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Abstract: In this study we hypothesise that the mass 
transport of low density lipoprotein (LDL) and 
oxygen in coronary arteries may be affected by their 
physiological motion, a factor which has not been 
considered widely in mass transfer studies. Hence, 
species transport in an idealized moving coronary 
artery model was investigated computationally. Due 
to the differences in LDL and oxygen transport the 
respective transport processes were modelled as 
concentration polarisation and first order wall 
reaction. Simulations were carried out under steady 
and pulsatile flow conditions in static and dynamic 
models with a physiological inlet velocity and a 
sinusoidal wall motion waveform. The results 
predicted co-localisation of low wall shear stress 
(WSS), high LDL flux and low oxygen flux along the 
inner wall of curvature, a predilection site for 
atherosclerosis. The temporal variations in flow and 
the WSS patterns due to the flow pulsation and wall 
motion did not produce time dependent changes in 
the oxygen and LDL wall flux. Nevertheless, the wall 
motion altered time-averaged oxygen and LDL flux 
in the medial and distal regions. Taken together, 
these results seem to suggest that the wall motion 
may play an important role in coronary arterial 
transport processes and the formation of 
atherosclerotic plaques. 
 
Introduction 
 

The transport of blood-borne species to the arterial 
wall and their accumulation within the arterial wall has 
been related to the formation of atherosclerosis [1], the 
number one killer disease in the West. Of all the 
transport processes, the transport of LDL is of 
paramount importance because LDL accumulation 
within the arterial wall is a hallmark of early 
atherosclerosis [2]. Of equal importance is the oxygen 
transport as it is not only essential for the normal arterial 
wall metabolism but low oxygen tension (hypoxia) in 
the arterial wall can increase the wall permeability of 
macromolecules including LDL [1].  

The local susceptibility of coronary arteries to 
atherosclerosis has been putatively linked to the 
physiological motion arising out of their anatomical 
attachment to the epicardial surface of the beating heart 
[3]. This raises a possibility that in coronary arteries 

oxygen and LDL transport may be affected by the wall 
motion, a factor which has not been considered widely 
in mass transfer studies. Therefore, this study was 
initiated to investigate the transport of LDL and oxygen 
in a dynamically curved 3-D model of the left anterior 
descending coronary artery (LAD) segment by using the 
commercial finite volume CFD solver, FLUENT 
(v6.1.22, Fluent Inc, Lebanon, NH).  
 
Methods 
 

A 3-D finite volume model of a simplified LAD was 
created using the CFD pre-processor GAMBIT (v2.1.6, 
Fluent Inc). The characteristic LAD geometry and flow 
conditions applied to the simulations were: mean radius 
of curvature (R) = 4cm, diameter (d) =0.36cm, length (l) 
=4.68cm, mean velocity (v) =9.715cm/s, mean Re =105, 
mean Dean number (κ) =22.3 and a Womersley number 
of 2.78 corresponding to a cardiac cycle duration (T) of  
0.8s  [4-6]. The model was assumed to be rigid with a 
circular cross section of constant radius and a constant 
uniplanar curvature over its entire length at any instant. 

A published pulsatile inlet velocity waveform [7] 
was imposed at the inlet boundary (Fig. 1). A fully 
developed flow assumption was used at the inlet. Blood 
was assumed to be an incompressible, Newtonian fluid 
with a density and viscosity of 1050kg/m3 and 
0.0035Pa.s. The radius of curvature of the model was 
varied sinusoidally (Fig. 1) at a frequency of 1.25Hz 
based on a model developed by Santamarina et al [8]. 
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Figure 1: The LAD inlet flow and curvature waveforms. 
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 where ω is the angular frequency of deformation and ε 
is the physiological deformation parameter of 0.6 [8] 
corresponding to Rmax and Rmin values of 6.4cm and 
1.6cm respectively.  
 

 
The mass transport of species in the arterial lumen is 

mathematically described using the three dimensional 
convection-diffusion equation 
 

0. 2 =∇−∇+
∂
∂ CDC

t
C u  (3) 

 
where C is the concentration of species, u is the velocity 
vector and D is the diffusivity of species in the blood.  

The semi-permeable endothelial layer acts as a 
barrier for the entry of macromolecules such as LDL 
into the arterial wall. In contrast, it allows the blood 
plasma and small solutes such as oxygen to filter 
through its monolayer to gain entry into the arterial 
wall. Hence it is appropriate to use different wall 
boundary conditions to model LDL and oxygen 
transport to the wall. The other mass transfer boundary 
conditions were uniform inlet mass fraction (oxygen = 
0.005 & LDL = 0.0011) [9, 10] and a zero gradient in 
concentration at the outlet.  

