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Abstract 

Computational fluid dynamics (CFD) research tools have been 

widely used to investigate the complex hemodynamic 

behaviour at coronary bifurcations. To quantify the coronary 

flow distribution at the bifurcation, a scaling law is used to 

calculate flow rate distribution based on diameter ratio of the 

side branch (SB) and the distal main vessel. In this case, 

velocity is often used as the boundary condition at the outlets. 

However, velocity boundary condition often requires careful 

treatments of the arterial geometries at the outlets (e.g., extend 

the outlet, regulate imperfect cross-sectional shapes), which 

may increase computational demand significantly. Comparing 

to velocity, pressure is nearly constant across the cross section 

and does not depend on the shape of the cross section (assuming 

the boundary is at a certain distance away from the bifurcation). 

In this study, we investigate the implications of employing 

pressure boundary conditions at the outlets that would achieve 

identical flow rate distribution as depicted by the scaling law. 

Idealized bifurcation geometries with different bifurcation 

angles (BA) and SB diameters were created. The vessel 

diameters are chosen based on population mean values. In all 

cases, the cross-sectional pressure contour becomes uniform in 

the SB within 15 mm from the ostium, while velocity profile is 

not fully developed until approximately 40 mm from the 

ostium. This study aims to provide the essential pressure 

boundary conditions that mimic the physiological flow 

distributions for different coronary bifurcation configurations. 

Ultimately, these pressure boundary conditions would improve 

the accuracy of future patient-specific CFD studies. 

Introduction  

Coronary arterial bifurcations are prone to atherosclerosis 

development due to their relatively complicated geometry and 

haemodynamic environment. Percutaneous coronary 

interventions performed at bifurcation regions consist 15% - 

20% of the total number [1]. Computational fluid dynamics 

(CFD) research tools have been widely used to investigate the 

complex flow behaviour at the bifurcation. Coronary flow 

distributions into the main vessel and side branch(es) (SB) often 

depends on the myocardial demands downstream. A scaling law 

can be applied to determine the flow distribution to the SB and 

distal main vessel. Murray was the first to derive the theoretical 

scaling law between the flow rate and the diameter with the 

power of three (𝑄2/𝑄1 = (𝐷2/𝐷1)3, where the subscripts 2 and 

1 refers to the SB and the distal main vessel respectively), based 

on minimal energy consumption [2]. However, clinical research 

have shown that Murray’s law underestimates flow into SB [3]. 

van der Giessen et al. obtained the power number of 2.27, 

(𝑄2/𝑄1 = (𝐷2/𝐷1)2.27, by fitting clinical measurement of 21 

patients under various coronary diseases [3,4]. This scaling law 

is used by many current studies [4–7]. These studies applied 

velocity boundary condition to achieve the exact flow rate as 

depicted by the scaling law.  

Velocity boundary condition often requires careful treatments 

at the outlets such as using a parabolic velocity profile, merging 

the patient SB with circular cross-section, and extending the 

outlet to achieve fully developed flow. In patient specific 

coronary bifurcation reconstruction, cross section of the 

coronary artery is unlikely to be a perfect circle, and thus it 

becomes difficult to specify the exact velocity profile at the 

correspondent location. In other words, defining a velocity 

distribution as an outlet boundary condition may result 

unrealistic flow. This may be offset by extending the length of 

the coronary artery SB. However, such a methodology will 

significantly increase computational demand, as the length 

required for a fully developed laminar pipe flow is 

approximately 0.05Re·D, where Re is the Reynold’s number 

based on diameter D.  

Pressure boundary condition has several advantages over 

velocity boundary condition. Pressure is nearly constant across 

the cross section and it does not depend on the shape of the cross 

section, and thus it reduces the efforts to modify the imperfect 

outlet. Pressure usually reaches homogeneous condition at a 

much closer axial location than velocity, which means, 

potentially, pressure boundary can be applied in cases with 

much shorter vessel length distal to bifurcation. Therefore, by 

applying pressure boundary condition, computational demand 

could be decreased significantly, and cases with irregular vessel 

cross-sections is suitable for pressure boundary condition. In 

this study, pressure distribution is systematically investigated 

by varying the bifurcation angle (BA) and the SB diameter. The 

results obtained could be used as pressure boundary condition 

in studies of bifurcation simulations with similar geometry. 

