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It is crucial to simulate the physical processes of blood flow in functional medical materials in order to characterize their functional properties in different scenarios. In this paper, the microscopic obstruction model of blood coagulation by functional hemostatic materials with boundary growth factor is constructed by CFD for the first time. Moreover, the effects of different inlet pressures, temperatures and material shapes on the hemostatic properties of the materials were analyzed using blood flow rate and blockage time as metrics. The researches show that: as blood flows into the material, thrombus begins to form at the boundary and progresses toward the center; smaller inlet pressures promote thrombus growth; external temperature has little effect on thrombus growth; materials possessing smaller flow rates beneficial to thrombus growth; and the larger the cross-sectional area in the material’s flow channel, the faster blood coagulates. This study provides new ideas for characterizing the performance of functional hemostatic materials and the design of hemostatic materials in different application scenarios.
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1 INTRODUCTION
Porous functional materials have important applications in biomedical (Ksenofontova et al., 2014; Zheng et al., 2020; Hernandez and Woodrow, 2022), energy storage (Rashidi et al., 2017; Wu et al., 2020), chemical (Katsoulidis et al., 2019), construction (Rashidi et al., 2018; Shao et al., 2020) fields, and so on. In recent years, with the tremendous advances in biomedical engineering (Srinivasu et al., 2021), porous functional materials have been widely developed and utilized as bone repair materials (Dong et al., 2021), drug therapy (Carné-Sánchez et al., 2020), medical wound repair (Geesala et al., 2016), hemostatic materials (Yang et al., 2017; Liu et al., 2018; Yu and Zhong, 2021), and artificial tissues (Mi et al., 2015; Swanson and Ma, 2020). Therefore, research and development of functional and biocompatible porous medical materials are receiving increasing attention from experimental and theoretical perspectives. However, the medical performance of porous functional materials varies greatly due to different utilization scenarios, patient characteristics, environmental characteristics, etc. Hence, it is important to carry out accurate simulation and performance evaluation analysis of porous medical material functions.
Currently, the research on porous functional hemostatic materials is mainly from experimental (Marfin et al., 2017; Moghimi and Hunter, 2000) and molecular simulation perspectives (Dubbeldam and Snurr, 2007; Aminpour et al., 2019). In terms of experimental studies, many scholars mostly focus on the performance of functional materials in applied environments. For example, some scholars have analyzed the hemostatic properties of functional materials by adding blood to different functional hemostatic materials through in vitro coagulation tests and by testing the formation time of thrombus, the hardness of thrombus and the strength of thrombus (Song et al., 2014; Chen et al., 2019; Zhao et al., 2019; Wang et al., 2020b). Some scholars also applied biological surface traumatic bleeding experiments to verify the hemostatic performance of functional medical materials, by making the femoral artery of rats or rabbits severed or amputated causing hemorrhage, and applying different functional medical materials externally to record their clotting time and observe the crusting of wounds to judge the hemostatic effect and therapeutic effect of various functional materials (Chan et al., 2016; Gao et al., 2019; Koumentakou et al., 2020). The situation is more complicated for organ bleeding, considering the cytotoxicity, biocompatibility, and biodegradability of hemostatic materials. In addition, many scholars used a rat model of visceral injury and placed functional materials at the bleeding site to evaluate the superiority or inferiority of functional materials by observing the recipient’s vital signs and degradation rate (Pan et al., 2018; Deineka et al., 2021; He et al., 2022).
