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Abstract  
Simulations of blood flow as a porous medium through an elbow artery have been 

investigated. The arteries have treated as a porous medium. The blood is represented as a 

Newtonian fluid. The blood is supplied with various geometries of arteries, which have 

different diameters. The no-slip boundary condition is applied for velocity components along 

the rigid arterial walls. Numerical simulations have presented the details of blood flow 

patterns and the local distribution of blood flow along the artery. The effects of permeability, 

with respect to the changes in the Reynolds number (Re = 0.1,1 and 5) as well for varying 

porosity levels has been discussed. The effect of blood vessel diameter on the resultant of 

distribution of velocity inside the vessel has been studied. Results are presented in the form of 

variations of velocity distributions and local variations of flow rates through the vessel 

dimensions. The numerical results of simulation are compared with the available data and a 

good agreement is found. The study shows to be potentially useful to evaluate the role of 

porosity and flow conditions when the body is subjected to diseases.  
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Introduction  
        Biomechanical engineering is an emerging multidisciplinary field that integrates 

engineering and medicine. It involves several academic disciplines and professional 

specialisations aiming to improve the quality of healthcare diagnosis and ways of treatment. 

It combines the design and problem-solving skills of engineering with medical and biological 

expertise. 

The study of the circulatory system under normal and pathological conditions is one of the 

most important elements in the field of biomechanical engineering.  Hemodynamic is one of 

the major and larger systems connecting several structures at different scales in the human 

body. It is, therefore, essential to develop tools that can successfully study the hemodynamic 

of  blood vessels, allowing to investigate the complications encountered in cardiovascular 

diseases, and extending this to the simulation of alternative surgical procedures estimating 

their clinical impact on the hemodynamic condition of the patient. Is a fact that contemporary 

numerical simulations are a good substitute for experimental studies, which are expensive 

and time-consuming. Consequently, its application has been widely used to uncover physical 

phenomena in many emerging fields of research. 

 

Many researchers are considered blood as a bio-fluid that can behave as Newtonian fluid 

when it flows through arteries of human body [1-3].  From the state of art, it seems to be 

appropriate to model blood as a Newtonian fluid when it flows in narrow arteries. Some 

researchers were dealt with the flow in narrow arteries as a biological porous flow (e.g. GUO 



[4] at 1980 s). where Some biological capillaries are examined as a porous media that is led 

to build a porous media model. 

 

The mathematical modelling was presented by Song et al. [5] to treat the blood flow in the 

narrow arteries as porous medium. They showed that the increase in the threshold 

significantly increases the frictional resistance. Others researchers have considered the porous 

media based energy equations to show the temperature distributions inside the body of tissue 

phantoms[6]. In general, a porous medium is a material volume that consists in a solid 

material with an interconnected void space that can be simply characterized via the volume 

fraction of voids immersed in the solid space [7-9]. Most  studies of the flow in porous media 

have used the Darcy law that can be define as a relationship between the velocity of flow to 

the pressure gradient across the porous medium according to mathematical modelling [10].  

In addition permeability is represented one of the porous medium’s parameters that is the 

measure of flow conductivity in the porous medium [11]. Tortuosity and curvature vessel are 

considered an important for the combination of the fluid and the porous medium which is 

represented the hindrance to flow diffusion imposed by local boundaries or local viscosity. 

Where tortuosity is considered an important when it is related to the medical applications [8]. 

In recent decades, CFD analysis is become a popular tool to analyse medical applications. 

[12, 13] have used porous media to model aneurysm coiling. An ideal geometry was applied 

by [14, 15] to calculate the properties of blood flow. In addition, a model is showed by      

[16-18] to implement porous medium representation on aneurysm diverting stent.  

A numerical analysis is presented by [19] to assess blood hemodynamic inside the unruptured 

aneurysm. They presented a model (coiled aneurysm) as a porous volume with porosity and 

permeability related to the coil size and compactness value to study the effect of endovascular 

embolization.  The results of this study demonstrated that smaller coil diameter can be led to 

less flow circulation within the aneurysm, in which it can be increased the chances of 

thrombosis compactness value. The CFD analysis will be introduced in this paper as a 

method to overcome the most limitations and difficulties of porous flow. To permit modelling 

of fluid flow such as blood flow through an elbow artery various useful features can be 

provided. The further analysis of the flow through an elbow vessel as a porous media is 

explored in this numerical test. The aim is to show how the characteristics of flow will take a 

location inside of curvature vessel after the blood flow has been released. The effect of the 

different diameter of geometry will also be studied. The numerical simulations of blood flow 

models are examined and compared with experimental data available in the literature. 
 

