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PREFACE

This book contains all manuscripts approved by the reviewers and the organizing committee of the
12th International Conference on Computational Fluid Dynamics in the Oil & Gas, Metallurgical and
Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also
known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997.
So far the conference has been alternating between CSIRO in Melbourne and SINTEF in Trondheim.
The conferences focuses on the application of CFD in the oil and gas industries, metal production,
mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are included in the proceedings. 108 contributions were presented at the conference
together with six keynote presentations. A majority of these contributions are presented by their
manuscript in this collection (a few were granted to present without an accompanying manuscript).

The organizing committee would like to thank everyone who has helped with review of manuscripts,
all those who helped to promote the conference and all authors who have submitted scientific
contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal

Production and NanoSim.
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ABSTRACT

Pulsatile flow is intrinsic to the cardiovascular system and is driven
by the rhythmic beating of the heart. As a system for mass transport,
the cardiovascular system hosts a variety of biochemical and cellu-
lar species whose transport is subjected to the corresponding flow
oscillations. The influence is most prevalent near the heart and par-
ticularly within arteries, where pressure fluctuations are most sig-
nificant. This makes modelling of long-term mass transport diffi-
cult to evaluate, since intermediate oscillations need to be explicitly
resolved. By applying Reynolds averaging to the governing flow
and mass transport equations on a representative period of oscilla-
tion, this problem may be alleviated. However, doing so introduces
extra terms akin to the Reynolds stresses in the flow equations as
well as perturbed-flux terms in the mass transport equations. These
terms are investigated in the present study and their distributions
assessed. A human right coronary artery is used as the subject ge-
ometry, wherein the oscillatory transport behaviour of blood flow
and low density lipoprotein is studied.

Keywords: coronary artery, oscillation, period-average, pulsatile
flow, species transport.

NOMENCLATURE

Greek Symbols

0 partial derivative

d;;  Kronecker delta tensor

u dynamic viscosity, [kg/m/s]

p  density, [kg/m?]

Tij  viscous stress tensor, [kg/m/s?|
T,  wall shear stress vector, [kg/m/s?]
0] arbitrary scalar field variable
A;j  strain-rate tensor, [1/s]

r domain boundary

Q  domain

Latin Symbols

c normalised species concentration
d  diameter, [m]

n surface normal vector

p pressure, [kg/m/s’]

ps  pulsatile-state (period-averaged)
ss  steady-state

t time, [s]

u  velocity vector, [m/s]

x spatial position vector, [m]
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C species concentration
D species diffusivity, [m*/s]
J flux into a boundary

Pe  Péclet

Re Reynolds

Sub/superscripts

0 reference condition (at the inflow)
i,j Cartesian tensor indices'

F fluid

I inflow

O outflow

W wall

INTRODUCTION

The cardiovascular system is a circulatory transport system
for blood that carries erythrocytes, thrombocytes, lipopro-
teins and other species throughout the body. The flow of
blood within the cardiovascular system is driven by pres-
sure differentials generated at the heart. As the heart peri-
odically contracts and relaxes, the pressure differentials fluc-
tuate, causing blood flow to oscillate about a non-zero net-
period flow-rate. Correspondingly, the transport of blood-
borne species is inherently oscillatory?, with oscillations im-
parted by the advecting blood medium. Advective transport
by blood flow is one of two dominant transport processes
governing species within the cardiovascular system, with the
other being diffusive transport. The net transport of a species
may be therefore regarded as a competing balance between
the two transport processes, with advection generally domi-
nating within the bulk blood flow and diffusion near the vas-
cular walls. This collective behaviour is quantified by the
dimensionless Péclet number (Pe), which measures the re-
spective rates of advective and diffusive transport.

At any point in the flow, advective transport is perceived al-
most equally amongst relatively passive blood-borne species
(i. e. that do not significantly influence the flow field). How-
ever, diffusive transport can vary since diffusivity varies
amongst species and hence, their corresponding Péclet num-
bers. A low Péclet number species (i.e. of high diffusivity

I"The subscripts i, j are reserved for index notation of Cartesian tensors;
all other subscripts are for designating variables and should not be inter-
preted as tensor indices. Repeated indices in a term imply Einstein summa-
tion notation. For the generic vector variable @, the element-wise absolute is
designated by |@;| and the Euclidean magnitude (2-norm) by [|@|| = /®;9;.

