wall shear stressektarbulence at the downstream of the
stenosis. In the simulation, the stand&rdy model of Wilcox [11] is employed for the
Reynolds number of 500 and 1000. The formulatidnth® model with boundary conditions
and the numerical techniques used are summaris8édhons 2 and 3 respectively. This is
followed by the results and discussion in Sectiparl a general conclusion of the work is

drawn in Section 5.

2 Problem formulations

The stenosis in the blood vessel shown in Fig. is(ajeated using the following cosine-form

formula [4],
@:1—5{1“:0{2—”)] -D<z<D [1]
R D

whereR andD are the radius and diameter of the unstenose@mespectively; and andZ

are the radial and axial coordinates. The paramégethat controls the percentage of the
stenosis is fixed to 0.25, giving a 75% reductibthe cross-sectional area at the centre of the
stenosis. The smooth reduction of the cross-setltiarea generated inside the vessel using
the relation (1) provides a fairly accurate repnésigon of a biological form of arterial
stenosis [4]. The total length of model is taker6d®mm (27D) where diameter D=20mm



[4]. The length of the stenosed zone is 2D=40mmd, 2fD and 4D are the downstream and
upstream length respectively from the stenosiskith 1(b), the spiral boundary condition
along with the parabolic flow used at the inletteé model is illustrated.

We assume that the blood flow through the modeh@®mpressible and the blood is a
Newtonian and homogeneous fluid ([12]) with a dsnsif p=1060 kg/nf and a constant
dynamic viscosity 0fi=3.71-1C¢° Pa-s. The governing equations of motion of thediow
are considered as the Navier-Stokes equations, afted applying the Reynolds time-

averaging techniques, the Reynolds-averaged N&taes (RANS) are obtained and written

in the tensor form as [13],
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ox ° i
9 0 ap d aui auj arij

—(ou )+—puu, |=——+ + +

ot (o) 0x; o ’ ) 0% 0X, |:/—{6XJ 0% H 0X .

whereu; are the mean velocity components along the Cartesd-ordinate systemsg=(X, V,

z), p is the pressure ang, are the Reynolds stresses which are modelled gmpldahe

Boussinesq hypothesis as

- 1o\ — aui an 2
I = _10<uiuj> = MK [a +K] ‘gﬂkdj [4]

where u; are the fluctuating velocity componenls;%(u{uﬁ is the turbulent kinetic energy

and 4 is the turbulent viscosity obtained by employihg standardk-w model of Wilcox

[11]. The details of this turbulent model can berfd in [11, 13].



The blood vessel of artery has been simplifiedh@ model considering it as a rigid and
impermeable circular tube with a no-slip boundaoydition for fluid having zero velocity

(u; =0) relative to the boundary. A parabolic profile tbke streamwise component of the

three-dimensional velocity,

V(xy)= W{l—(le } 5]

whereV is the bulk streamwise velocity related to the f@gs numberRe= pvD/u, of the

blood flow, has been imposed at the inlet of thedehoand to investigate the effects of the
spiral laminar flow in the stenosed vessel a nunabetifferent spiral or rotational velocities
have been applied. The spiral velocity)(has been defined as a fraction of the forward

velocity within the vessel, which has been cal&@daising the following relation:
C [6]
where C is a constant that controls the magnitude of thieak speed. The value of the

1
constantC in real blood flow usually takeg as mentioned in [10, 11]. However, in the

. . . 1
computation, we have used some other valu€swhich are higher or lower thag in order

to compare the results at the different spiral eiéles. Table 1 shows the values of the spiral
speed for Re=500 and 1000 obtained by using tHerélift values ofC and applied in the
simulation. In addition, the outlet of the modekHzeen treated as a pressure outlet using the

default setting for the gauge pressure to becomeatehe outlet, Fluent [13].

3 Overview of the numerical methods



Fluent [13] uses the finite volume method to digseethe governing equations (2, 3) forming
a system of algebraic equations which has beereddby using an iterative process. The
SIMPLE method of Patankar [14] is triggered to deughe velocity with pressure. In the
discretisation process, the second order upwincemsehis used for the equations of
momentum, turbulent kinetic energk) @nd specific dissipation rate)( while the second

order accurate scheme is used for the Poissormptd®sure equation.

The pressure based implicit solver is chosen toesthe discretised algebraic equations
keeping the absolute formulation for the velociftipe default values for the under relaxation
factors for the pressure, momentum &nghequations are used in the solution process, detail
of these can be found in the documents of FlueBit [The inlet boundary conditions for the

streamwise velocity and the spiral speed are writteC-language using the interface of User

Defined Function (UDF) of Fluent and linked wittetkolver.

The solution process is initiated using arbitragyues of the velocity components akdy
and their residuals are monitored at every itenatihe magnitude of the residuals dropped
gradually, which is a strong indicator for the $a@nd accurate solutions, and the iteration
process is stopped when the residuals are leveffedt 10° (in fact the residuals became
independent to the iteration number at this lewlyl the final converged solutions are

achieved.