LDL wall boundary condition used was simply mass 
conservation at the endothelial surface [11] described as  
 

CwVwKCD )( −=
∂
∂−

n
 (4) 

 
where Vw is the plasma filtration velocity normal to the 
wall (=4x10-6cm/s) [12], Cw is the endothelial surface 
concentration of LDL, n is the unit vector normal to the 
vessel wall, D is the physiological LDL diffusivity 
(=5x10-8cm2/s) [13] and K is the overall mass transfer 
coefficient of LDL which was considered equivalent to 
physiological endothelial permeability of LDL (=2x10-

8cm/s) [14]. For oxygen transport a constant 
permeability wall boundary condition was applied 
 

KCwCD =
∂
∂−

n
 (5) 

 
where oxygen diffusivity and permeability were 1x10-

5cm2/s [15] and 2x10-3cm/s [16] respectively. 
The commercial parallel CFD solver FLUENT 

(v6.1.22, Fluent Inc.) was used to model LDL transport 
in the moving LAD model. Fluent uses a finite volume 
technique to solve the three dimensional (3-D) unsteady 
equations of momentum, mass and species conservation. 
The wall motion was implemented through the arbitrary 
Lagrangian-Eulerian formulation. At each time step the 
volume mesh was updated through a user defined 
function. At the beginning of each simulation, the radius 

of curvature of the model was at its maximum. At t=0.2s 
and 0.6s the radius of curvature of the model was 
equivalent to Rmean. The inlet was fixed in the simulation 
so that the centre of curvature was allowed to vary 
sinusoidally according to Eq. 1. 

The computational method was validated by 
simulating Santamarina et al’s [8] coronary artery 
motion study in a curved model of exactly similar 
dimensions under identical flow and wall motion 
conditions. The mesh and time step independence of the 
solutions were investigated by successively refining the 
grid and the time step size by a factor of two until 
solution convergence. Based on these criteria a mesh 
containing 156,861 nodes with a time step size of 
0.0125s was chosen as the optimum case for simulation. 
The results of our validation tests have been presented 
in detail in our previous article [17]. 
 
Results 
 

The axial and secondary velocity vector plots in the 
static and dynamic models showed velocity skewing 
towards the outer wall due to vessel curvature and the 
appearance of Dean vortices in the cross sectional 
planes. Although both the pulsatility and wall motion 
produced time dependent velocity skewing the flow 
pulsation had a greater effect on velocity skewing than 
the wall motion. When both the wall motion and 
pulsatility were considered there was a reduction in 
velocity skewing over the entire cycle and a reduction in 
secondary flow when the vessel curvature was small and 
vice versa during the peak curvature phases. 
Nevertheless, the velocity skewing as well as secondary 
flow increased with increase in curvature and flow rate. 

The pulsatility of blood flow caused time dependent 
WSS distribution. The WSS increased with flow rate 
and this increase was greater along the outer wall. 
Consequently, the WSS curve was seen to follow the 
flow rate curve (Fig. 1). When the wall motion was 
introduced the instantaneous variations in the outer and 
inner WSS were somewhat similar to that caused by the 
flow pulsation. However, the dynamic curvature effects 
were evident in the central section where the location 
and magnitude of peak WSS were different. 
Nevertheless, the outer WSS was higher than the inner 
WSS in both the models. 

The time-averaged WSS distribution exhibited 
notable spatial variations (Fig. 3). In general, the time-
averaged outer WSS was higher than the inner WSS at 
all axial locations. The flow pulsation caused an 
increase in the time-averaged outer WSS to its peak 
value and a gradual decrease afterwards. When the wall 
motion was included the peak WSS was higher and 
there was a steeper drop in the time-averaged outer 
WSS after peaking. Along the inner wall the dynamic 
WSS was generally higher than the static WSS and a 
region of minimum WSS was also noted. 

The oxygen transport results concern the prediction 
of non dimensional oxygen flux (KCw/KCo) to the 
LAD wall (Fig. 4 & 5). The oxygen flux was only found  
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Figure 2: Temporal axial inner and outer WSS 
distribution at 5 and 9 diameters in the LAD. 
 