2The terms oscillatory and pulsatile are herein used interchangeably to
describe the flow and are not differentiated with any distinct meaning.
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within blood plasma), would be little influenced by the os-
cillatory flow and would conform to a near-regular transport.
However, most blood-borne species are generally of high Pé-
clet numbers in the bulk flow, such as low density lipopro-
teins (Pe ~ 2 x 10%) and oxygen (Pe ~ 1 x 10%) (Stangeby
and Ethier, 2002). In such species, the dominance of advec-
tive transport implies a strong influence from the flow, and
hence its oscillatory behaviour on their transport. From a
modelling perspective, this presents a potential constraint for
high Péclet number species transport, since the strong cou-
pling to the flow in the bulk flow and increasing influence
of diffusivity in the near-wall flow implies an interplay of
varying length and time scales. That is, the corresponding
response of the species to perturbations from the oscillat-
ing flow would spatially vary between the bulk and near-wall
flow, requiring a large number of periods (i. e. computational
time) to achieve a steady-periodic equilibrium state.

This is demonstrated in the transport of high Péclet num-
ber blood-borne species, in that whilst the flow may resolve
to a steady-periodic regime within a reasonable ~ 5 peri-
ods of oscillation from resting-state initial conditions (Liu
et al., 2011), the same is not necessarily true for the species,
which may take considerably longer (Sun et al., 2007). This
is especially problematic near vascular walls where other
types of interactions may occur, such as transport into the
walls and reactions with other species (Tarbell, 2003). For
computational models of such species, this presents an in-
convenience that may be infeasible to resolve within rea-
sonable time and computational resources. Indeed, oscilla-
tory flow and mass transport has been extensively investi-
gated in past studies, such as those of Hong et al. (2012),
Liu et al. (2011), Sakellarios et al. (2013) and Sun et al.
(2007). However, the difficulty of attaining a steady-periodic
regime still remains to be realised within feasible computa-
tional resources. In the objective of resolving this difficulty,
the mechanics that influence the steady-periodic regime for
flow and species transport are therefore investigated in the
present study. Period-averaging techniques akin to those of
turbulence modelling are applied to the governing flow and
species transport equations, so that they may be compared to
their equivalent steady-state conditions.

METHODOLOGY

A human right coronary artery (RCA) segment is selected as
the subject geometry of study for this investigation. This is
because coronary arteries are inherent with relatively small
diameters and longitudinal variations in their geometry; the
former is useful for reducing computational requirements as
multiple periods of oscillation are to be computed, and the
latter is useful for inducing variations in the distribution of
near-wall species concentration. For this study, the species
to be investigated is low density lipoprotein (LDL).

Geometry

The RCA geometry® to be investigated comprises of a sin-
gle stem with no bifurcations or branches. The geometry
comprises of the volumetric flow space (lumen) Qp, which is
bounded by the wall I'y, inflow I't and outflow I'o bound-
aries; see figure 1 (a). To ensure that the flow and species en-
tering Qp are sufficiently developed from their boundary con-
dition states, the inflow and outflow boundaries are extended
by flow extensions of 5 [mm]| and 10 [mm] respectively.

3Geometry provided by the Biofluid Mechanics Lab, Charité Univer-
sitdtsmedizin Berlin.
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The geometry is discretised using a longitudinally swept O-
grid mesh that comprises of 2385 hexahedral elements per
cross-section, which amounts to about 7.75 x 10° elements
for the collective geometry; see figure 1 (b). For most of the
volumetric flow space, the concentration of LDL is expected
to be uniform, except near the wall where a thin mass trans-
port boundary layer develops. The near-wall mesh is thus
refined to sufficiently resolve the mass transport boundary
layer, such that the first element layer height is about 2200
times smaller than the average inflow diameter dj.

Fo di = 2.2[mm] —A] L1

|& !
(a) (b)
Figure 1: Detail of the RCA segment used for this study, with (a)
geometry schematic (not including flow-extensions) and
(b) cross-section O-grid mesh (coarsened for display).

S
d!

