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Abstract: Treating coronary bifurcation stenosis is still a challenging task. Existing procedures still display a relatively small rate of success. This paper aims to investigate numerically the effect of bifurcation lesions with different structures on the dynamics of blood flow and related temperature. The problem geometry is parametrically varied by changing the bifurcation angle and radius. A finite volume method is used to simulate the three-dimensional flow. The effects induced by the structure of the stenosis, the artery bifurcation angle and radius, and the inlet velocity of blood are discussed in terms of flow pattern, pressure distribution, and shear stress at the blood wall. The heat transfer from the solid tissue is also determined for different stenosis configurations. The present study has been conducted with the explicit intention to generate useful data for the development of methods curing the vascular stenosis with thermal ablation.
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1  Introduction

Cardiovascular disease induced by bifurcation lesions is one of leading causes of death in humans, which remains a significant challenge for its treatment due to a higher risk of restenosis [1]. Many lesions located on the blood vessel were induced by the combined effect of hemodynamics and physiologic process, which often affects the plaque and stenosis formation, such as a chronic disease of atherosclerosis [2]. The domains near branch points and the outer wall of bifurcation with low shear stress are often lesions appearances, such as aneurysms [3] and stenosis [4,5]. The local hemodynamic forces play a fundamental role in the lesion formation [6], which impacts the localization and progression of particle sedimentation and plaque formation [7]. The blood computational fluid dynamics is an essential tool to be used for investigating the formation mechanism of the plaque, which would be a benefit for better clinical outcomes [8,9].

In the past, there has been a variety of studies to investigate the impact of blood vessel bifurcation on blood fluid dynamics [10] and heat transfer. Chiastra et al. [11] have applied the computational fluid dynamics method to study the influence of the bifurcation angle on the coronary fractional flow, which indicates that the side-branch pressure drop becomes high for a larger bifurcation angle. Cutri et al. [12] have studied the drug delivery mechanism for different stenting techniques in coronary bifurcations through fluid dynamics simulation. Otero-Cacho et al. [13] have investigated the determination of hemodynamic risk for vascular disease in planar artery bifurcations through numerical simulation method and the experiments based on the microchannel. The results indicated that the low-velocity regions and low shear stress zones are located near bifurcations’ outer walls. The work from Hossain et al. [14] have focused on the external magnetic field’s impacts on the interaction between the flexible membrane wall and flowing nanofluid in a collapsible arterial network, where the stenosis structure was considered. Santabrata Chakravarty et al. [15] have investigated the dynamic response of heat and mass transfer to blood streaming through the arteries under stenotic conditions, while they have not considered the vessel bifurcation. Wang et al. [16] have found that fractal vascular trees have an important effect on tissue temperature and intracellular ice formation during the combined cryosurgery and hyperthermia for cancer therapy. In addition, Zheng et al. [17] have studied the thermal effects of bifurcation on the iceball morphology during cryosurgery. Recently, Zhang et al. [18] investigated the impact of a bifurcation structure on the heat transfer and temperature distribution of pulsatile blood flow.

The bifurcated artery with stenosis has a complicated structure, which would lead to more complex blood flow distribution, and induce the heterogeneous heat transfer surrounding bifurcation stenosis. As is well known, less investigation contributes to the effects of bifurcation stenosis on both the temperature response and blood flow pattern. In the present study, a parametric geometry model is introduced to construct a close-to-real arterial bifurcation with different bifurcation angle and radius. The three-dimensional flow dynamics and heat transfer simulation model is developed through the finite volume method. The discussion was then made on the effects of stenosis structure, artery bifurcation and the inlet velocity of the root artery on the blood flow pattern, pressure distribution and shear stress at the blood wall, respectively. In addition, the heat transfer from the solid tissue was also investigated for different stenosis structure.

2  Geometry and Mathematical Model

2.1 Geometric Model

The arterial bifurcation of the blood vessel, including the main vessel and two branch vessels, is determined by a parametric geometric model [19], which could characterize realistic configuration of arterial bifurcation. The different arterial bifurcation structures are given in Fig. 1.

