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Oxygen mass transfer in a model
three-dimensional artery

G. Coppola and C. Caro*

Department of Bioengineering, Imperial College London, London SW7 2AZ, UK

Arterial geometry is commonly non-planar and associated with swirling blood flow. In this
study, we examine the effect of arterial three-dimensionality on the distribution of wall shear
stress (WSS) and the mass transfer of oxygen from the blood to the vessel wall in a U-bend,
by modelling the blood vessels as either cylindrical or helical conduits. The results show that
under physiological flow conditions, three-dimensionality can reduce both the range and
extent of low WSS regions and substantially increase oxygen flux through the walls. The
Sherwood number andWSS distributions between the three-dimensional helical model and a
human coronary artery show remarkable qualitative agreement, implying that coronary
arteries may potentially be described with a relatively simple idealized three-dimensional
model, characterized by a small number of well-defined geometric parameters. The flow
pattern downstream of a planar bend results in separation of the Sh number andWSS effects,
a finding that implies means of investigating them individually.

Keywords: artery; flow; oxygen; wall shear stress; blood–wall mass transport
1. INTRODUCTION

Arteries, as living tissues, require a supply of metabolites,
including oxygen, and the removal of waste products.
Oxygen is soluble in and reacts at the arterial wall, and
its transport between the blood and the wall is reported
to be controlled by the fluid phase rather than the wall
(Tarbell 2003). Local oxygen lack in arterial walls (local
hypoxia) has been proposed as contributing to the
preferred occurrence of both atherosclerosis and intimal
hyperplasia in low wall shear regions (Tarbell 2003); the
former disease causes heart attack and stroke and the
latter causes obstructionof arterialbypass grafts, vascular
access grafts and endovascular stents. The underlying
mechanisms are unclear, but hypoxia causes leakiness of
the endothelium, and endothelial permeability to large
molecules is increased in lowwall shear regions (Himburg
et al. 2004). Possible causes of these changes are effects of
lowwall shear stress (WSS) on apoptosis, or programmed
death, of endothelial cells (Dimmeler et al. 1996), or on
the expression of proteins associated with cellular
permeability (Himburg et al. 2004).

Many groups have attempted to characterize arterial
geometry and flow (Caro et al. 1971, 1996; Frazin et al.
1990; Stonebridge & Brophy 1991; Stonebridge et al.
1994; Long et al. 2000; Wood et al. 2006; O’Flynn
et al. 2007). However, the limited availability of detailed
in vivo data has made it necessary to draw heavily on
model studies. Such studies infer that there will be
strong secondary motion, cross mixing, a relatively
uniform distribution of wall shear and suppression of
flow separation, flow instability and flow stagnation
(Caro et al. 1996, 1998, 2006; Friedman & Ding 1998).
orrespondence (c.caro@imperial.ac.uk).
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There has been recognition of the contribution of
wall shear to the transport of low-molecular-weight
species between the blood and the arterial wall (Caro
et al. 1971; Tarbell 2003). However, molecular diffusion
is a slow process compared with the distance over which
mass transport must occur, which may be as much as
the radius of a vessel. Therefore, mixing generated by
secondary flow can be expected to enhance the
transport of oxygen between the blood and the vessel
wall (Caro et al. 2006). The flow in helical conduits is
determined by the pitch and amplitude of the helix, and
the flow rate and the physical nature of the fluid
(Reynolds number). Depending on these quantities,
there may be swirling and/or cross mixing (Liu &
Masliyah 1993; Zabielski & Mestel 1998).