From the microstructural perspective of functional materials, current scholars have applied molecular simulation techniques based on the basic principles of physical chemistry, such as Newtonian mechanics and quantum mechanics, to simulate the molecular steric structure (Sousa et al., 2017), and biochemical reactions in specific applications (Yun et al., 2013). These molecular simulations can discern the effects of functional material microscopic factors on functional properties such as adsorption (Hassan et al., 2017), solubility (Franca et al., 2011; Tsereteli and Grafmüller, 2017), and drug delivery capacity (Eslami et al., 2016; Khezri et al., 2018) of functional medical materials. For example, Sousa et al. (Sousa et al., 2017) used quantum mechanical simulations to study the changes in oxidation properties of chitosan-like functional materials when modified by magnetic particles, leading to changes in the molecular structure of the functional materials. Wang et al. (Wang et al., 2020a) investigated the absorption and release properties of chitosan functional materials for drugs before and after modification by molecular simulation techniques to design better drug delivery systems and improve the solubility of insoluble drugs. Franca et al. (Franca et al., 2011) found that the solubility of the materials decreased with the increase of the degree of acetylation through molecular dynamics simulation of the structure of porous functional materials. Eslami et al. (Eslami et al., 2016) investigated the drug delivery capacity of drug carriers made of porous functional materials by molecular simulation technique.
In summary, experimental research can get practical results from the practical use of functional medical materials, and molecular simulation technology can focus on a certain characteristic of the material and qualitatively analyze it. Nevertheless, both experimental and molecular simulation studies are unable to represent the internal changes of materials from the perspective of physical processes, such as the coagulation process inside hemostatic materials in different physical environments. Since Computational Fluid Dynamics (CFD) can reflect changes in the fluid state from changes in the overall physical environment in which the fluid is located, some scholars in the medical field are currently studying the blood flow mechanism as well as the coagulation mechanism through CFD. For example, Hill et al. (Hill et al., 2022) used CFD to study the risk of thrombosis near ventricular valves; Sun et al. (Sun and Chaichana, 2010) used CFD to study the effect of renal stents on blood flow; And Zhao and Hao (Zhao et al., 2021) firstly proposed a CFD physical model of thrombus blockage inside hemostatic materials, which revealed the coagulation mechanism of the hemostatic materials from the perspective of blood flow. It can be seen that CFD plays a crucial role in blood research in the medical field, and clearly represents blood flow through physical state changes and can reflect the coagulation mechanism, which makes a necessary complement to the deficiencies in experimental and molecular simulation studies.
Therefore, this manuscript is inspired to propose boundary growth factors for the thrombus formation process of hemostatic materials from the coagulation mechanism based on the theory of porous media and the physical properties of blood as a non-Newtonian fluid, which is used to study the dynamic evolution process of thrombus formation in functional hemostatic materials. On this basis, construct the peripheral obstruction model of functional hemostatic materials by combining the adsorption factors of whole blood coagulation and functional hemostatic materials. In this way, this manuscript analyzes the effect of different physical environments, such as pressure, temperature, and material shape, on the coagulation effect, in order to provide the necessary theoretical basis for the design of hemostatic materials.
The rest of the paper is structured as follows: Section 2 focuses on modeling the functional hemostatic material model and describes the physical model of microscopic obstruction of functional hemostatic material based on boundary growth factors, as well as the governing equations required for the calculations; Section 3 describes the numerical modeling and simulation process; Section 4 mainly analyzes the coagulation mechanism of circular cross-section materials, as well as compares the similarities and differences in the coagulation process of materials with different pressures, temperatures and cross-section shapes; Section 5 summarizes the whole manuscript, discussing future developments and potential limitations of the model presented in this paper.
2 POROUS FUNCTIONAL MEDICAL MATERIAL
2.1 Physical model of functional medical material
Based on the actual application of the functional hemostatic material, this study proposes the different cross-sectional shapes, such as circular, triangular, and square, of the functional hemostatic structure. And due to the water absorption and swelling characteristics of the functional hemostatic material, the form of the dry and wet states varies greatly, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Changes in the form of functional hemostatic material.