Method 

In this study, the effects of various BAs and diameters of SB 

are investigated. As shown in Figure 1, the main vessel inlet 

diameter and the diameter of the distal main vessel are kept 

constant as 4.5 and 3.5 mm respectively. The diameter of the 

bifurcation has three settings: 3.5, 2.8 and 2.1 mm, and the BA 

values are 40°, 60°, 80° and 100°. Therefore, by parametric 

studying the three diameters and four degrees, a total of twelve 

cases are simulated. The vessel lengths of the distal main vessel 

and the SB are both 60 mm measured from the bifurcation 

centre to the distal ends.  

Blood flow is assumed to be steady, and the inlet boundary 

condition is fixed flow rate of (2.8 ml/s) for all cases [8], and 

the flow rate through the SB is calculated based on the scaling 

law, Q1/Q2 = (R1/R2)2.27 [4]. The outlet of the distal main vessel 

has a zero-pressure boundary condition. Blood is assumed to be 

Newtonian with dynamic viscosity 𝜇 = 3.3×10-3 Pa∙s, and 

density ρ = 1060 kg/m3. The mesh is generated in Pointwise 

(v. 18.0, Pointwise, Inc., Fort Worth, TX) using tetrahedral 

elements, and prism layers are generated at the near wall region 

to capture the high velocity gradient. The total number of cells 



in each case is approximately 2 million, a grid independence 

test is performed by quadrupling the cell number and the 

difference in velocity at the vessel centreline is less than 1%. 
CFD simulations are carried out by directly solving the 

incompressible Navier–Stokes equations using an open source 

CFD software OpenFOAM-2.1.1 (OpenCFD Ltd., ESI group, 

Bracknell, UK). 

 

 

Figure 1 Model geometry and boundary conditions 

 

Results and discussion 

The case of BA = 80° and D2 = 3.5 mm is used as a 

demonstration as this BA and diameter are population average 

values of the left main bifurcation [9,10]. Figure 2 shows the 

velocity and pressure profile changes distal to the bifurcation. 

Velocity and pressure are extracted at 5 mm intervals along the 

distal main vessel and the SB. From the inset in Figure 2, both 

velocity and pressure profile are skewed at 5 mm axial location 

distal to the bifurcation. However, the velocity distribution has 

not reached a fully developed condition until 35 mm to 40 mm, 

while the pressure is uniform at about 10 mm distal to 

bifurcation.  

 

 

Figure 2 Velocity and pressure profile plotted at different axial 

location. A zoom-in of the bifurcation region is shown in the inset. 

 

 

 

Figure 3 (A, B, C) Standard deviation/mean of velocity and pressure cross-sectional profile along the axial direction of the distal main and the SB. (D) 

The axial locations of velocity and pressure where standard deviation drops below 2%. 

Figure 3 shows standard deviation/mean of velocity and 

pressure cross-sectional profile along the axial direction of the 

distal main and the SB. The percentage is calculated by 

std(U′)/Umean × 100, where std() is standard deviation, and 

U′ is local velocity profile offset from the developed profile. 

