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Abstract: Blood flow in micro-arterial networks exhibits complex non-Newtonian behavior due to the rheological 

properties of blood and the unequal distribution of red blood cells at vascular bifurcations. This study numerically 

investigates blood rheology and phase distribution using a Bingham plastic model combined with hematocrit-dependent 

viscosity and plasma-skimming effects.  In this study, the equations describing the flow of blood through the network 

of blood vessels have been solved in order to determine how mass, momentum, and hematocrit (the ratio of red blood 

cells to total blood) will distribute during steady state laminar flow. Both analytical and numerical results show that a 

central “plug-flow” region is developed; that there are non-linear relationships between the velocity of blood flow and 

shear rates at various locations within the vessel; and that the amount of hematocrit present in each of the two daughter 

vessels differs significantly from one another. The larger daughter vessel has a high concentration of red blood cells 

relative to its size, which increases its overall viscosity as well as it's ability to resist flow. Conversely, the smaller 

daughter vessel contains a low concentration of red blood cells and therefore has a lower viscosity than the larger 

vessel. Overall, the model accurately describes plasma skimming and illustrates a direct relationship between 

hematocrit levels and the rheological properties of blood throughout the microvascular system thereby illustrating 

potential implications for tissue perfusion. 

 

Keywords: Micro-arterial networks, Bingham plastic fluid, Blood rheology, Hematocrit transport, Plasma skimming, 
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I. INTRODUCTION 

 

The microcirculation is important for delivering oxygen, nutrients and removing waste from the body's tissues. In 

addition to factors such as vessel dimensions and red blood cell spatial distribution, the non-Newtonian viscoelastic 

behavior of blood at low-shear rates affects the fluid dynamics in micro-arterial networks. Specifically, the non-linear 

relationship between shear stress and strain rate that characterizes the behavior of blood results in both yield stress and 

dependence on hematocrit concentration. Furthermore, when red blood cells encounter each other at very low flow 

velocities, they may interact with one another rather than flowing freely through the vessel. These same effects cause 

an uneven division of red blood cells at branching points in microvascular networks (plasma skimming) which can 

create significant variations in both local hematocrit concentrations and corresponding local viscosity values. An 

overall understanding of these processes is crucial to predict the distribution of oxygen and nutrients throughout the 

microvasculature and potentially diagnose or monitor various pathologies including thrombosis, ischemic injury, 

diabetic vasculopathy and cardiovascular disease. While there have been numerous studies investigating blood flow in 

microvessels using a variety of theoretical and computational approaches, few if any address all three phenomena 

simultaneously. The current research seeks to develop a comprehensive mathematical/numerical approach to simulate 

blood flow in micro-vessel networks incorporating both the yield stress behavior described by the Bingham plastic 

constitutive relation, the hematocrit dependent viscosity relations describing the effects of hematocrit on the viscosity 

of whole blood, and plasma-skimming theory to describe how red blood cells distribute themselves across branches in a 

microvascular tree. Analytical solutions were found for the steady-state velocity profiles, wall shear stresses and 

hematocrit distributions in a cylindrical tube undergoing fully-developed flow. Numerical computations were also 

conducted to investigate both the velocity distributions and shear-rate distributions along with the hematocrit 

distributions and resulting changes in viscosity as functions of location in a bifurcating arterial network.  

 

Lee et al. (2016) developed a generalized plasma-skimming framework to describe the partitioning of red blood cells 

and suspended particles at microvascular bifurcations. Their study demonstrated that hematocrit distribution is strongly 

influenced by flow partitioning and vessel geometry. The authors showed that the unequal distribution of red blood 

cells between daughter vessels leads to significant variations in local viscosity and oxygen transport efficiency. Their 
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findings established an important theoretical basis for understanding phase separation phenomena in microcirculation 

and highlighted the necessity of incorporating plasma-skimming effects into numerical blood-flow models. Yang et al. 