In this work, we study computationally the effect of
cross mixing on oxygen transport between the blood and
the vessel wall and on the distribution of WSS, by
comparing the findings in two well-defined geometries, a
cylindrical and a helical U-bend. We show that the
helical geometry can capture the essential features of real
vessels, like the coronary arteries, providing at the same
time a simpler framework for understanding the effect of
the geometrical parameters of the vessels. It may be
noted that a helical geometry is relevant to certain
U-shaped arteriovenous shunts (Caro et al. 2005) and
vascular access grafts (Huijbregts et al. 2007).
2. METHODS

2.1. Computational domain and model

Two geometries were investigated: cylindrical is indi-
cated as model 1 (figure 1a) and helical as model 2
(figure 1b,c). The first model is two-dimensional or
J. R. Soc. Interface (2008) 5, 1067–1075
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Figure 1. (a) Model 1: outer wall line (red) and inner wall line (blue). (b) Model 2: outer wall line based on primary curvature (red)
and inner wall line based on primary curvature (blue). (c) Outer wall line based on secondary curvature (red) and inner wall line
based on secondary curvature (blue). The flow direction and the bend start and end sections are indicated.
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Figure 2. Sh number distributions at the outer wall lines (primary curvature) of (a) model 1 (light grey curves, 935 550 elements;
dark grey curves, 1 104 400 elements; black curves, 1 608 408 elements) and (b) model 2 (light grey curves, 769 008 elements; dark
grey curves, 1 749 320 elements; black curves, 2 480 560 elements), for three grids with different numbers of elements. The axial
position is normalized by the vessel diameter.
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planar, in the sense that its centreline is in a
plane, while the second is three-dimensional, as its
centreline is three-dimensional. The primary curvature
(Kaazempur-Mofrad & Ethier 2001; Myers et al. 2001)
J. R. Soc. Interface (2008)
is the curvature relative to the medial plane, while the
secondary curvature (Kaazempur-Mofrad & Ethier
2001; Myers et al. 2001; Tiwari et al. 2006) is the
curvature relative to the centreline. The wall lines

http://rsif.royalsocietypublishing.org/
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Figure 3. Sh number (black curves) and WSS (grey curves) distributions along (a) the inner and (b) outer wall lines (primary
curvature) of model 1. The axial distance from the inlet is normalized by the vessel diameter. The dashed lines indicate the
beginning and the end of the bend.
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relative to the primary curvature are the lines resulting
from the intersection of the projection (onto the medial
plane) of the local normal to the centreline with the
model surface. The wall lines relative to the secondary
curvature result from the intersection of the local
normal to the centreline with the model surface. In
either case, the inner line is always on the side of positive
curvature, while the outer one is on the negative side of
it. These lines are reported in figure 1a,b formodels 1 and
2, respectively, where red is the outer wall line and blue
is the inner wall line. The inflexion in the wall lines
based on the secondary curvature near the exit section of
model 2 (figure 1c) is a geometric artefact, but does not
affect our results. Inmodel 1, the primary and secondary
curvatures coincide. Both models have an internal
diameterDiZ6 mm. Inmodel 1, the length of the section
upstream of the bend Luw21Di, the length of the section
downstream of the bend LdZ24Di and the radius of
curvature of the bend Rcw4Di. In model 2, Luw20Di,
LdZ26Di andRcw4Di. The helix is defined by the pitch,
PZ55 mm and the amplitude, RhZ0.5Di.

The results were checked for mesh independence, by
running simulations on three grids for each model:
935 550, 1 104 400 and 1 608 408 hexahedral elements
for the first model and 769 008, 1 749 320 and
2 480 560 hexahedral elements for the second model.
Convergence was assessed on the WSS and Sherwood
number distributions on the inner and outer wall lines
relative to the primary curvature, as shown in figure 2,
where, for brevity, only the Sh number distribution is
reported. The distributions are almost indistinguish-
able for the two meshes with a higher number of
elements, leading us to conclude that adequate
convergence had been achieved.

In both the models, the mass transport boundary
layer was resolved by placing the first three grid nodes
at 7.6, 9 and 10.8 mm away from the wall. The three-
dimensional steady incompressible Navier–Stokes
equations were solved with the finite volume-based
commercial package FLUENT v. 6.0 (Fluent, Inc.). The
SIMPLE formulation was used for pressure–velocity
coupling, and the second-order upwind discretization
scheme was used for the momentum and species
J. R. Soc. Interface (2008)
transport equation. Convergence was achieved when
the maximum mass, momentum and species residuals
fell below 10K12.
2.2. Flow conditions