Numerical methodology  
 

The flow of blood has been described as a laminar flow, steady state, and 2D incompressible 

viscous blood, Newtonian fluid, and unidirectional flow.  The present set of simulations has 

been performed for different sizes of the blood vessels diameters (100-500µm). The length of 

the tube is assumed to be large enough compared to its diameter. The permeability of the 

porous medium has been assumed to vary with the radial direction of the vessel. The 

governing mass and momentum conservation equations for solving isothermal fluid flow 

inside the blood vessels are given by [20]: 
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Where 𝐷, 𝜌, 𝑡, 𝐯, 𝑃, 𝛕, 𝑆  represent the fluid parameters essential derivative, density, time, 

velocity vector, pressure of the fluid, shear stress and volumetric source term respectively. 

 

Meanwhile the flow of blood inside porous vessel region has been described by the Darcy– 

Brinkman equation as shown by Eq. (3). The source terms in Eq. (3) represent the viscous 

and the form drag interactions between the fluid and the walls. 
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Where μ is the dynamic viscosity  (𝑚2𝑠−1), ε is the porosity of the porous medium 

and 𝐾(𝑚−2), being the permeability. The axial velocity gradient is presented along the axis 

of symmetry. The arterial wall is considered as fixed.  
 

Numerical method  

 

The numerical modelling for the determination of distributions of hydrodynamics of blood 

flow inside vessel as a porous model has been described. This section discusses the numerical 

modelling aspect resulting according to the geometry.  The porous media-based bio-flow 

transfer model and the coupling with the Brinkman equation to obtain the hydrodynamics 

resultant distributions. 

 

All the simulations have been performed using FVM. Time step and grid size have been used 

until convergence is reached. The numerical simulations estimate the impact of the leading 

parameters such as   geometry, permeability, and porosity. 
 

To investigate the effect of vessel geometry on the blood flow, blood vessels with 90o bend 

was chosen. Figure (1) shows the two-dimensional vessel configurations and geometric 

parameters of the model. The boundary conditions and flow parameters used in the 

simulations were the same as described previously. A fine mesh setting is used for the 

domains. Aiming to a mesh independent study, a mesh with 2.1 million nodes with the 

maximum element size of 5x10-4 µm has been used (Figure (1)). The Convergence residuals 

criteria have set to 1 × 10-7 for all flow variables. 

 

 

 

 

                                        
 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 1: The geometry of vessel (90o) with mesh 

The geometries in this study consist of two domains: the vessel and blood flow. As has been 

pointed before, high accuracy is ensured by choosing a fine mesh discretization respecting the 

convergence criteria, which it will influence on the time required for each simulation. The 

influence of the spatial resolution of fluid elements on numerical results is presented in 

Figure (2). 

 

 
 

Figure 2: Velocity profiles of blood flow at different resolutions 

 

A set of physically reasonable assumptions have been considered through the numerical 

model as presented in the numerical methodology section.  In addition, it was also assumed 

that there is no variation of the properties during the process inside the vessel. The parameters 

of the simulation used in this work are presented in Table (1). It must be noted that the 

properties of permeability parameter are used according to Kozeny equation. (4). The  range 

of Reynolds number is 0.1–5 for blood flow through vessels according to  [21]. Finally the 

other numerical values involving parameters are used with the respect of physiological ranges 

referring to [22-24] 
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Porosity Density (kg/m3) Re Diameter of vessel (µm) kinematic viscosity (kg /m.s) 

0.5-1 1060 0.1-1-5 100-200-300-400-500 0.005 

Table1: Model parameters and dimension of vessels 



 

The porous media model has been used under the framework of the Finite Volume Method 

(FVM). This FVM-based model has been employed to handle the momentum across the 

porous blood vessel interfaces. A suitable discretization scheme that is capable to employ the 

flow in the porous and blood vessel domains has been used. 

 

A good grid arrangement between the grid clustering at the interfaces and the outer walls of 

the domain has recommended, meanwhile all physical variables were located at the cell 

centre locations of the control volume. This arrangement was showed to be suitable for 

problems involving interfaces between porous and fluid flow regions. The numerical model 

in the present work uses the different geometry which was reported by [25].  

 

The distribution of velocity profile has been shown for different locations inside the vessel. It 

is strongly dependent on the location which employed in the numerical model. 

 

For numerical computations, the length of the vessel at the upstream and downstream is taken 

to be too long to avoid any distortion at the beginning of the vessel and to keep the fully 

developed flow [26, 27]. 
 

 

Results and Discussion  

 

The numerical solutions are tested under physiological flow conditions. The results of blood 

flow simulation show when the steady state of flow is achieved. The effects of parameters 

such as permeability 𝐾 which depends on eq. (4), Reynolds number, porosity and bend region 

were tested to investigate the effect of variable vessel geometry and on the fluid flow. 