(2017) further investigated the influence of fractional blood flow on plasma-skimming behavior in microvascular 

networks. Their results indicated that the daughter vessel receiving a larger proportion of the parent flow tends to 

acquire a greater concentration of red blood cells, whereas the smaller branch becomes relatively plasma-rich. The 

study emphasized that flow partitioning plays a dominant role in determining hematocrit distribution and demonstrated 

the nonlinear relationship between flow fraction and red blood cell concentration. These findings support the inclusion 

of plasma-skimming models in microvascular hemodynamic simulations. Fedosov et al. (2018) introduced advanced 

coarse-grained red blood cell models capable of accurately reproducing microscale blood-flow behavior while 

maintaining computational efficiency. Their work provided valuable insight into red blood cell deformation, 

aggregation, and transport in confined vessels. The study demonstrated that simplified cellular models can effectively 

capture the essential mechanics governing blood rheology and can be used to investigate large-scale microvascular 

networks. Balogh et al. (2018) numerically analyzed red blood cell partitioning at microvascular bifurcations and 

reported significant asymmetry in hematocrit distribution among daughter branches. The authors showed that 

bifurcation geometry and flow-rate ratios strongly influence red blood cell transport. Their results confirmed the 

existence of plasma-skimming effects and demonstrated that hematocrit partitioning substantially alters local 

hemodynamic conditions, including viscosity and flow resistance. Wu et al. (2018) proposed a nonlinear suspension 

model for blood flow that accounts for the complex interactions between plasma and suspended blood cells. Their study 

demonstrated that blood exhibits strong non-Newtonian characteristics that cannot be adequately represented by 

classical Newtonian models. The authors showed that hematocrit concentration and shear-rate variations significantly 

affect viscosity and flow behavior, reinforcing the need for advanced rheological formulations in microcirculatory 

studies. Shen et al. (2019) investigated the dynamics of red blood cells within microvascular networks and highlighted 

the importance of cell deformability and hydrodynamic interactions. Their results revealed that red blood cell migration 

contributes significantly to the formation of cell-free layers and influences hematocrit distribution throughout the 

network. The study improved understanding of the mechanisms governing blood transport in confined microvascular 

environments. Yeom et al. (2019) numerically examined hematocrit distribution in microvascular bifurcations and 

demonstrated that vessel diameter ratios and flow partitioning strongly influence red blood cell concentration in 

daughter vessels. Their simulations revealed significant hematocrit heterogeneity downstream of bifurcations and 

confirmed that plasma-skimming effects become increasingly important in smaller vessels. These findings provide 

further evidence of the strong coupling between blood rheology and hematocrit transport. Katanov et al. (2020) 

performed computational simulations of red blood cell transport in complex microvascular networks. Their study 

showed that hematocrit distribution is governed by a combination of bifurcation geometry, flow rates, and cellular 

interactions. The authors demonstrated that heterogeneous red blood cell partitioning significantly influences 

microvascular resistance and tissue perfusion, highlighting the importance of realistic network-based modeling 

approaches. Liu et al. (2020) investigated the transport and partitioning of cellular blood-borne particles through 

microvascular bifurcations. Their findings indicated that suspended particles follow distribution patterns similar to red 

blood cells and are strongly affected by local hematocrit variations. The study emphasized the role of phase separation 

mechanisms in controlling the transport of biological and therapeutic particles within the microcirculation. Fedosov and 

Gompper (2021) provided a comprehensive analysis of blood rheology and microcirculatory transport phenomena. 