35 [mm]

Governing equations

To investigate the oscillatory behaviour of flow and mass
transport of blood and blood-borne species, a continuum de-
scription is considered. That is, though it is recognised that
blood comprises a heterogeneous suspension of particulates,
the collective fluid is approximated as continuous on a suffi-
ciently large macroscale level. For blood vessels with diam-
eters significantly larger than that of an erythrocyte (i. e. red
blood cell), the continuum fluid assumption is found to satis-
factorily hold. However, special care needs to be made in re-
solving macroscale level properties such as rheology, which
need to be described via constitutive models (Thiriet, 2008).
For the present study, the arterial wall is assumed to be rigid
and hence non-compliant. This assumption is made so that
data processing of oscillatory blood flow and blood-borne
species transport can be made within a fixed (i. e. Eulerian)
reference frame. For example, the Eulerian reference frame
allows for a spatially-invariant definition of period-averaging
to be naturally realised. Otherwise, if the arterial wall is al-
lowed to deform, then so would the volumetric flow space
Qr. In such a case, special treatment would be required to
define a spatially-invariant period-average within Q.

Blood flow transport

To describe blood flow, the incompressible mass and mo-
mentum conservation (Navier—Stokes) equations are used. In
conservative-form, these are respectively expressed by

aiu,’ =0
POsu; + 9 (puiuj — i+ pd;j) = 0,

ey
(@)

where u; is a component of the blood’s velocity field vec-
tor u and p is its scalar pressure field; §; ; is the Kronecker
delta. The viscous stress tensor is defined T;; = 2uA;; and the
strain-rate tensor A;; = % (Qjuj+0ju;). Material properties
are provided by the blood’s density p and viscosity u, which
are assumed constant for the present formulation, such that
p = 1050 [kg/m?] and u=3.45 x 1073 [kg/m/s].

Whilst it is recognised that blood viscosity is non-Newtonian
(i.e. having a strain-rate dependence), its equivalent New-
tonian approximation may be acceptable for arteries with
diameters significantly larger than that of an erythrocyte
~ 8x 107%[m] (Ambrosi et al., 2012). The RCA geometry of
figure 1 is sufficiently large to satisfy this condition and since
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multiple periods of oscillation are to be computed in this
study, the Newtonian approximation is used so that computa-
tional needs are reduced. However, it is recommended that in
general, a high fidelity model of blood flow within coronary
arteries should use a non-Newtonian viscosity formulation;
see for example the models presented in Cho and Kensey
(1991). It is also noted that the near-wall computational ele-
ments (required to resolve the mass transport boundary layer)
are smaller than the diameter of an erythrocyte and hence,
should resolve greater detail than the continuum description
of blood would allow. Such flow detail is beyond the scope
of the present study and may necessitate local corrections to
the material properties of the blood fluid if required. This has
been addressed in studies such as Huang et al. (2009), which
have resolved such detail as the Fahraeus—Lindqvist effect
(migration of erythrocytes away from the wall) and resulting
variations in blood rheology.

Species transport

As with the flow, the distribution of blood-borne species is
modelled as a continuum. That is, rather than tracking indi-
vidual particles, their concentration is resolved on an Eule-
rian framework. For this study, the species of interest is low
density lipoprotein (LDL); a single particle has a diameter of
approximately 2.0 x 1078 [m] (Teerlink ez al., 2004), which is
about 10° times smaller than the internal diameter of a coro-
nary artery. Thus, with such large difference between their
respective diameters, the continuum description is expected
to satisfactorily hold for the transport of LDL.

The presence of LDL is assumed to have no influence on the
flow field. Therefore, LDL concentration transport is mod-
elled as a passive scalar c that is advected with the flow (one-
way coupling). The governing transport equation can be ex-
pressed in conservative form as

atc+8,»(u,»c—D8,-c) =0, 3)

where D is the isotropic diffusion coefficient, which for LDL
is about 5.0 x 107! [m? /s] (Stangeby and Ethier, 2002). For
the present case, c is a normalised concentration which has
been scaled by its inflow value, such that ¢ = C/Cy, where C
is the concentration and Cjy is its inflow boundary value.

Boundary conditions

For a boundary I' enclosing the volumetric flow space Qp,
its inward-pointing surface normal is designated by n* and
outward-pointing surface normal by n”. The boundary con-
ditions described here are for pulsatile flow conditions. Un-
der steady-state conditions (i.e. when d,u; = 0 and d;,c =0
in equations 2 and 3 respectively), the boundary conditions
take their period-average values. At the inflow boundary IT,
a pulsatile Poiseuille flow profile of the form