The flow was assumed to be steady and the wall was
rigid and stationary. Newtonian behaviour was
assumed for the blood, with density rZ1050 kg mK3

and viscosity mZ0.0035 kg mK1 s. It was assumed, as
also by several previous workers (Qiu & Tarbell 2000;
Kaazempur-Mofrad & Ethier 2001; Perktold et al. 2002;
Kaazempur-Mofrad et al. 2005; Tada & Tarbell 2006),
that oxygen is present only in dissolved form in the
plasma, with diffusivityDO2

Z1.2 10K9 m2 sK1, giving a
Schmidt number ScZn=DO2

w2800. A typical physio-
logical WSS in human arteries twfw1.5G0.5 Pa (Malek
et al. 1999). WSS affects the blood vessels in numerous
ways: where the WSS rises above twf throughout their
length, the blood vessels may remodel, increasing in
diameter until the WSS returns to the optimal value
(Kamiya et al. 1984). If the WSS drops below twf blood
vessels may also reduce in size (Langille & O’Donnell
1986) and also in a localized area, such as a recircula-
tion region, the vessel in that region may become
vulnerable to disease (Caro et al. 1971; Giddens 1995).
It is proposed that the WSS must fall to approximately
0.5 Pa (Malek et al. 1999; Palumbo et al. 2002) to
favour the development of atherosclerosis, but the
association between WSS and atherosclerosis may also
depend on other factors, such as diet, blood lipid levels,
hypertension, diabetes and smoking. A direct relation-
ship between WSS, tw and Re can be derived by
assuming a straight cylindrical shape for a model artery
and fully developed flow, and after simple manipula-
tions, one can easily get

ReZ tw
r

8m2
D2

i ; ð2:1Þ

where ReZrUDi/m, Di is the vessel diameter and U is
the inlet average velocity. From (2.1), for a 6 mm
artery, the range of physiological Re2[390,770]; in this

http://rsif.royalsocietypublishing.org/


6.00×10–1

5.50×10–1

5.00×10–1

4.50×10–1

4.00×10–1

3.50×10–1

3.00×10–1

2.50×10–1

2.00×10–1

1.50×10–1

1.00×10–1

5.00×10–2

velocity magnitude (ms–1)

inner w
allou

te
r 

w
al

l

ou
te

r 
w

al
l

2.10 ×10–3

2.05 ×10–3

2.00 ×10–3

1.95 ×10–3

1.90 ×10–3

1.85 ×10–3

1.80 ×10–3

1.75 ×10–3

1.70 ×10–3

1.65 ×10–3

1.60 ×10–3

1.55 ×10–3

oxygen mass fraction

inner w
all

(a) (b)

Figure 4. (a) Velocity magnitude iso-contours and in-plane streamlines; (b) oxygen iso-contours at a section 23D from the inlet
in model 1 (approx. 1D in the bend). The inner and outer walls are also indicated.
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work, we investigated one flow condition at Rew600,
well within the physiological range of Re.

Fully developed flow and a uniform inlet oxygen
mass fraction, yiZ0.002125, were imposed at the inlet
of both models. At the outflow, a stress-free condition
was assumed. No-slip conditions for the flow and fixed
oxygen concentration (Ma et al. 1997; Kaazempur-
Mofrad & Ethier 2001; Tarbell 2003; Tada & Tarbell
2006; Zhang et al. 2007), ywZ0.0015, were assumed at
the wall for simplicity. While this is a first-order
approximation, equivalent to decoupling the wall-side
from the blood-side mass transfer (Ethier 2002), it will
not affect qualitatively the Sh number distribution,
although it does affect absolute values (Moore & Ethier
1997). Nevertheless, since the main focus of this work is
to address the effect of three-dimensionality on the flow
and mass transfer, we believe our conclusions will not be
altered by this approximation. It is thought that
neglecting the effect of unsteadiness will not quali-
tatively influence the WSS distribution (Myers et al.
2001). The effect of unsteadiness on the Sherwood
number (Sh) is not obvious and needs to be investigated.