[image: images]

Figure 1: Schematic of the bifurcated artery and computational field

The main vessel is considered with diameter D = 3.30 mm and length L = 13 mm, the left branch (LB) vessel length has L1 = 18 mm and right branch vessel diameter with length L2 = 18 mm, respectively. In addition, two branches of angles are set as α1 and α2, respectively. The lesion is cut with a circular scan of radius r [20]. The minimum diameter of the stenosis is noted by b, and the radius r is 0, 0.6 mm, 0.8 mm, and 1.0 mm, respectively. Thus, the minimum diameter b corresponds to 2.1 mm. 1.6 mm, 1.2 mm, and 0.8 mm, respectively. Six different models are created by changing the parameters, and each model corresponds to four other lesions, as shown in Tab. 1.

Table 1: Parameter example (unit: mm)
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2.2 Fluid Dynamics Simulation Method

In this paper, the commercial software of ANSYS-FLUENT was used to model the mass conservation, momentum conservation, and energy conservation equations of blood, described by


{∇⋅V=0ρV∇V−μ∇2V=0ρcV∇T−k∇2T=0
(1)

where ρ denotes the blood density, μ for its viscosity and k for the thermal conductivity. The blood is considered an incompressible viscous Newtonian fluid. The non-slip boundary condition is assumed at the blood wall, the aortic blood inlet flow rate is set as 0.2 m/s [20], and the outlet condition is given by mass outflow. For the temperature field, the inlet temperature is assumed as the constant as needed.

The unstructured mesh through ANSYS-ICEM is considered here, where the geometry models were established from software of Solidworks. The fluid dynamics of blood is set as a laminar type. The density of blood is set to 1050 kg/m3, and the viscosity of blood is 0.0035 Pa·s. The time-independent blood flow field is solved though using the SIMPLE algorithm, and the stable temperature field through the second-order upwind algorithm is obtained [17]. The mesh quality significantly affects the simulation results, while the excessively small mesh size would lead to high computing resources needed. All the test cases are carried out with the same computer configuration (CPU: E5-2650@2.3 GHz; Memory size: 64 GB). In order to verify the accuracy of CFD model, the comparison of the experiment results of Gijsen et al. [21] at Re = 270 with that from our simulation method is conducted, which indicates that our CFD model is accurately consistent with the experiment results as presented in Fig. 2. In order to further ensure the calculation accuracy and computational speed, local encryption is considered to meet the calculation accuracy of the lesion and the bifurcation, as shown in Fig. 3.
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Figure 2: Comparing axial velocity on a line segment at a root vessel (D = 8 mm) with experimental results of Gijsen et al. [21]
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Figure 3: Grid and boundary layer diagram

The grid independence results are shown in Tab. 2, which has indicated that the total number of meshes for each model is between 8 × 105 and 12 × 105, obtaining accurate numerical results (relative errors of blood velocity is smaller than 2%).

Table 2: The grid independence results
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The flow ratio is calculated by the following formula [22,23]:


Q1Q2=(D1D2)2.27
(2)

where Q1 and Q2 are the flow rates of the diseased bifurcation vessel and the main bifurcation vessels, respectively. For Model 1-3, the calculated flow distribution ratio is set as 35%: 65%. In order to further study the flow rate effects, other two flow ratios 30%: 70% and 40%: 60% are taken into accounts. The calculated flow rates for Models 4, 5 and 6 are set as 53%: 47%, 42.5%: 57.5% and 29%: 71%, respectively.