Pressure standard deviation in percentage is calculated in the 

same method std(P′)/Pmean × 100. It shows the severity of 

fluctuation of the local profile compared to the developed 

profile, which indicates how fast the velocity and pressure 

develop. To clearly demonstrate the trend, only the cases of 

BA=80° and 100° are used. The other cases follow the same 



trend. For Figure 3A and Figure 3C, the diameters are kept 

constant while the BA decreases. The pressure standard 

deviation is relatively high at the near bifurcation region (5 to 

10 mm), especially in the SB (20%). As the BA decreases from 

80° to 60°, the pressure profile becomes more skewed at the 5 

mm location. On the contrary, the velocity is less sensitive to 

BA changes. As shown in Figure 3A to 3B, the pressure 

deviation further decreases as the SB diameter decreases while 

the BA decreases. The distance to acquire a fully developed 

velocity profile is significantly affected by the change of 

diameter in the SB. In the distal main vessel of Figure 3A and 

Figure 3B, at ~5 mm distal to the bifurcation, the velocity 

deviation drops from over 50% to 22%, but the distance to reach 

developed state is around 37 to 39 mm. While the velocity in 

the SB converges much faster as the diameter decreases. Figure 

3D summarises all the distances required in each case to 

achieve uniform pressure distribution and fully develop 

velocity profile (< 2% standard deviation/mean). Uniform 

pressure distribution is achieved within 15 mm length from the 

coronary bifurcation in all the cases. Therefore, to use the 

pressure boundary condition, a safe vessel length after 

bifurcation is longer than 15 mm.  

 

 

Figure 4 2D projected streamlines and velocity contours at coronary 

artery bifurcation for various SB diameters: (A) SB diameter = 3.5 mm; 

(B) 2.8 mm and (C) 2.1 mm. 

Figure 4 shows the streamlines at the bifurcation region of the 

cases BA=80° with different SB diameters. In Figure 4A, where 

the SB diameter is 3.5 mm which is equal to the distal main 

diameter. Recirculation bubbles are observed in both SB and 

the distal main vessel near the bifurcation. On the other hand, 

as the diameter of the SB decreases, the recirculation bubble 

firstly disappears in the distal main vessel. And with a further 

reduction in the SB diameter, the recirculation bubble also 

disappears in the SB. The cases with other BAs follow the same 

trend, with slight changes in the recirculation bubble size.  

 

 

Figure 5 The pressure difference between the distal main vessel and the 

SB at location of 15 mm distal to bifurcation centre. 

Figure 5 shows the pressure difference between the distal main 

vessel and the SB. To ensure the pressure has reached a uniform 

profile, the pressure values are taken at a safe distance of 15 

mm from the bifurcation centre. This information can be used 

to apply pressure boundary conditions for the outlets in similar 

geometries. The trend is clear in the figure that the pressure 

difference increases as the BA increases and it also increases as 

the SB diameter decreases (from 3.5 to 2.1 mm). The trend of 

every data set (same diameter, various BA) are similar to each 

other, but with a shift up in pressure difference. This implies 

that the diameter change causes the pressure difference shifting. 

Therefore, BA and SB diameter are independent variables of 

the pressure difference between the distal main vessel and the 

SB.  

 

Figure 6 Velocity distribution comparison of the cases with pressure 

boundary conditions and velocity boundary conditions. (A) Shortened 
vessels (15 mm) with a pressure boundary condition, the pressure at the 

SB outlet is set to be the pressure difference between the distal main 



vessel and the SB at 15 mm location distal to the bifurcation. (B) 

Original simulation with velocity boundary condition at the SB outlet.  

As shown in Figure 6, the pressure difference of the case 

BA=80°, D2=3.5 mm is used to set the boundary condition of 

the same geometry at the bifurcation but with a shorter vessel 

length (15 mm) to study the accuracy of the pressure boundary 

condition. The velocity distribution is shown in Figure 6A to 

compare to the original result in Figure 6B with a velocity 

boundary condition at the SB outlet. The velocity flow through 

the SB is 3.4% more in the pressure boundary condition case 

than the velocity condition case. Furthermore, based on the 

same mesh quality and computing resource, the computational 

time consumption in the pressure boundary case is only one 

fifth of the original velocity boundary condition case. 

Conclusions 

In this study, pressure is found to be more homogeneous than 

velocity, which requires shorter distance to develop. Larger 

BAs and thinner vessels decrease the distance needed for the 

pressure to become uniform. The pressure difference between 

the distal main vessel and the SB increases with thinner SBs 

and also with increasing BAs. In steady blood flow simulations 

with bifurcations, a proper pressure boundary condition with 15 

to 20mm of vessel length is sufficient to achieve accurate 

velocity distributions and to study the hemodynamic behaviour 

at the bifurcation region. In this setup, the cases with pressure 

boundary conditions can potentially save significant 

computational resources. 
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