In this paper, the actual area and length of a porous material in a fully expanded state are utilized to construct the physical model of multifunctional medical materials. Figure 2 shows the physical model of functional medical materials. The model in the figure will be used to simulate the process of blood penetration in functional medical materials. Among them, the circular cross-section material has a cross-sectional diameter of 10 mm, keeping the three shapes’ cross-sectional hydraulic diameter the same. The hydraulic diameter De expression is:
[image: image]
where f is the cross-sectional area of the flow channel; S is the wetted circumference of the flow channel. Moreover, due to Eq. (1), the edge length of the triangular section is 17.3 mm, the edge length of the square section is 10 mm, the length of the flow channel is 40 mm, and the center of the middle section shape of the three shapes of materials is point D.
[image: Figure 2]FIGURE 2 | Circular, triangular and square section functional medical material flow channel.
2.2 Governing equations
In this paper, the porous media theory will be used to model the penetration of blood in functional hemostatic materials. Blood can be considered an incompressible fluid with constant density. Therefore, the equation for the conservation of mass of the fluid in the flow of porous hemostatic material is (Zhao et al., 2021):
[image: image]
where v is the flow velocity, and t is the time.
The body temperature will influence the thermal physical properties of blood, and the energy conservation equation should be calculated in the hemostatic process. For the problem of heat transfer between fluids in porous media, the energy equations for heat transfer between porous stopping materials and fluids need to be studied separately. The energy equations for porous materials and fluids are respectively (Zhao et al., 2021):
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where δ is the porosity of the porous media. vz is the fluid axial flow velocity, and hsf is the heat transfer coefficient between the fluid and the material. Tf and Ts are the fluid and porous material temperatures, respectively. (ρcp)f and (ρcp)s are the heat capacities of the fluid and the porous material, respectively. λf and λs are the thermal conductivities of the fluid and the porous material, respectively.
In porous media, the equation for the conservation of momentum during fluid flow is (Zhao et al., 2021):
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where Si is the momentum source term in the direction of i (i = x, y, z), consisting of a viscous loss term due to viscous drag and an inertial loss term due to inertial drag. In this simulation study, the standard fluid momentum equation’s resistance source term is modified to characterize the microscopic blocking effect of thrombus formation on blood within the functional hemostatic material. In the hemostasis process, the resistance to blood is mainly from the axial direction and the resistance source term is simplified as:
[image: image]
Considering the influence of change in blood viscosity and structural properties of porous material, the velocity of blood penetration into the functional hemostatic material is maximum at the beginning and then decreases due to thrombus generation. The maximum Reynolds number reached in the flow is less than 10, the flow is laminar, and the fluid in the porous media is subject to almost zero inertial resistance, the pressure drop is proportional to the velocity. As show Darcy’s law show (Ergun et al., 1949):
[image: image]
In this study, only the axial resistance of the fluid in the functional material is considered, so the momentum equation of Eq. (5) is simplified according to Eq. (8): 
[image: image]
where μ is the dynamic viscosity of the fluid, and α is the permeability of the porous media. α characterizes the ability of a porous media to transport fluid and it depends on the viscous resistance of the fluid in the porous media, which is determined by the characteristics and size of the pore structure of the porous media, usually determined by experiment. For general porous media, α can be described using Ergon’s formula (Ergun et al., 1949):
[image: image]
where dp is the average diameter of the pores inside the material, the porosity δ describes the proportion of the pore volume inside the medium occupying the whole material volume, which is defined by:
[image: image]
In this study, blood is an incompressible non-Newtonian fluid which permeability is:
[image: image]
where n is the non-Newtonian fluid power law exponent, dimensionless. Due to the porous media filled with pores, in which the fluid flow distance cannot be considered as the distance between the two ends of the line, the fluid mass flow distance varies greatly. Therefore, the concept of tortuosity is introduced, which indicates the ratio of the actual distance of fluid flow in the porous media and the straight-line distance between the inlet and outlet ends. The tortuosity is given using Dhar Adhikari’s formula (Chen, 1999):
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Combining Eqs. 9–14 describes the effect of the dynamic coagulation process on the flow resistance term.