They discussed the fundamental mechanisms responsible for non-Newtonian blood behavior, including red blood cell 

aggregation, deformation, migration, and plasma-skimming effects. Their work highlighted how microscale cellular 

processes collectively influence macroscopic hemodynamic characteristics such as viscosity, shear stress, and vascular 

resistance. Vahidkhah et al. (2021) developed microscale computational models to investigate blood flow and cellular 

transport in vascular networks. Their simulations demonstrated that red blood cell migration and phase separation play 

critical roles in determining local hematocrit and oxygen delivery. The authors emphasized that accurate prediction of 

microvascular transport requires simultaneous consideration of fluid mechanics and cellular interactions. Fedosov and 

Gompper (2022) extended previous investigations by examining the biomedical implications of blood rheology. They 

highlighted the significance of hematocrit-dependent viscosity, red blood cell mechanics, and phase separation in 

various physiological and pathological conditions. Their review emphasized that realistic modeling of blood flow must 

account for the complex rheological behavior arising from cellular interactions within the circulation. Wu et al. (2022) 

numerically investigated hematocrit-dependent blood rheology in microcirculation and demonstrated that viscosity 

increases nonlinearly with hematocrit concentration. Their results showed that changes in red blood cell concentration 

can significantly alter wall shear stress, velocity profiles, and flow resistance. The study confirmed the importance of 

incorporating hematocrit-dependent viscosity models into computational hemodynamic analyses. Kim et al. (2023) 

examined non-Newtonian blood flow in branched microvessels using computational techniques. Their findings 

demonstrated the formation of plug-flow regions and significant variations in wall shear stress caused by non-

Newtonian effects. The study showed that vessel branching and rheological properties collectively influence flow 

distribution and pressure losses within microvascular systems. Zhang et al. (2023) investigated red blood cell migration 
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in microvascular bifurcations and reported that cell deformability and hydrodynamic interactions strongly affect 

hematocrit partitioning. Their simulations revealed the formation of red blood cell-rich and plasma-rich streams 

downstream of bifurcations, providing additional evidence for the plasma-skimming phenomenon and its influence on 

blood rheology. Connes and Nader (2025) reviewed key rheological parameters governing blood flow and discussed 

their physiological significance. The authors emphasized that hematocrit, plasma viscosity, red blood cell 

deformability, and aggregation are major determinants of blood rheology. Their work highlighted the close relationship 

between rheological properties and microvascular function, particularly in disease states associated with impaired 

circulation. Elhanafy et al. (2025) numerically studied red blood cell migration and distribution in microvascular 

bifurcations. Their simulations demonstrated that bifurcation geometry significantly influences hematocrit partitioning 

and red blood cell transport. The study confirmed that plasma-skimming effects produce substantial differences in 

hematocrit concentration between daughter vessels and strongly affect local viscosity and wall shear stress 

distributions. Laha et al. (2025) investigated phase separation in blood suspensions flowing through microstructured 

environments. Their results revealed the development of red blood cell-rich cores surrounded by plasma-rich regions, 

leading to heterogeneous phase distributions. The authors demonstrated that hematocrit concentration and flow 

conditions strongly influence phase separation intensity and microvascular transport behavior. Medvedev et al. (2025) 

developed a two-phase core–plasma model for blood flow in microvascular networks. Their work successfully captured 

the coexistence of a concentrated red blood cell core and a surrounding plasma layer. The model provided detailed 

predictions of hematocrit distribution, viscosity variation, and flow resistance, demonstrating the importance of 

multiphase approaches in microcirculatory simulations. Sierpe et al. (2025) introduced physics-informed neural 

network techniques for modeling hematocrit-dependent blood rheology in vascular systems. Their approach combined 

machine-learning methods with governing physical equations to predict velocity, pressure, and hematocrit distributions. 

The study demonstrated that data-driven computational techniques can accurately reproduce complex rheological 

phenomena while reducing computational costs. 

 

II. MATHEMATICAL FORMULATION 

 

2.1. Physical Model: Consider a two-dimensional micro-arterial network consisting of a parent arteriole branching into 

daughter vessels. 

Assumptions: 

(i) Blood is incompressible.  

(ii) Laminar steady flow.  

(iii) Bingham plastic behavior.  

(iv) Vessel walls are rigid.  

(v) Hematocrit-dependent viscosity.  

(vi) Plasma skimming occurs at bifurcations.  