The results are presented in terms of WSS and
Sherwood number, which represents the non-dimen-
sional mass flux through the vessel walls and is
estimated as

Sh Z
K vy

vn d

yiK yw
; ð2:2Þ

where y is the oxygen mass fraction in the blood; yi is
the oxygen mass fraction at the inlet; yw is the oxygen
mass fraction at the wall; n is the local normal to the
vessel wall; and d is the vessel diameter.
3. RESULTS AND DISCUSSION

3.1. Cylindrical bend

Figure 3 shows the WSS and Sh number patterns for
model 1 along the inner and outer wall lines. In the
region upstream of the bend, the WSS is constant and
the Sh number is a decreasing function of the distance,
according to the Graetz–Nusselt solution. As the flow
J. R. Soc. Interface (2008)
enters the bend, the WSS shows a sharp maximum at
the inner wall (figure 3a) and a minimum at the outer
wall (figure 3b). These counter-intuitive peaks are
caused by the sharp change of the vessel primary
curvature in the transition from the straight section to
the bend and can therefore be considered model
artefacts for the purpose of this work. At the bend,
the centrifugal forces, which push the fluid element
outwards, cause a maximum at the outer wall
(figure 3b) and a minimum at the inner wall
(figure 3a), which result in a large portion of the bend
surface attaining WSS levels well above 1.5 Pa. The Sh
number also peaks at the same locations, as a
consequence of the convective effect, positive at the
outer wall and has a minimum at the inner one, as a
result of the displacement of oxygen-poor fluid from the
outer wall to the inner one.

The WSS extremes are followed by a sharp decay,
possibly owing to flow readjustment, which brings the
WSS and Sh number to a plateau lasting to the end of
the bend. The succeeding extremes, a maximum for the
outer wall and a minimum for the inner wall, are caused
by the end of the bend/beginning of the straight
section, which produces a localized sharp change of the
primary curvature. At the bend, the maximum to
minimum WSS and Sh number ratios are approxi-
mately 5 and 29, respectively. As the flow enters the
straight section downstream of the bend, the WSS
tends to lower values at the outer wall and higher values
at the inner wall, as the flow tends to adjust to its fully
developed state in a straight vessel. The Sh number at
the inner wall is consistently smaller, from 10 to 5
times, than at the outer wall. Also, its value at the inner
wall does not change from the beginning of the bend to
the end of the straight section, indicating that the
oxygen distribution induced by the Dean vortices at the
bend survives longer after the vortices have been
dissipated. Figures 4a and 5a show the in-plane
streamlines superimposed on the velocity magnitude
iso-contours and the corresponding oxygen concen-
tration iso-contours in figures 4b and 5b after the
beginning of the bend (figure 4) and halfway to the end

http://rsif.royalsocietypublishing.org/
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Figure 6. Oxygen iso-contours at a section (a) 33D and (b) 39D from the inlet in model 1. The inner and outer walls are
also indicated.
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Figure 5. (a) Velocity magnitude iso-contours and in-plane streamlines; (b) oxygen iso-contours at a section 28D from the inlet in
model 1 (about the bend mid-section). The inner and outer walls are also indicated.

Oxygen mass transfer in model artery G. Coppola and C. Caro 1071

 rsif.royalsocietypublishing.orgDownloaded from 
of it (figure 5). The velocity and concentration profiles
become skewed as the flow enters the bend (figure 4), as
a consequence of the centrifugal forces, which push the
fluid elements away from the inner wall towards the
outer wall, generating two Dean vortices, as indicated
by the superimposed streamlines in figure 4. This
process continues throughout the bend, displacing low
oxygen fluid away from the outer wall, along the
sidewalls and bringing it towards the inner wall,
producing a localized region with a thicker boundary
layer (figure 5b).

After the bend, the Dean vortices lose intensity and
move towards the centre, now bringing fluid with high
oxygen concentration into the low-concentration patch.
This process results in a detached region of low-
concentration fluid at the centre and the low-concen-
tration region at the wall (figure 6b), which will
eventually disappear by diffusion. The oxygen distri-
bution does not readjust as fast as the flow, as reflected
J. R. Soc. Interface (2008)
by the different recovery rates of the WSS and Sh
number (figure 3), and the overall result is a region
where the physiological WSS is associated with a
possible hypoxic condition, thus effectively uncoupling
the effect of mass transport from WSS.