2
ui(x,t) = 2up(t) | 1— (”xl_d’:C”> - @
2

is assigned, where 1 is the boundary-average velocity, which
follows the time-periodic waveform defined in figure 2 and
has period-average #y. The characteristic parabolic profile
of the Poiseuille flow has its maximum at the boundary cen-
troid x., where x is a spatial coordinate on the boundary. To
gauge-fix the pressure field, an arbitrarily selected Dirich-
let condition p = 0 is assigned to the outflow boundary I'p;
the precise value is not important under the present condi-
tions. For the wall boundary I'w, a no-slip wall condition is
assigned, such that u; = 0.
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0-25F inflow boundary-average velocity, ug [m/s]

0.20F — periodic waveform, uq (¢)

oisk— period-average, 7y = 0.081 [m/s]

0.10 fy
0.05F \ /
T

0.2

N~/ ;

time, 7 [s]

0.6 0.8 1.0

0.0 0.4

Figure 2: Plot of the RCA inflow waveform and its period-average;
using an 8-term truncated Fourier series representation of
the waveform provided in (Johnston et al., 2006).

Since the LDL concentration field has been normalised by
its inflow value, the inflow boundary I7 is therefore ascribed
with the uniform condition ¢ = 1. At the outflow bound-
ary T'o, a zero flux condition (d;c)n; = 0 is assigned. Both
these conditions are whole-boundary approximations and lo-
cally misrepresent the near wall LDL concentration due to
the presence of a spatially growing boundary layer. How-
ever, due to the high Péclet number of LDL, its species trans-
port equation is weakly elliptic, and so with the added flow-
extensions, the effect of the misrepresented boundary condi-
tions is not significant within the domain of interest. On the
wall boundary I'w, the flux equilibrium condition

(uic —Doic)n; = J. 5)
is ascribed, which describes the balance between advective
flux into the wall and diffusive flux away from it. The net
influx J. of LDL into the arterial wall is set to be zero for the
present conditions. The advecting velocity into the wall is set
to be constant and equivalent to the water filtration velocity
J, = 4.0 x 1078 [m/s] (Stangeby and Ethier, 2002), such that
u;n; = J,. Note that this boundary condition has only been
enforced in the species transport and has been omitted from
the flow equations for this study. A more appropriate bound-
ary condition for the flow equations should therefore correct
the no-slip wall condition, such that

(©)
)

un; = Jy
ui— (ujn;)n; =0
The effect of the misrepresented boundary condition is not
expected to influence the flow field significantly, because J,
is much smaller than 7, and the domain Q is small; see the
analytical solution for a straight artery with a semi-permeable
wall in Wada and Karino (2000) for the influence of J,,.

Oscillatory flow data processing

An arbitrary scalar field variable ¢ that is transported within
an oscillating flow of period-length T}, is considered. To
compare the oscillating field variable with its steady-state, it
is first necessary to decompose it into a time-invariant state.
This is achieved with Reynolds periodic-decomposition,
which decomposes the field variable into its period-average
© and time-dependent perturbation ¢’ components. Reynolds
periodic-decomposition is defined

o) = {400 | 5= 1 [owu ref. ®
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where T = kT, is the integration time and k > 1 is an integer
multiplier. Under laminar flow conditions, the flow field is
periodic at all relevant length scales; therefore, the decompo-
sition may be made over a single period of oscillation (k = 1).
However, under turbulent flow conditions, a sufficiently large
number of periods (k >> 1) would be required for ¢ to be-
come temporally invariant.

Applying the Reynolds periodic-decomposition to the flow
(equations 1 and 2) and species transport (equation 3), and
period-averaging, respectively yields

aiﬁi =0
PO +0; (p (ﬁiﬁj—&—fu}) —fij+ﬁ5ij> =0

©))
(10)

8.+ (we+ud —Dae) = 0. (1)
It is noted that the period-averaged flow and mass equations
are similar to their original form, except for the presence of
added terms, which have emerged from the non-linear ad-
vective components of the equations. These added terms
describe the period-aggregate influence of fluctuations about
the period-average of their respective field variable. For the
flow (equation 10) and species (equation 11), these added
terms are respectively referred as the oscillatory advective-
stress and oscillatory advective-flux.