Blood is a complex multiphase fluid. When the blood flow in the blood vessel shear rate is greater than 100 s−1, the shear force τ of blood and shear rate γ satisfy Newton’s law of shear:
[image: image]
In the study of thrombosis in functional hemostatic materials, blood penetrates with a small shear rate, conforms to some properties of non-Newtonian fluids, and can be considered a non-Newtonian fluid. For non-Newtonian fluids, the fluid’s dynamic viscosity no longer conforms to Newton’s law of shear. It cannot be regarded as a constant, but rather as a power-law relationship with the shear rate within a certain range. After statistical fitting of experimental data, the dynamic viscosity of blood can be given by the following power-law model (Neofytou, 2004):
[image: image]
By substituting the power-law model into Newton’s shear law and considering the effect of temperature on the kinetic viscosity, a correction term is introduced to obtain the power-law expression for the kinetic viscosity of a non-Newtonian fluid:
[image: image]
where k is the consistency coefficient of the fluid; T0 is the reference temperature, which is 310 K in this study, and T is the actual temperature of the blood.
2.3 Porosity variation model based on multi-factors
During the coagulation process, the pore structure and material properties of functional hemostatic materials accelerate the aggregation of platelets in the pore channels, triggering the formation of thrombus obstruction in the tiny pores. With the action of thrombus adsorption factors of functional hemostatic materials, thrombus formation is unevenly distributed in the radial direction of the material. As blood penetrates, thrombus obstruction zones form and gradually develop from the boundaries. The overall pore volume gradually decreases, hindering blood penetration. Therefore, a boundary growth factor-based model of thrombus self-boundary formation development is proposed to characterize the microscopic hindrance process of thrombus growth in functional hemostatic materials, in which the power-law relationship between material porosity and blood permeation rate and infiltration time is:
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where a is the thrombus adsorption factor determined by the physical properties of the porous functional hemostatic material, characterizing the thrombus blockage rate of different materials. b is the fitting parameter of the thrombus formation rate and the percolation rate when blood flows through the material, dimensionless. c is the boundary growth factor of the thrombus, describing the development rate of the thrombus from the boundary, and r is the distance of each part of the porous material from the material x-y cross-sectional shape center. The initial porosity of the porous hemostatic material is δ0. Substituting Eqs 18, 19 into Eq. (9) provides the resistance effect on blood flow caused by changes in porosity during coagulation.
3 NUMERICAL MODEL AND SIMULATION PROCESS
This study uses the numerical simulation software Fluent to numerically calculate the process of thrombus development of blood-permeable functional hemostatic materials. The computational model uses the fully expanded porous material as shown in Figure 2. Figure 3 shows the x-y cross-sectional mesh of the three shape materials.
[image: Figure 3]FIGURE 3 | xy-plane calculation mesh (circle, triangle, square).
In the initial state, the functional hemostatic material is filled with air and blood penetrates into the porous material through the pressure inlet at the pressure of 12,000 Pa, while the thrombus starts to form and the outlet is the pressure outlet boundary condition with pressure of 0 Pa. The VOF multiphase flow model is used to distinguish blood from air, so the VOF stabilization method is turned on. The boundary condition of no-slip and impermeable is set at the wall of the calculation area. This simulation uses the laminar flow model for the viscous model and the physical velocity for the porous medium velocity format. The solution algorithm is the PISO algorithm with default under-relaxation factor, and the momentum is calculated with double precision in the second-order windward format.
Numerical simulations are preceded by verification of mesh independence to demonstrate that the results obtained from the simulations are independent of the mesh quality. In the study of this paper, the velocity and pressure distributions are calculated for each of the three shapes of functional materials using different numbers of meshes. Finalized with 73,000 cells for circular cross-section flow channels, 80,000 cells for triangular cross-section flow channels, and 60,000 cells for square cross-section flow channels.