3  Results and Discussion

Fig. 4 shows the flow field contours of Model 1 at different flow ratios with varying sizes of stenosis. The blood has a high flow velocity at the center of the blood vessel. The blood velocity distribution of the two-branched vessels was mainly determined by the flow ratios and the vessel radius for the normal blood vessels. It is also noteworthy that the low blood velocity domains were found near the bifurcation wall [11]. When the stenosis occurs at the left branch (LB) vessel, the blood velocity at the lesion is significantly increased. When the stenosis degree increases, the blood flow velocity in the same section is more uneven, which may lead to the deposition of impurities on the wall surface and aggravate the disease.
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Figure 4: Flow rate contours of Model 1 with different flow distribution

As the minimum diameter b decreases, the maximum flow velocity of the blood increases. Taking Model 1 as an example, with a flow ratio of 35%:65%, the maximum flow rate of non-lesion blood is 0.36 m/s. However, when b is 0.8 mm, the maximum flow rate of blood reaches 1.46 m/s, which occurs at the lesion. Tab. 3 shows the blood flow rate at the center of the lesion. At the same flow ratio, the change in the bifurcation angle has less effect on the flow rate of the point. Model 2 (60o–30o) has a lower blood flow velocity at the central point of the lesion compared to Model 1 (45o–45o). The flow rate of Model 3 (60o–60o) is the largest among them.

Table 3: Blood flow rate at the center of the lesion
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The pressure drops Δp1 = p0–p1 is considered the difference between inlet pressure p0 and LB outlet pressure p1, while the pressure drops Δp2 = p0–p2 set as the difference between inlet pressure p0 and RB outlet pressure p2. Figs. 5a–5c) shows the pressure drop of Models-1~3 at three flow rates, respectively. Fig. 5d shows the pressure drop in different RB diameters of D2. The pressure drop Δp2 is independent of the stenosis diameter b, and the change of minimum b hardly affects the pressure drop at the LB outlet. However, the pressure drops Δp1 increases as b decreases. As shown in Fig. 4a, Model-1 with the flow ratio is 35%:65%, the pressure drop Δp1 reaches 0.88 mmHg for b=2.1 mm. When b=0.8 mm, the pressure difference between the two ends reaches 6.76 mmHg. As the diameter b decreases, the rate of pressure drop rise increases. As shown in Fig. 5b for Model-2 under the flow ratio of 35%:65%, the pressure drop Δp1 increases by 0.64 mmHg in the process of the diameter b decreasing from 1.6 mm to 1.2 mm; and Δp1 increases by 5.42 mmHg in the process of b reducing from 1.2 mm to 0.8 mm.
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Figure 5: The dependence of pressure drops on stenosis sizes in different models (a) Model-1, (b) Model-2 and (c) Model-3, and for different D2

Fig. 6 shows the relative intravascular pressure distribution of Models 1–3 at different b under a standard flow ratio of 35%:65%. Because of the diameter b reducing, the inlet pressure at lesion is higher. The outlet pressure at the lesion is lower so that the pressure at the near wall of the bifurcation is higher than that in the vicinity. It would increase with decreasing diameter b.

[image: images]

Figure 6: Pressure distribution for different blood flow ratio

Fig. 7 shows the wall shear stress (WSS) located at the bifurcation and the stenosis of the Model-1~3 under three kinds of flow rates. WSS at the bifurcation is small and does not change significantly with stenosis diameter b or bifurcation angle α1, α2. The maximum WSS at the bifurcation is 6.42 Pa. There was no significant difference in WSS among Models 1–3 under the same conditions. When diameter b = 0.8 mm and flow rate accounts for 30%, 35%, and 40%, the WSS at the diseased region is close to 80 Pa, 100 Pa, and 120 Pa, respectively. The WSS at stenosis of Model 2 and Model 3 is more significant than Model 1, while the WSS difference between Models 2 and 3 is small. In consequence, increasing angle α1 of LB will increase the wall shear stress.
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Figure 7: WSS located at the bifurcation and the stenosis for (a) Model-1, (b) WSS-2 and (c) Model-3; and the impact of D2 on WSS (d)

Fig. 7d shows the WSS in different D2 (Model 1, and Models 4–6) at bifurcation and lesion region. The WSS of the four models at the bifurcation almost keeps the same. The WSS of the lesion increases with the decrease of diameter b, and the smaller the diameter b, the faster WSS increases. At a standard flow ratio of 35%: 65%, when b = 1.2 mm, the WSS of Model 1 is 31.17 Pa, which has a rise of 16.79 Pa compared with b = 1.6 mm. When the minimum diameter of b = 0.8 mm, WSS increases by 68.36Pa compared to 1.2 mm. D2 variation has a significant impact on the WSS at the stenosis with the small diameter of b. For b = 0.8 mm, the WSS at stenosis is increased by 10.4Pa with D2 reducing from 3.10 mm to 2.77 mm.