(vii) Body forces are neglected.  

 

Geometry 

 

Let 

(i) Parent vessel radius = 𝑅0 

(ii) Daughter vessel radii = 𝑅1, 𝑅2  

(iii) Vessel lengths = 𝐿0, 𝐿1, 𝐿2 

 

 2.2. Governing Equations: 

Continuity 

 

∇. 𝒖 = 0            (1) 

 

Where 

 

𝒖 = (𝑢, 𝑣)            (2) 

 

Momentum Equation 

 

𝝆(𝒖. ∇)𝒖 = −∇𝑝 + ∇. 𝑟           (3) 

 

For microcirculation:  
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𝑅𝑒 ≪ 1             (4) 

Thus 

 

−∇𝑝 + ∇. 𝑟 = 0            (5) 

 

2.3. Bingham Plastic Constitutive Model:  The shear stress is 

 

𝜏 = 𝜏𝑦 + 𝜇𝑝𝛾̇  for 𝜏 > 𝜏𝑦          (6) 

 

And 𝛾̇   for 𝜏 < 𝜏𝑦          (7) 

 

where 

𝜏𝑦 = yield stress  

𝜇𝑝 = plastic viscosity  

𝛾̇ = shear rate  
 

2.4. Hematocrit-Dependent Rheology: The apparent viscosity is modeled as 
 

𝜇(𝐻) = 𝜇𝑝(1 + 𝛼𝐻 + 𝛽𝐻2)          (8) 
 

where 

𝐻= local hematocrit  

𝛼, 𝛽 are empirical constants  

Typical values: 𝛼 = 4.5, 𝛽 = 8         (9) 

 

2.5. Hematocrit Transport 

Red blood cell transport: 
 
𝜕𝐻

𝜕𝑡
+ 𝑢. ∇𝐻 = 𝐷ℎ∇2𝐻           (10) 

 

For steady flow 

 

𝑢. ∇𝐻 = 𝐷ℎ∇2𝐻            (11) 

 

2.6. Phase Separation at Bifurcation Plasma skimming model: 

 

𝐻𝑖 = 𝐻𝑝 (
𝑄𝑖

𝑄𝑝
)

𝑚

            (12) 

 

where 

𝐻𝑝 = parent hematocrit  

𝑄𝑖  = daughter flow rate  

𝑚 = phase separation parameter  

Typically 𝑚 = 0.25 − 0.45 

 

III. ANALYTICAL SOLUTION 

 

Fully Developed Flow in Parent Vessel 
 

For axisymmetric flow: 
1

𝑟

𝑑

𝑑𝑟
(𝑟𝜏𝑟𝑧) = −

𝑑𝑝

𝑑𝑧
          (13) 

 

Let 𝐺 = −
𝑑𝑝

𝑑𝑧
  

 

Then 

 

𝜏𝑟𝑧 =
𝐺𝑟

2
            (14) 
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(i)Plug Radius 

At yielding: 𝜏𝑟𝑧 = 𝜏𝑦 

 

Thus 𝑟𝑝 =
2𝜏𝑦

𝐺
           (15) 

 

(ii) Velocity Profile 

 

For 𝑟𝑝 < 𝑟 < 𝑅 

 

𝑢(𝑟) =
𝐺

4𝜇(𝐻)
(𝑅2 − 𝑟2) −

𝜏𝑦

𝜇(𝐻)
(𝑅 − 𝑟)         (16) 

 

(iii)For plug region 

 

0 < 𝑟 < 𝑟𝑝 and 𝑢 = 𝑢𝑝 

 

with 

𝑢𝑝 =
𝐺

4𝜇(𝐻)
(𝑅2 − 𝑟𝑝

2) −
𝜏𝑦

𝜇(𝐻)
(𝑅 − 𝑟𝑝)         (17) 

  

(iv) Volumetric Flow Rate: 

 

𝑄 = 2𝜋 [∫ 𝑢𝑝𝑟 𝑑𝑟 + ∫ 𝑢(𝑟)𝑟𝑑𝑟
𝑅

𝑟𝑝

𝑟𝑝

0
]         (18) 

 

After integration: 

 

𝑄 =
𝜋𝐺𝑅4

8𝜇(𝐻)
[1 −

4

3
𝐵 +

1

3
𝐵4]          (19) 

 

Where 

 

𝐵 =
𝑟𝑝

𝑅
             (20) 

 

𝐵  is the Bingham number ratio. 