 

the process of flow can be controlled under some conditions. The steady flow of blood 

through a porous medium in a vessel, the condition of the wall as a non-slip condition and 

considering the blood flow as an incompressible fluid were tested. Also, the artery is 

represented as a bent tube in 2D.   

 

 Fig.1 shows the details of the geometry which represent the length of vessel with the 

diameter and fluid regions maintained at every case. This representation carries the 

benchmarking for the mass and momentum equations. The results of the blood flow and the 

porous have been compared with those in the available literature[28].  Uniform flow profiles 

have applied at the inlet of the physical domain and hydrodynamic conditions at the  outlet 

have been assumed.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Velocity distribution of blood flow for diameter 500 µm and constant permeability. (a) Porosity =0.5. 

(b) Porosity =1.  Variable Re (0.1, 1, 5). 

b 

Y (m) 

V(m/s) V(m/s) 

Y (m) 

Y (m) 

V(m/s) 

Y (m) 

V(m/s) 

Y (m) 

V(m/s) 

Y (m) 

V(m/s) 

a 



Flow characteristics when blood flows through vessels in porous medium consideration were 

studied. The velocity distribution of blood flow using two different values of the porosity 

factor in the cases of a constant permeability for three different values of Reynolds number is 

shown in Figures 2(a) and 2(b), respectively.  It is noted that in the case of constant 

permeability and the types of porosity, the velocity of blood flow increases as the porosity 

factor decreases. Moreover, it is shown from the figures that the magnitude of width of the 

plug flow region (flatness of the velocity profile) decreases as the porosity factor decreases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Velocity distribution of blood flow for diameter 100 µm different permeability. Variable porosity        

ε = 0.5,1.  Variable Re (0.1, 1, 5). 

 

 

 The variation of flow rate for different values of the permeability factor in the cases of 

constant porosity (ε =0.5, 1) is shown in Figure 3. In both the cases of porosity, the flow rate 

increases rapidly as diameter increases from100 to500 µm. It is also observed that the 

variation of pressure gradually increases as the diameter of the vessel increases in the cases of 

constant porosity (ε =0.5, 1). Furthermore, the pressure is increased when the porosity factor 

increases at constant diameter as is shown in Figures 4(a, b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4: Pressure distribution of blood flow for diameter 300 µm constant permeability. (a) ε =0.5. (b) ε =1.    

Variable Re (0.1, 1, 5). 

 

Figure 5 shows the velocity profiles at two different porosity values. Due to the curvature of 

the vessel, the velocity cannot be the same as in a straight tube. The maximum velocity will 

move towards the curvature axis. An increase in porosity will lead to decreases the velocity 

and it can move the maximum velocity away from the centre [28]. As it is pointed out in [29] 

the variation of flow velocity increases and accelerate towards the inner diameter of the bent 

part of the vessel in the cases of constant porosity (ε =0.5, 1). Furthermore, the Figure 5 

shows the magnitudes of streamwise velocities to be gradually higher with decrease of Re at 

bend near the inner diameter. For all Re cases, the numerical results did not predict a huge 

increase in velocity along the bend vessel due to the small values of Reynolds number. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Velocity contour in the tube bend at different Re(0.1,1,5) for two values of porosity (a=0.5, b= 1) at 

constant diameter =500 µm 

(a) (b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Comparison of velocity between simulation results and other researcher for values for Re=1 , at 

constant diameter =300 µm 

 

Figure 6 shows the comparison between the present numerical simulation results and the 

most reliable and available results in literature [28]. In case of Re = 1 and 𝐷 =300 µm, the 

maximum error is 47% for the peak velocity during the simulation, meanwhile the error over 

all the domain at steady state is 18%. Apparently, the comparison of the flow distribution in 

the vessel does not lead to large differences and it gives a good agreement. Despite have used 

a high order of convergence residuals of numerical scheme and fine grids, numerical errors 

can lead to affect the results 

 

 

 

Conclusions 
The study was tested and compared with the literature results for other standard cases. To 

study the response of the action of blood flow in vessels this study has been undertaken by 

varying the Reynolds number, the porosity of the vessel and permeability. The numerical 

simulations could be used as an indicator of how the blood flow velocity influenced in a bend 

vessel. In addition, the assumed penalty values such as different diameters used in the 

analysis discussed above can be more accurately estimated or calibrated by this study. 

Finally, the effect of the bend vessel on the blood flow has been examined. It was observed 

that the magnitude of velocity profile is change along the locations of the vessel. The 

numerical results also have a good agreement with other reference cases. This study also 

demonstrated that the hydrodynamic of velocity in a bend vessel can also be easily modelled 

using the developed numerical procedures. 
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