Due to the presence of the oscillatory advective-stress and
oscillatory advective-flux in the flow and species transport
equations respectively, variations may emerge between the
period-average and equivalent steady-state of their respective
field variables. These variations may be subtle and difficult
to qualitatively differentiate. A quantitative measure is there-
fore required, and is provided with the Steady Representation
Index (SRI), which is defined

SRI{g} = il“ I$:PS ,
ss ps

This index quantifies variations in a generic field variable @
that arise due to flow pulsatility, relative to its equivalent
steady-state. The SRI is signed and bounded by the range
—1 < SRI < 1, such that a positive value SRI{@} denotes that
the steady-state value locally overestimates the field variable
¢, and a negative value if it underestimates; at SRI{@} = 0,
both steady and pulsatile conditions are locally equivalent.
For the flow field, oscillatory fluctuations have generally
been measured via the Oscillatory Shear Index (OSI), which
was designed to measure fluctuations in the wall shear stress
T (He and Ku, 1996). In a previous study by the authors
(Gabriel et al., 2016), the Oscillatory Shear Index was gen-
eralised to the Oscillatory Flow Index (OFI), which extended
the domain space of the index onto the flow-field, where

(12)

on Qp U E)QF\FW

OFI = (13)

on I'wy.

Note that the OSI is generally scaled to have a maximum
value of 0.5; the scaling multiplier is removed in the above
definition as it presents no added value. In the same study
(Gabriel et al., 2016), the Oscillatory Kinetic Energy Index
(OKEI) was also introduced to measure the significance of
the oscillatory fluctuations; by measures the trace (i.e. en-
ergy) of the oscillatory advective-stress tensor relative to that
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of the period-average flow. The OKEI was also extended to
flow and wall spaces, and is defined

u-u

on Qp U an\FW

u-u+ u-uw
OKEI = (14)

71/
Tw Ty

———— on Iwy.
Ty Tw + Ty Thy

By applying the OFI to the OKEI, direction-reversing (DR)
and non direction-reversing (NDR) oscillations can be segre-
gated and their significance measured, such that

OKEIpr =
OKEINpr =

OKEI x OFI
OKEI x (1—OFI) .

15)
(16)

It is noted that a similar period-averaging technique was ap-
plied by Hong et al. (2012) to derive the period-average
species concentration equations for LDL transport within the
arterial wall. In that study, the authors argued that within
the arterial wall, the period-averaged LDL concentration is
significantly larger than its oscillatory perturbations and can
thus be represented satisfactorily by the steady-state equiv-
alent. In the present analysis, the period-averaged species
equations within the lumen are demonstrated to inherit the
period-aggregated influence of oscillatory perturbations via
the oscillatory advective-flux term, which depending on its
magnitude, can spatially modify the period-average species
concentration from its steady-state equivalent. Therefore, in
the same manner as the OKEI for the flow, the Oscillatory
Species Advective-Flux Index (OSAF]I) is proposed to mea-
sure the significance of the oscillatory advective-stress term
in equation 11; the OSAFI is defined

e’

OSAFI = ————
[ue|+[lu'd|

n Qp U aQF\rw. (17)

Computational implementation

The system of flow and species transport equations was im-
plemented into the cell-centred finite-volume solver ANSYS
Fluent v17.2, with in-house user-defined functions for cus-
tomisation of the solver and data-processing. Computations
were made with double-precision on a 64-bit serial machine.
For the flow equations, pressure-velocity coupling was at-
tained via the SIMPLE algorithm. Flow variable discreti-
sation was made using a second-order upwind scheme and
pressure discretisation using the standard ANSYS Fluent
scheme (a neighbour-cell interpolation method using mo-
mentum equation coefficient weighting). For species (LDL
concentration) discretisation, a first-order upwind scheme
was used; this scheme was implemented to avoid numeri-
cal instabilities arising due to the high Péclet number asso-
ciated with the species transport. Temporal discretisation of
all equations was made with an implicit first-order forward-
differencing scheme. Field variable gradients were derived
using least-squares cell-based interpolation.