 

IV. NUMERICAL CASE STUDY 

 

Table 5.1. Blood Properties 

Parameter Value 

Density (𝜌) 1060 kg/m³ 

Plastic viscosity (𝜇𝑝) 0.0035 Pa·s 

Yield stress  (𝜏𝑦) 0.01 Pa 

Parent hematocrit 0.45 

RBC diffusivity 10−10  m²/s 

 

 

 

 

 

 

 

 

 

 

Given 𝑅0 = 100 𝜇𝑚 = 1.0 × 10−4 𝑚, 𝑅1 = 70 𝜇, 𝑅2 = 50 𝜇𝑚, 𝜇𝑝 = 0.0035 𝑃𝑎. 𝑠 

Table 5.2. Geometrical Parameters 

Quantity Value 

Parent radius 100 μm 

Daughter radius 1 70 μm 

Daughter radius 2 50 μm 

Parent length 2 mm 

Daughter length 1 mm 
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, 𝜏𝑦 = 0.01 𝑃𝑎, 𝐻𝑝 = 0.45, 𝛼 = 4.5, 𝛽 = 8  

For steady micro-flow: −∇𝑝 + ∇. 𝑟 = 0 

For fully developed vessel flow: 𝜏(𝑟) =
𝐺𝑟

2
 

Where 𝐺 = −
𝑑𝑝

𝑑𝑧
 

Assume 𝐺 = 500 𝑃𝑎/𝑚 

At wall: 𝜏𝑤 =
𝐺𝑟

2
=

500(1.0×10−4)

2
= 0.025 𝑃𝑎 

Since 𝜏𝑤 > 𝜏𝑦 flow occurs. 

𝑟𝑝 =
2𝜏𝑤

𝐺
= 40 𝜇𝑚  

Thus, 𝐵 =
𝑟𝑝

𝑅0
=

40

100
= 0.40 

Viscosity depends on hematocrit: 

𝜇(𝐻) = 𝜇𝑝(1 + 𝛼𝐻 + 𝛽𝐻2)  

For parent vessel:𝐻 = 0.45,  

 𝜇(0.45) = 𝜇𝑝(1 + 𝛼𝐻 + 𝛽𝐻2) = 0.01626 𝑃𝑎. 𝑠  

For yielded region: 𝑢(𝑟) =
𝐺

4𝜇(𝐻)
(𝑅2 − 𝑟2) −

𝜏𝑦

𝜇(𝐻)
(𝑅 − 𝑟) 

At wall: 𝑟 = 𝑅, 𝑢 = 0 

At plug boundary: 𝑟 = 𝑟𝑝 = 4.0 × 10−5𝑚 

𝑢𝑝 = 2.77 × 10−5 𝑚/𝑠  

So maximum plug velocity is: 𝑢𝑚𝑎𝑥 = 2.77 × 10−5 𝑚/𝑠  

 

For Bingham flow: 𝛾̇ =
𝜏−𝜏𝑦

𝜇
 

At wall: 𝛾̇𝑤 =
𝜏𝑤−𝜏𝑦

𝜇
= 0.922 𝑠−1 

At plug region: 𝑟 < 𝑟𝑝 , 𝛾̇ = 0  

For Bingham flow: 𝑄 =
𝜋𝐺𝑅4

8𝜇(𝐻)
[1 −

4

3
𝐵 +

1

3
𝐵4] = 1.207 × 10−12(0.4755) 