4 SIMULATION RESULTS AND DISCUSSIONS
4.1 Analysis of the dynamic evolutionary process of blocking
In this study, the specific parameters used in the calculations are as follows (Zhao et al., 2019): ρ = 1,056 kg/m3, k = 0.01467 Pa∙sn, n = 0.7755, dp = 1.2 × 10−4 m, δ0 = 0.25, maintaining a constant temperature of T = 310 K, blood specific heat capacity cp = 850 J/(kg∙K), λf = 0.45 W/(m∙K). The values of a and b are different for functional hemostatic materials of different compositions. a = 8.0 × 10−4 m0.9∙s−1.1 and b = −0.1 were taken in this study. In this study, the transient calculation time steps were set to 0.1 s, and the number of iterations for each time step was 20.
The following analysis starts with an example of a material with a circular cross-section. Taking the y-z plane in the computational domain for research, Figure 4 shows the change in the volume fraction of blood and air for four moments, starting from the infiltration of blood into the functional hemostatic material and taking t = 0, 10, 20, 23.1 s. When the time is 0 s, the porous material is filled with air, and then the rate at which air is expelled decreases as blood penetrates. At t = 20 s, there is still a small amount of air at the exit of the porous material, at t = 23.1 s the air is completely expelled from the porous material and the blood completely fills the porous material.
[image: Figure 4]FIGURE 4 | Blood volume fraction distribution (t = 0, 10, 20, 23.1 s).
As infiltration proceeds, the thrombus within the material gradually increases, the volume of the material pores decreases, the blood flow velocity gradually decreases, and eventually the blood stops infiltrating at 73.6 s. The stopping time is similar to the results obtained from the literature experiments (Zhao et al., 2019). That is, the proposed model is feasible and accurate for predicting the dynamic performance of functional medical materials. Figure 5 shows the z-directional velocity distribution of the porous material’s inlet, middle, and outlet cross-sections six moments before the blood flow cut-off, selected as t = 67, 68, 69, 70, 71, and 73.6 s. From the figure, there is a boundary layer near the wall of the flow channel, the blood in the boundary layer maintains a high flow velocity, and 67 s when the porous material near the location of the boundary layer flow velocity first reached 6 × 10−5 m/s, and the blood per second process reached the porous material pore size dp half, that the flow cut-off, the thrombus completely blocked its location pores.
[image: Figure 5]FIGURE 5 | Flow velocity distribution of z-directional in a circular cross-section channel (t = 67, 68, 69, 70, 71, 73.6 s).
Figure 6 shows the porosity changes along the y-direction of the middle section of the functional hemostatic material, x = 0 mm, y = 0 (point D), 1, 2, 3, and 4 mm. The starting porosity at each location was 0.25. At the beginning of blood infiltration, the porosity at each site changed more slowly. With time increasing, the porosity change accelerated, and the further away from the central point, the porosity decreased rapidly. y = 4 mm location was completely blocked at 73.6 s, and the porosity decreased to 0. The porosity at point D in the center of the material was still around 0.09 at the cut-off point of the calculation. It can be found that during hemostasis, the thrombus formation is faster at the border than at the center, the thrombus gradually moves toward the center of the material as the blood penetrates, and thrombus formation accelerates with time.
[image: Figure 6]FIGURE 6 | Porosity variation in the center of the porous material (y = 0, 1, 2, 3, 4 mm).
4.2 Influence of inlet pressure
In order to investigate the effect of different inlet blood pressures on blood permeation, circular cross-section materials were selected for comparative analysis for the other working conditions with inlet pressures of 8,000 Pa and 16,000 Pa. Figure 7 shows the blood flow velocity at point D in the center of the porous hemostatic material at different inlet pressure. The change of flow velocity was fast at the initial moment, and the rate of change gradually leveled off as the infiltration proceeded. At 16,000 Pa, the blood flow velocity is the slowest and cuts off at 76.0 s, and the penetration cutoff time is 3.3% slower than that at an inlet pressure of 12,000 Pa. And at 8,000 Pa, the blood flow velocity was the fastest and was cut off at 69.4 s, and the penetration cutoff time was 5.7% faster than that at an inlet pressure of 12,000 Pa. It can be found that the blood inlet pressure has a greater influence on the blood permeation cut-off time, the lower the inlet pressure, the slower the flow velocity, which is favorable for thrombus adsorption, and the faster the cut-off time.