RESULTS AND DISCUSSION

For the pulsatile flow (i. e. temporal) case, computations were
terminated at the end of the 20th period of oscillation. It
was found that from zero initial conditions, the flow field
had converged to a steady-periodic state by the fourth period
(i. e. the period-average remained unchanged with successive
periods). However, as expected of the high Péclet number
associated with LDL transport, the LDL concentration field
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Figure 3: Plot of normalised velocity magnitude on a longitudinal
mid-cut of the artery; for (a) period-average of pulsatile
flow, (b) steady-state flow and (c) Steady Representation
Index of both conditions.
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Figure 5: Plot of normalised LDL concentration on the wall; for
(a) period-average of pulsatile flow, (b) steady-state flow
and (c) Steady Representation Index of both conditions.
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Figure 4: Plot of normalised wall shear stress magnitude on the
wall; for (a) period-average of pulsatile flow, (b) steady-
state flow and (c) Steady Representation Index of both
conditions, where Ty, = 8uug/d is the inflow’s equiva-
lent Poiseuille wall shear stress.
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Figure 6: Plot of OKEI on the wall; for (a) NDR and (b) DR oscil-
lations. Also, a plot of (c) OSAFI on a near-wall surface
within QF (i. e. taking measurements at the first element
layer from the wall).
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Figure 7: Plot of normalised LDL concentration along the normalised distance of the (a) upper and (b) lower span of the RCA; comparing
period-averaged pulsatile-state (ps) and equivalent steady-state (ss) conditions. The direction of the arrow is from period 1-20.

was yet to converge onto a steady-periodic state from initial
conditions ¢ = 1 (see figure 7). Nevertheless, to give prelim-
inary insight into what is expected of a converged periodic
state for the LDL concentration field, the 20th period results
are investigated for the present study.

Observation of the flow and wall shear stress distributions in
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figures 3 and 4 respectively, reveals that the period-average
of the pulsatile flow displays similar characteristic to that of
its equivalent steady-state condition. However, subtle vari-
ations can be observed, particularly in the magnitude of the
velocity and wall shear stress at the narrowing of the artery
(near its longitudinal centre) and at the expansion thereafter
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(just before the outflow). This is confirmed by the SRI for
these respective indices, which also reveals that its sign is
not homogeneous but a seemingly even distribution of pos-
itive and negative; indicating that the period-average of the
pulsatile flow is both overestimated and underestimated rela-
tively evenly by its steady-state equivalent.

For the LDL concentration (figure 5), it is noted that the
period-average distribution for the 20th period is signifi-
cantly far from converged, and many more periods are re-
quired before a steady-periodic state is achieved. When com-
pared to the steady-state case, it appears that both distribu-
tions resemble each other (since regions of high and low con-
centrations seem to spatially coincide), though their respec-
tive magnitudes substantially differ. Correspondingly, it is
expected that the steady-periodic state may also behave sim-
ilarly to the 20th period. From the corresponding signed SRI
distribution, it is noted that the period-average of the oscilla-
tory concentration field is mostly less than that of its steady-
state equivalent. Observation of successive period-averaged
concentration profiles along the span of the artery (figure
7) reveals that the concentration field is currently incremen-
tally increasing in magnitude away from its initial condition
¢ = 1. This behaviour appears to be monotonic and slowing
down with each successive period, indicating that the steady-
periodic state is a converging limit.

It is difficult to ascertain the influence of flow oscillations
on the flow and species field variables, from their respective
distributions alone. However, this information can be deter-
mined from their corresponding oscillatory indices. From
figure 6, it can be observed that the OKEI is significant
throughout the artery, with NDR oscillations dominating. A
small distribution of OKEIpgR is also observed, though this is
insignificant relative to that of the OKEInpr. The magnitude
of these distributions is generally equal to or less than 0.5,
indicating that the oscillatory advective-stress is not domi-
nant though moderately influential in modifying the period-
average flow field from its equivalent steady-state.

For the OSAFI, a more diverse distribution is observed,
where there seems to be little correlation with that of the
OKEI. However, a similar distribution is observed with the
SRI{||Ty |} (figure 4), indicating a possible relation with the
gradient of the flow velocity. Though, further analysis is re-
quired before this can be ascertained.

CONCLUSION

The oscillatory transport of pulsatile blood flow and blood-
borne species (low density lipoprotein) has been investigated
in the present study. It was determined from their respec-
tive period-averaged transport equations that oscillatory in-
fluence is inherent to the period-average transport. This influ-
ence is prominent in the advective terms of the equations and
manifests as the period-aggregate of oscillatory advective-
stresses and advective-fluxes within the flow and species
transport respectively. These terms are identified to be the
cause for parting the period-average transport from its equiv-
alent steady-state condition. To investigate these terms, pul-
satile blood flow within a human right coronary artery is in-
vestigated and oscillatory indices developed to measure their
significance. It was observed that though a direct correlation
could not be ascertained between the oscillatory indices for
flow and species transport respectively, there was sufficient
similarity to imply a potential relationship. It is the objective
of this study that such a relationship can be determined and
modelled, so as to better resolve pulsatile species transport
without explicitly resolving all periods of oscillation.
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