 
 
Fig. 3 Time-averaged axial WSS distribution along the 
inner and outer walls of the LAD. 
 
to exhibit minor time dependent variations (Fig. 4). This 
was evident in the central section. In both the static and 
dynamic models, the inner wall oxygen flux was always 
lower than that to the outer wall. Over all there was an 
increase in oxygen flux due to wall motion along the 
inner wall. This increase was greater in the distal 
regions. However, the wall motion induced outer wall 
oxygen flux was higher in the proximal and medial 
regions and lower in the distal regions when compared 
to the flux distribution in the static model.  

The time-averaged non dimensional oxygen wall 
flux distribution is shown in Fig. 5. The flow pulsation 
led to a drop in the inner wall oxygen flux from the inlet 
to the outlet. When the wall motion was introduced the 
inner wall oxygen flux was more than that caused by the 
flow pulsatility. Moreover, the difference in fluxes 
increased with distance from the inlet due to an increase 
in the time-averaged inner wall oxygen flux. Along the 
outer wall the pulsatility of flow caused a sharp drop in 

oxygen flux in the proximal region followed by a 
gradual increase and decrease in the medial and distal 
regions. When the wall motion was included the outer 
wall oxygen flux closer to the inlet was also found to 
drop sharply. However, the increase in flux was greater 
in the medial region and the subsequent decrease in flux 
was sharper than in the static model. 

 

  
 
Figure 4: Temporal normalised oxygen flux to the inner 
and outer walls at 5 and 9 diameters in the LAD. 
 

 
 
Figure 5: Time-averaged normalised oxygen wall flux 
distribution along the outer and inner walls. 
 

The non dimensional LDL wall flux (KCw/KCo) at 
5D and 9D is plotted in Fig. 6. Neither the wall motion 
nor the flow pulsatility produced temporal variations in 
LDL wall flux. The flow pulsation caused higher LDL 
flux to the inner wall and lower flux to the outer wall. 
The wall motion caused a reduction in LDL flux to the 
inner wall and this reduction was more prominent in the 
distal regions. Along the outer wall the effects of wall 
motion were to decrease the LDL flux in the proximal 
and medial regions and to increase the LDL flux in the 
distal region.  
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Figure 6: Temporal normalised LDL flux to the inner 
and outer walls at 5 and 9 diameters in the LAD model. 
 

The time-averaged non dimensional LDL wall flux 
distribution is shown in Fig. 7. Both the wall motion and 
flow pulsation produced considerable spatial variations 
in the time-averaged LDL wall flux. The flow pulsation 
caused a continuous increase in LDL flux to the inner 
wall and a proximal increase in LDL flux to the outer 
wall followed by a constant LDL wall flux distribution 
in the rest of the regions. The inner wall LDL flux due 
to the wall motion was lower than that produced by the 
flow pulsatility and was actually found to decrease 
considerably after peaking in the medial region. Along 
the outer wall the LDL wall flux was lower in the 
proximal and medial regions and was found to steeply 
increase in the distal region to a value larger than that in 
the static model. 
 

 
 
Figure 7: Time-averaged normalised LDL flux 
distribution along the inner and outer walls of the LAD. 
 
Discussion 
 

The flow patterns reported in this study qualitatively 
agree with the findings of past studies in that they all 

demonstrate velocity skewing towards the outer wall of 
curvature and the appearance of secondary flow [5, 18]. 
This basic flow feature due to the vessel curvature was 
further altered by the pulsatility and the wall motion. 
Their relative role on secondary flow can be 
characterised by the non-dimensional Dean number (κ). 

 

Re
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R
dκ  (4) 

 
From the definition of the Dean number, it is clear 

that higher the flow rate or smaller the radius of 
curvature the higher the Dean vortices will be. 
Consequently, the magnitude of skewing and the 
strength of Dean vortices were found to increase with 
increasing curvature and flow rate. Because of the time 
dependency of wall motion and flow rate these patterns 
were found to change with respect to time. The flow 
patterns seen in this study are qualitatively comparable 
to that of Santamarina et al’s work which considered the 
effects of dynamic curvature on flow patterns [8]. 

Since the WSS is directly proportional to the 
gradient of velocity the WSS patterns predicted in the 
static model appeared to follow the trends of velocity 
distribution and are similar to those reported in other 
studies on pulsatile coronary artery flow [5, 18]. 
Consequently, the temporal WSS patterns demonstrated 
a clear dependence upon the flow rate curve and 
exhibited significant variations over the cardiac cycle. 
This trend was also noticed when the wall motion was 
introduced except in the central section where the vessel 
curvature was high suggesting that the effects of wall 
motion on temporal WSS patterns are only secondary to 
the pulsatile flow effects. These results also 
qualitatively agree with the findings of other dynamic 
model studies [19, 20]. 