[image: Figure 7]FIGURE 7 | Flow velocity at point D with different inlet pressure.
4.3 Influence of temperature
Different utilization scenarios and environmental temperatures can impact the performance of porous hemostatic materials. Therefore, we further analyzed the effect of heat transfer characteristics of functional hemostatic materials on their performance. Different external temperatures affect the heat transfer between the blood and the functional hemostatic material, which in turn affects the viscosity of the blood. The higher the temperature of the blood, the lower its viscosity. The effect on the performance of porous functional hemostatic materials at different external ambient temperatures was obtained by calculating the energy conservation equation in the coagulation process. The inlet temperature of blood was set at 310 K. The wall temperatures of 280 K, 310 K, and 330 K were taken for comparative analysis. Figure 8 shows the blood flow velocity at point D in the center of the porous hemostatic material at different wall temperatures, with similar changes in flow velocity for the three temperature operating conditions. The highest flow velocity was observed at 330 K and the lowest at 280 K. The difference in flow velocity decreased for the three temperature conditions, and the final calculated cut-off times were similar, with the final cut-off times varying within 0.5 s. It can be found that temperature variations have little effect on the blood coagulation process.
[image: Figure 8]FIGURE 8 | Flow velocity at point D with different wall temperatures.
4.4 Influence of shape factor
The cut-off time for blood flow within the functional hemostatic material varies considerably between different cross-sectional shapes. Figure 9 shows the variation in flow velocity at point D in the center of the selected circular, triangular, and square cross-sectional flow channels. The variation of velocity at point D in the center of the three cross-sectional shapes remained the same, with the flow velocity of the circular channel being faster than that of the triangular and square channel at the initial moment. As infiltration proceeds, the rate of change of flow velocity gradually tends to level off, and the calculated cut-off time varies greatly. The average flow velocity of the triangular channel was the smallest, and its infiltration cut-off time is the shortest, 69.4 s, which 5.7% faster than that of the circular channel. The square channel was 71.2 s, which was 3.3% faster than that of the circular channel.
[image: Figure 9]FIGURE 9 | Flow velocity at point D in flow channels with different cross-sectional shapes.
Moreover, Figures 10, 11 show the z-directional flow velocity distributions for the inlet, middle, and outlet sections of the triangular and square cross-section flow channels at the six moments before the cut-off. The velocity trends in the triangular and square cross-sectional channels are similar to those in the circular channel, and there are boundary layers with high velocities. The flow velocity decreases fastest near the boundary layer, and the low flow velocity region develops towards the center of the material. Eventually, the blood flow path per second in most areas of the material decreases to half the calculated cut-off of the pore dp, blood infiltration is blocked. With Figures 9–11, it can be observed that changing the shape of the cross-section can change the rate of blood coagulation, with smaller flow favoring thrombus development.
[image: Figure 10]FIGURE 10 | Distribution of z-directional flow velocity of blood in the triangular cross-section channel (t = 63, 64, 65, 66, 67, 69.4 s).
[image: Figure 11]FIGURE 11 | Distribution of z-directional flow velocity of blood in the square cross-section channel (t = 65, 66, 67, 68, 69, 71.2 s).