4 Results and discussion

A grid independence test has been performed torerthat the numerical solutions are
independent on the choice of the grid arrangem@is.results of this test are presented in
Figs. 2 and 3 for the axial velocity profiles at tHifferent positions along the flow. The
Reynolds number in Fig.2 is taken as Re=500 withgihiral speed d2=1.46 rad/sec, while
in Fig.2 Re is 1000 witlf2=2.92 rad/sec. Initially, for Grid 1 the computaial domain was
discretised into a total of 718,627 control volumekich was then increased by about 25%
for Grid 2 consisting of a total of 891,131 contvolumes. A further increment of over 110%
was made for Grid 3 which consists of a massiv@3,1860 control volumes in the whole
computational domain. The results in Figs. 2 aradearly demonstrate that the resolution of
Grid 1 for the numerical solutions is good enough lhoth the Reynolds numbers under

consideration.

Fig. 4 shows the effects of the spiral flow on tb&l pressure at the centre of the model
artery. For Re=500 the total pressure increasd¢beatiownstream of the stenosis with the
swirl velocity, which can clearly be seen in thevdstream region between 0.1m and 0.2m.
However, at the immediate downstream of the stenasd towards the far downstream the
effects of the spiral flow is quite mild, and foeRL000 almost no variation in the centreline
total pressure is observed in frame (b). The cpmeding velocity profiles, presented in Fig.
5, show that the tangential component of the valdsilargely affected by the spiral flow for
both Re=500 and 1000, causing a gradual rise itatigential velocity as the spiral spe€l (
increases. No substantial effect of the spiral flmwthe radial and axial components of the
velocity is found for Re=1000, but the resultsR&@=500 show some levels of variation in the

radial and axial velocities at the centre. In gaitar, the axial velocity increases with the



spiral speed within the downstream region betwedmQ@and 0.2m, while the peak in the
radial velocity drops aQ increases. The contour plot in Fig. 6 provideshier information
on how the magnitude of the tangential velocitythe mid-plane of the stenosed artery is
affected by the spiral speed. As the spiral speedeases, the tangential velocity at the
downstream of the stenosis increases, and parigukhe effect is higher for Re=1000

compared to Re=500.

The wall shear stresses, which were recorded afotlredifferent phases for Re=500, have
been presented in Fig. 7 to show how they areenfted by the spiral flow. Note that in order
to get the phases two perpendicular planes alomgnibdel's x and y axes were first defined
and the shear stresses at the four intersectetspaiithese two planes with the arterial wall
were then calculated, a schematic showing the ghiaggiven in Fig. 7. Some interesting but
rather complex patterns of the shear stress adbicped in the wall due to the spiral effect on
the blood flow, and clearly the two large peaksjolwhare found at the downstream of the
stenosis, depend on both the spiral speeds amhtses. For example, in the second peak the
maximum value occurs at phase 26px0.73 rad/s (frame a), while the maximum is recdrde
at phase 3 (frames b-d) for higher spiral speedsth® other hand, the maximum value of the
first peak occurring at phase 4 1@=0.73 rad/s (frame a) remains persistent for a&ldther
values of Q. Although phases 1 and 3 try to catch up the maminievel of phase 4,
surprisingly the growth of the first peak at phasklls down sharply fo£2=1.46 rad/s, 2.19

rad/s and 2.92 rad/s (frames b to d).

In addition, the comparisons of the results ofwlad shear stress between the non-spiral for
which Q=0 and the various spiral speeds show some digeatures at the downstream of the

stenosis particularly within the region of 0 < Z(mP.25. The second peak at phases 2 and 3



for the spiral flow is always greater than the rspiral case, while it is slightly lower at

phases 1 and 4. On the other hand, the first peakases 1, 3 and 4 for the spiral speed
higher than 0.73 rad/s is always greater than the-spiral case, and at phase 2 it is
significantly lower. However, towards the furtheswhstream as the spiral effect found on
the velocity field is less prominent, the wall shettess eventually stabilises into a constant
value. Fig. 8 also reports that the spiral effectgshe wall shear stress for Re=1000 are mild

and the pattern is very similar to that of the spiral flow.

The effect of the spiral speeds on the separatmadlow from the throat of the stenosis is
more clearly visible in Fig 9, where the pathlinesloured by the particle ID, are plotted for
the different spiral speeds whilst Re=500. Theroedation region and the structure of the
blood flow downstream of the stenosis are affedigdhe spiral flow, producing twisted

three-dimensional flow situated at the downstre&th® stenosis, and the pattern of this flow
is similar to that of the MRI measurement of thedd flow in a patient's artery with

thrombosis done by Frydrychowicz et al. [15]. Tlaso termed the pattern of this twisting
flow as “corkscrew”. In order to see the effectsrendearly, cross-sectional views of the flow
streamlines are presented in Fig. 10 @x1.46 rad/s. The intensity of the twisting flow at
about 5D-distance downstream of the throat of teeasis is quite strong and the flow pattern
Is much chaotic than that seen in the further doneas region. In the pathological context,
these strong circulations in the post-stenotic #lilow usually influence to cause potential

damage to blood cells and inner surface of theosthartery.