The time dependent velocity skewing towards the 
outer wall of vessel curvature had caused steeper 
gradients along the outer wall when compared to the 
inner wall. Hence the outer and inner walls were 
subjected to high and low wall shear stresses 
respectively. Consequently, the time averaged outer 
WSS was larger than the inner WSS. The cumulative 
temporal variations in the WSS between the static and 
dynamic models were responsible for a higher peak and 
a subsequent steeper drop in the time-averaged outer 
WSS and a higher time-averaged inner WSS in the 
dynamic model when compared to the static model. 

The establishment of low flow, low WSS regions 
along the inner wall led to an overall elevation of LDL 
flux and a reduction in oxygen flux to the inner wall. In 
contrast, high axial flow and high WSS along the outer 
wall caused a reduction in LDL flux and an increase in 
oxygen flux to the outer wall. The higher the WSS the 
higher the convective transport of oxygen. Hence the 
oxygen flux to the outer wall was more than that to the 
inner wall. The opposite effects were noted for LDL 
transport because the degree of concentration 
polarisation is reduced where high flow and high WSS 
prevail [11]. As a result, the LDL accumulation was 
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 generally lower along the outer wall and higher along 
the inner wall. The diffusive transport of LDL and 
oxygen however, had little influence on mass transport 
because of their low diffusion coefficient. These results 
qualitatively agree with mass transport studies in curved 
arterial transport models [11, 18, 21]. 

It appears that both the flow pulsatility and the wall 
motion had only little effect on time dependent mass 
transport of LDL and oxygen. That is why neither the 
pulsatility nor the wall motion produced notable 
variations in oxygen and LDL fluxes over time. As a 
result, the time-averaged oxygen and LDL fluxes were 
only slightly different from their corresponding time 
dependent flux values. This less significant pulsatile 
effects on time-averaged mass transport patterns have 
also been reported by other studies [22-24]. Although 
the temporal mass transfer patterns in the dynamic 
models were not significantly affected by the wall 
motion, an overall change in the mass transfer patterns 
was evident. This change was also reflected in the time-
averaged mass transfer patterns.  

The mass transport patterns seemed to have been 
influenced by the time-averaged WSS distribution. In 
the proximal region, oxygen flux to the outer wall 
increased while that to the inner wall decreased in 
response to the increasing and decreasing WSS along 
the outer and inner walls respectively. Subsequent drop 
and increase in the outer and inner WSS prompted a 
reduction and enhancement of the time-averaged 
oxygen flux to the outer and inner walls in the medial to 
distal regions. 

The LDL flux to the outer wall first increased and 
then decreased in response to the increasing and 
decreasing time-averaged WSS. In contrast, along the 
inner wall the LDL flux increased and then decreased in 
line with the inner WSS changes. In fact, the outer wall 
flux of LDL was higher than that to the inner wall after 
about 9D from the inlet.  These results clearly suggest a 
strong dependence of LDL and oxygen transport on the 
time-averaged WSS distribution. 

The fact that the pulsatility did not alter mass 
transfer patterns and the wall motion caused notable 
changes in species flux suggests that the wall motion 
may indeed be important in determining the time-
averaged mass transport patterns. Such variations in 
species flux were only prominent in the medial and in 
the distal regions. This regional difference could have 
occured due to the specification of fixed inlet boundary 
condition. Nevertheless, our results indicate that the 
motion of coronary arteries alter the luminal mass 
transport patterns.  
 
Conclusion 
 

This study investigated the effects of idealised 
coronary artery motion on LDL and oxygen transport. 
As the transport mechanisms are different the LDL and 
oxygen transport were modelled with different wall 
boundary conditions. Our results predicted elevation of 
LDL flux, impaired oxygen flux and low WSS along the 

inner wall of curvature, a region susceptible to the 
formation of atherosclerosis. The temporal variations in 
flow and WSS patterns had little influence on species 
transport in the dynamic model and were secondary to 
the pulsatile flow effects. Nevertheless, the dynamic 
curvature did alter the time-averaged mass transfer in 
the medial and distal regions. Taken together, these 
results suggest that wall motion may play an important 
role in the coronary arterial transport processes. 
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