To further consider the influence of material flow channel shape factors on blood infiltration and thrombus formation, the gradually expanding channel with an inlet cross-section diameter of 10 mm and an outlet cross-section diameter of 12 mm, and the gradually shrinking channel with an inlet cross-section diameter of 10 mm and an outlet cross-section diameter of 8 mm were selected for comparative analysis by keeping a circular cross-section. After verifying the independence of the mesh, Figure 12 shows the z-directional flow velocity trends in the center of the material in the circular channel, the gradually expanding channel, and the gradually shrinking channel. The z-directional flow velocities in the centers of the three remain similar, with the highest flow velocity in the center of the gradually expanding channel and the lowest in the center of the gradually shrinking channel at the beginning of blood infiltration, and the difference in z-directional flow velocities between the three decreases gradually as the flow proceeds. Between the three, the gradually expanding channel with the smallest average flow velocity at the outlet section has the shortest cut-off time of 71.6 s, which is 2.7% faster than the permeation cut-off time of the circular uniform flow channel, while the cut-off time of the gradually decreasing channel is 72.1 s, which is 2.0% faster than the permeation cut-off time of the circular uniform flow channel. By way of comparison, it can be seen that the outlet cross-section, whether enlarged or reduced, will accelerate coagulation during blood penetration.
[image: Figure 12]FIGURE 12 | Flow velocity at point D for different channels.
Figure 13 and Figure 14 show the z-directional flow velocity distributions for the inlet, middle, and outlet cross-sections of the gradually expanding and gradually shrinking channels, calculated for the six moments before the cut-off. For both the gradually expanding and gradually shrinking channels, the change in flow velocity in the small diameter section lags behind the large diameter section. The larger the diameter section, the faster the z-directional flow velocity decreases. The smaller the diameter section, the slower the z-directional flow velocity decreases. When the flow velocity is below 6 × 10−5 m/s in most areas within the material, the calculation is cut-off, and the blood stops flowing. Analysis reveals that, the larger the cross-sectional area in the material flow path, the faster the thrombus grows. By setting the cross-section shape change relationship rationally, it will improve the coagulation condition in blood permeation.
[image: Figure 13]FIGURE 13 | Distribution of z-directional flow velocity of blood in the gradually expanding channel (t = 65, 66, 67, 68, 69, 71.6 s).
[image: Figure 14]FIGURE 14 | Distribution of z-directional flow velocity of blood in the gradually shrinking channel (t = 66, 67, 68, 69, 70, 72.1 s).
5 CONCLUSIONS AND PROSPECTS
5.1 Conclusions
In this paper, based on the theory of porous media and non-Newtonian fluid properties, combined with experimental research, the study proposes for the first time a thrombus boundary growth factor in the process of blood coagulation, and constructs a physical model for the evolution of microscopic obstruction of thrombus boundary growth of blood in porous hemostatic materials. The dynamic evolution of the blood coagulation process in a circular cross-section hemostatic material has been analyzed by CFD, focusing on the comparison of the differences in the microscopic obstruction process of blood with different inlet pressures, external temperatures and shape factors. Provides theoretical support for the study on the variation of physical processes of blood coagulation in porous functional hemostatic materials. The specific findings of this manuscript study are as follows:
1. After the blood enters the functional hemostatic material, the thrombus starts to form from the boundary of the flow channel and gradually advances to the center of the material until most of the porous material is blocked by the thrombus, and the material porosity, permeability and blood flow velocity tend to be close to zero;
2. For different blood inlet pressure, smaller inlet pressure, favorable with thrombus adsorption and growth;
3. The higher the temperature the lower the blood viscosity, but the effect on the velocity of blood coagulation in functional hemostatic materials was minimal;
4. Among the functional hemostatic materials with different cross-sectional shapes, the lower the blood flow velocity, the more favorable the blood coagulation, and in the comparison of cross-sectional shapes with the same hydraulic radius, the triangular cross-section has the fastest cut-off time for blood flow;
5. Among the functional hemostatic materials with different flow channel shape factors, the blood coagulates faster in the cross section with larger area in the flow channel, and the reasonable arrangement of the flow channel shape of the functional hemostatic materials can coagulate blood faster.
5.2 Prospects
The research in this paper focuses on the effects of changes in external physical conditions and material shape on blood coagulation as blood flows through functional hemostatic materials. There are lacks of analysis of the effect of the physical properties of the material on blood coagulation and the possible biochemical reactions of the material with blood are not addressed. In future studies, the effects of material physical properties and biochemical reactions on blood coagulation in functional hemostatic materials should be considered.
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