Fig. 8 shows the contour of WSS in different D2 (Model 1, and Models 4–6) at standard flow rates. The WSS patterns have similar distribution for other models. However, WSS changes obviously at stenosis as the minimum diameter b decreases.
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Figure 8: Contour of WSS for different models

Based on the simulation results of the flow field, a series of heat flux is set at the vessel wall to study the blood temperature distribution due to the solid tissue impact. The initial blood temperature assumes as 37°C. The thermal conductivity of blood is set to 0.55 W/m•K [17]. Fig. 8 shows the steady temperature field of Model-1 (b = 2.1 mm and b = 1.2 mm), where the heat flux is set as 5000W/m2. The temperatures distribution located at sections denoted by A, B, C and D as shown in Fig. 9a are given. When the heat transfer between the vessel and solid tissue is considered, the blood temperature at the inlet is set as 37°C. As the blood flows, the temperature near the wall rises, and the temperature on both sides is higher than that on the inside. This is related to the difference in flow velocity. The inner side of the blood still maintains a higher flow velocity, while the outer side has a larger temperature gradient. The average temperature of the blood near the top of the branching vessel is lower than that below.
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Figure 9: The temperature contour of the blood vessel for (a) b = 2.1 mm and (b) b = 1.2 mm

The cross-section temperature contour shows that at the bifurcation, the temperature near the center barely changed, while the temperature around the two sides changed significantly. Due to the decrease of diameter, the flow concentrates and the flow rate increases accordingly. The change of temperature at the lesion is small. In addition, as the diameter returns to normal and the flow velocity is low at a position below the outlet of the lesion, the max temperature occurs at this position. In different lesion diameter b, the temperature rises linearly with the heating power. In the absence of lesions (b = 2.1 mm), both the max temperature and the outlet temperature are minimal. This is because the flow is relatively stable, and there is no slow-speed area like lesion happens. The LB outlet center temperature is shown in Fig. 9. When a lesion occurs, with the decrease of b, the max temperature decreases and the outlet temperature increases.

On the one hand, the decrease of b increases the flow velocity. It makes the flow at the outlet more uneven (see Fig. 10). When b = 1.6 mm, the max temperature is the highest due to its low flow rate area below the lesion. However, the high-velocity area of flow after the lesion is larger than other conditions, so the outlet temperature is smaller. When b = 0.8 mm, the maximum velocity increases so that the max temperature is small. Nevertheless, the area with a high flow rate is small and the blood velocity around it is low, so that heat is transferred to the blood vessels and the outlet temperature increased significantly. Besides, the smaller the lesion diameter b is, the less obvious the decrease of vascular max temperature is, and the more obvious the increase of outlet temperature.
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Figure 10: The maximum temperature of LB outlet center

4  Conclusions

In summary, a three-dimensional numerical simulation method was used to investigate the thermal effects of bifurcation stenosis on blood flow and temperature responses. We have investigated the blood velocity and pressure distribution and wall shear stress in arterial bifurcation and its effects on the heat transfer. The results indicated that the maximum wall shear stress was located on stenosis. The pressure distribution of two branch vessels was effectively remodeled by stenosis. In addition, heat transfer between blood with solid tissue was also affected by bifurcation stenosis due to the inhomogeneous distribution of blood velocity. This work may enhance the current understanding of the factors for determining the effects of bifurcation stenosis in the vascular network [24,25].
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