In the final figure, Fig. 11, we examine the efedf the spiral flow on the turbulence

downstream of the stenosis. The production of tineuient kinetic energyk] for Re=500 is

reduced with the increment of the spiral speed lmeahe spiral laminar flow, which was

10



prescribed at the inlet on the model, induces ianat stability of the forward blood flow
downstream of the stenosis, Stonebridge et al. B®] the non-spiral flow, the result shows
that the turbulence is over-predicted in the moldelyever, for Re=1000 no variation in the
centreline turbulent kinetic energy found with gpral flow as already reported in Fig. 5 that
the streamwise velocity whose magnitude is mucthdrighan the radial and tangential
velocities is not largely affected by the spiraésg in this case. In order to get a significant
effect of the spiral flow for Re=1000, one needitwease the spiral speed at the inlet which

may not be physiologically realistic.

5 Conclusion

The standard-w turbulent model is employed to investigate thed# of the spiral laminar
blood flow through the model of a 75% stenosedrarfEhe “corkscrew” type flow patterns
are observed at the downstream of the stenosisodtnee spiral flow. For Re=500 the spiral
flow increases the total pressure and velocityhaf blood, and significant differences are
found between the wall shear stresses of the sgmélinon-spiral induced flows downstream
of the stenosis. The results also show that thrutent kinetic energy is reduced by the spiral
flow as it induces the rotational stabilities inetifiorward flow. While for Re=1000, no
significant difference is found in the centrelimedulent kinetic energy between the spiral and
non-spiral flows and the effect is mild on the celme shear stresses. However, the
tangential component of the velocity is most infloed by the spiral flow and it is increased

when the spiral speed increases.

11



As already mentioned, the spiral component of blitma has both beneficial and detrimental
effects in human circulatory system [1]. The reswf the effects of the spiral blood flow
through the stenosis, which are presented in therpare of great interest in the pathological
context and have relevant clinical significances. €&ample, the rise of the turbulent kinetic
energy in the post-stenotic region is responsibleause damage to the blood-cell materials
and to activate platelets in the blood, and subsatty) they create many pathological
diseases (Ku [12]). However, the results show that spiral effect reduces the turbulent
kinetic energy, which is a beneficial effect; buittlee same time it produces oscillating wall
shear stress in the post stenosis, which is andgeial effect as the oscillating shear stress
usually influence to cause potential damage tairiher side of a post-stenotic blood vessel,
kwon as endothelium (Fry [16]). In addition, theosg circulation seen in the post-stenosis
due to the spiral effect is harmful as it can cailrgeblood to be clotted in the post-stenosis,

which is a potential source of stroke.

The model studied in the paper is simplified bysidaring a rigid wall for the vessels. The
future extension of this paper is to couple theasflood flow with the deformation of the

arterial wall, which will certainly involve someggiificant challenges in simulation. As the
spiral flow has potential clinical significance gtiefore, we believe that this paper will have
some significant impacts on the understanding obdlflow dynamics and its relevance in

arterial diseases such as stenosed artery.
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Q (rad/sec)

C Re =500 Re = 1000
0 0.0 0.0
1 0.73 1.46
12

1 1.46 2.92
6

1 2.19 4.38
4

1 2.92 5.84
3

Table 1: Spiral velocity) for the different values d and Reynolds numbers.
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Figure 1: (a) Schematic of the model of a stenddedd vessel and (b) An interpretation of

the spiral boundary condition with the parabol@miflat the inlet of the model.
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Figure 2: Grid independent test showing on theltesaf the axial velocity for Re=500 and

Q=1.46 rad/sec in (a)=£2D, (b) Z=0, (c) Z=1D, (d) Z=2D, (e) Z3D and (f) Z4D.
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Figure 3: Grid independent test showing on theltesi the axial velocity for Re=1000 and

0Q=2.92 rad/sec in (a)=%£2D, (b) Z=0, (c) Z=1D, (d) Z=2D, (e) Z=3D and (f) Z4D.
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Figure 4: Centreline total pressure at variousasgipeeds for (a) Re=500 and (b) Re=1000.
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Figure 5: Centreline velocity at various spiralegefor (a) Re=500 and (b) Re=1000.
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(a) Re=500
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Figure 6: Tangential velocity at various spiralege for (2) Re=500 and (b) Re=1000.
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Figure 7: Wall shearing stress at different phéseRe=500 and different spiral speeds.
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Figure 8: Wall shearing stress at different phdseRe=1000 and different spiral speeds.
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Figure 9: Pathlines, coloured by the particle I&r, Re=500 at different spiral speeds; (a)

Q=0.0 rad/s, (b¥2=0.73 rad/s, (c§2=1.46 rad/s, (d§2=2.19 rad/s, and (&€} =2.92 rad/s.
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Figure 10: Streamlines at different axial positiémrsQ2=1.46 rad/s and Re=500.
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Figure 11: Turbulent kinetic energ¥)(at different spiral speeds for (a) Re=500 and (b)

Re=1000.
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