This is a very interesting result and, to the authors’
knowledge, has not previously been reported in the
literature, mainly because the existing literature is
focused on the bend, disregarding the region down-
stream of it.
3.2. Helical bend

The Sh number and WSS distributions along the outer
and inner wall lines versus the normalized axial
distance are shown in figure 7. Figure 7a,b report the
wall lines with respect to the primary curvature, while
figure 7c,d report the profiles with respect to the
secondary curvature. The Sh number and WSS profiles

http://rsif.royalsocietypublishing.org/
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in all the plots of figure 7 show a high value at the inlet
and a sharp decay. The high Sh number and WSS
values at the inlet are a numerical artefact, caused by a
slight misalignment between the inflow profile and the
inflow cross section, with negligible effect on the overall
results. The WSS and Sh number decay is instead
caused by enhanced mixing induced by the centrifugal
forces that act on the fluid elements soon after they
enter the domain, as a consequence of geometry
secondary curvature. It should be noted that in our
model, the fully developed helical inflow condition itself
introduces secondary motion, although this would
develop with any inlet condition, given a sufficient
entry length.

The primary curvature-based WSS and Sh number
profiles (figure 7a,b) show an almost periodic pattern of
maxima and minima, qualitatively similar to those
found for a coronary artery (Kaazempur-Mofrad &
Ethier 2001; Myers et al. 2001).

This pattern is clearly caused by the rotation of the
Dean vortices, induced by the secondary curvature of
the helix. In fact, the samepattern is absent in figure 7c,d,
since the wall lines relative to the secondary curvature
follow a helical pattern. Different from Myers’s work is
the origin of the vortices, here to be attributed solely to
the secondary curvature. This is also an interesting
result, since it implies that a coronary artery can
potentially be described by a simple ideal model. At the
bend, the outerwall lines show four peaks, while the inner
wall lines showone narrowpeakwith lowermaxima.This
J. R. Soc. Interface (2008)
probably indicates that the bend in the medial plane is,
overall, still displacing the high-concentration fluid
towards the outer wall, but is not preventing the
secondary curvature from inducing secondary flows and
rotation. After the bend, the pattern is again almost
periodic with Sh number and WSS patterns very similar
to those in the section upstream of the bend suggesting
that the flow has adjusted to the geometry.

The profiles based on the secondary curvature
(figure 7c,d ) show quite a different picture, as they
are both relatively flat after the inlet section, up to the
bend, in agreement with Tiwari et al. (2006). The
wiggles found on the outer wall line (figure 7c) are data
processing artefacts and do not affect our conclusions.
There is a clear distinction between the bend section
and the sections upstream and downstream of it. At the
bend, the outer wall lines show a sharp minimum, while
the inner wall lines have three sharp maxima, at the
beginning, halfway and at the end of the bend. This can
be better explained by looking at figures 8 and 9,
showing velocity magnitude and concentration iso-
contours at different cross sections throughout the bend
and also some pathlines. The velocity profile is skewed
as it enters the bend, with the high-velocity region
closer to the outer wall, while the oxygen profile shows a
low-concentration region on the inner wall.

The overall clockwise flow rotation, induced by the
secondary curvature, allows the fluid elements to follow a
smoother path through the first part of the bend, but
skewing the velocity profile towards the top surface. In

http://rsif.royalsocietypublishing.org/
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the second half of the bend, where the fluid is forced into a
small anticlockwise rotation, the velocity profile under-
goes a sharp change and the low oxygen region is spread
along the inner wall, as shown in figures 8b and 9b. The
sudden thinning of the oxygen boundary layer produces
the spike in Sh number at the inner wall. Reverting to
figures 6 and 7, we can see that this effect is almost
unnoticeable following the primary curvature profiles, as
it is embedded in the quasi-periodic pattern. At the bend,
the maximum to minimum WSS and Sh number ratios
are approximately 6 and 27, respectively. In the down-
stream section, the distributions appear very similar to
those in the upstream section, with similar levels of Sh
number, both at the outer and inner walls (figure 7), as a
result of the flow adapting to the new configuration.

For an overall comparison between the two models,
we computed, at each axial position, the circumferential
average of the Sh number and WSS and plotted them in
figure 10. The most noticeable features are the average
values of WSS and Sh number throughout model 2,
which are approximately two and four times, respect-
ively, the equivalent values in model 1 and the reduced
extremes attained at the bend in model 2 compared
with model 1, suggesting that the area over which the
extremes of Sh number and WSS are distributed is
smaller in model 2 than in model 1.
4. CONCLUSIONS

In this work, we have studied computationally the
effect of cross mixing on Sh number and WSS
distributions, by comparing the findings in two well-
defined geometries, a cylindrical and a helical U-bend.

The results suggest thatWSS and mass transport can
be uncoupled downstream of planar bends, opening the
way to well-characterized experimental models to
investigate the separate effect ofWSS and oxygen supply.

We have shown that the helical geometry can be
used as an idealized model capable of reproducing
results from a realistic human coronary artery
(Kaazempur-Mofrad & Ethier 2001), providing at the
same time a simpler framework for understanding the
effect of the geometrical parameters of the vessels.
Themodelwasnot optimized for this studyand, therefore,
the level of qualitative agreement can be considered
remarkable. The present work suggests that the WSS
and Sh number patterns found in the coronary artery
are a consequence offlow rotation (Kaazempur-Mofrad&
Ethier 2001), but the cross-flow velocities are induced by
the secondary curvature. Our results suggest that the
maximum to minimum WSS and Sh number ratios are
approximately 5 and 29, respectively, for the cylindrical
geometry and 6 and 27 for the helical one, while the
corresponding values found in Kaazempur-Mofrad &
Ethier (2001) are 8 and 54.

The non-dimensional oxygen consumption rate in
the tissue (Tarbell 2003) DaZQTDi/KDPbw23, where
Q is the tissue consumption rate; T is the wall
thickness; K is Henry’s law constant; D is the oxygen
diffusivity; and Pb is the oxygen partial pressure.
Here we assumed Tw0.075 cm (Fayad et al. 2000)
and Q/KDw1.29!105 torr cmK2 (Tarbell 2003). Our
simulations show that in model 1 the lowest Shw5,
J. R. Soc. Interface (2008)
while in model 2 the lowest Shw12, and accounting for
a 2.5 correction factor for neglecting haemoglobin
(Moore & Ethier 1997), they would be 12.5 and 30,
respectively, suggesting that the flux near the inner
curvature of model 1 is fluid controlled, whereas in
model 2 the flux is not fluid controlled.

We conclude that secondary motion resulting from
three-dimensional geometry can appreciably influence
the distribution of both the WSS and the Sherwood
number. There is extensive study of the effects of WSS
on vascular biology (Davies 1995; Gimbrone 1999;
Himburg et al. 2004). Atherosclerosis is widely believed
to develop in arteries where WSS is low (Caro et al.
1971; Giddens 1995; Malek et al. 1999) but the
association between WSS and atherosclerosis may
also depend on other factors, such as diet, blood lipid
values, hypertension, diabetes and smoking.

Mixing and secondary motion within an artery may
influence the blood–wall mass transport of oxygen and
other low-molecular-weight species (Davies 1995). In
addition, concentration polarization of macromolecules
has been reported in arteries (Caro et al. 1985; Wada &
Karino 2002). As a result, the equilibrium concen-
tration of macromolecules at the blood–wall interface
will be determined by factors including the convection
of solvent through the wall and mixing within the vessel
lumen. It is permissible to speculate, therefore, that
mixing resulting from vessel three-dimensionality will
also influence the concentration of macromolecules at
the blood–wall interface and hence potentially macro-
molecule concentration within the wall. The study may
assist in the experimental investigation of the influence
of WSS and the mass transport of low- and high-
molecular-weight species on vessel biology.

A number of workers have contributed in various ways to this
study. They include Dr Peter Franke, Mr Jim Shaikh and
Dr Stephanie Cremers. The work was supported by the Henry
Smith Charity, the Clothworkers’ Foundation and the
Garfield Weston Foundation.
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