𝑄𝑝 = 5.74 × 10−13 𝑚3/𝑠  

Assume flow split: 𝑄1 = 0.62 𝑄𝑝 , 𝑄2 = 0.38 𝑄𝑝 

𝑄1 = 3.56 × 10−13𝑚3/𝑠, 𝑄2 = 2.18 × 10−13𝑚3/𝑠  

Use: 𝐻𝑖 = 𝐻𝑝 (
𝑄𝑖

𝑄𝑝
)

𝑚

 

Take: 𝑚 = −0.25 

For daughter vessel 1: 𝐻1 = 0.45(0.62)−0.25 = 0.507 

For daughter vessel 2: 𝐻2 = 0.45(0.38)0.25 = 0.353 

For daughter vessel 1: 𝜇1 = 0.01868 𝑃𝑎. 𝑠 

For daughter vessel 2: 𝜇2 = 0.01255 𝑃𝑎. 𝑠 

The steady transport equation is: 𝑢. ∇𝐻 = 𝐷ℎ∇2𝐻 
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Finite difference form:  

𝑢
𝐻𝑖+1,𝑗−𝐻𝑖−1,𝑗

2∆𝑥
+ 𝑣

𝐻𝑖,𝑗+1−𝐻𝑖,𝑗−1

2∆𝑦
= 𝐷ℎ [

𝐻𝑖+1,𝑗−2𝐻𝑖,𝑗+𝐻𝑖−1,𝑗

∆𝑥2 +
𝐻𝑖,𝑗+1−2𝐻𝑖,𝑗+𝐻𝑖,𝑗−1

∆𝑦2 ]  

Boundary condition at inlet: 𝐻 = 0.45 

At daughter outlets: 𝐻1 = 0.51, 𝐻2 = 0.35 

At iteration 𝑘: 𝑢𝑘, 𝑝𝑘 → 𝛾̇𝑘 → 𝜇𝑘+1 → 𝐻𝑘+1 

Convergence criterion: 
|𝑄𝑘+1−𝑄𝑘|

𝑄𝑘  

Stop when: 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 < 10−6 

Table 3:Iteration Table 

Iteration 𝑯𝟏 𝑯𝟐 𝝁𝟏 𝑷𝒂. 𝒔 𝝁𝟐 𝑷𝒂. 𝒔 Residual 

1 0.49 0.37 0.018 0.0129 2.1 × 10−3 

2 0.503 0.358 0.0185 0.0126 4.8 × 10−4 

3 0.507 0.353 0.0187 0.0125 7.2 × 10−5 

4 0.507 0.353 0.0187 0.0125 8.9 × 10−6 

5 0.507 0.353 0.0187 0.0125 6.3 × 10−7 

Since: 6.3 × 10−7 < 10−6. The solution is converged. 

 

Table 4: Final Computed Results 

Quantity Value 

Parent wall shear stress 0.025 𝑃𝑎 

Plug radius 40𝜇𝑚 

Plug ratio 0.40 

Parent viscosity 0.01626 Pa. s 

Maximum velocity 2.77 × 10−5 𝑚/𝑠 

Wall shear rate 0.922 𝑠−1 

Parent flow rate 5.74 × 10−13 𝑚3/𝑠 

Daughter 1 hematocrit 0.507 

Daughter 2 hematocrit 0.353 

Daughter 1 viscosity 0.01868 Pa. s 

Daughter 2 viscosity 0.01255 Pa. s 

 

V. RESULTS AND DISCUSSION 
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Figure 1 illustrates the axial velocity distribution of Bingham plastic blood flow across the radius of the parent micro-

vessel. The horizontal portion of the curve from the vessel center to approximately 40 μm represents the plug-flow 

region, where the shear stress is lower than the yield stress and the fluid moves as a rigid plug with a constant 

maximum velocity of about 27.7 μm/s. The vertical dashed line marks the plug boundary (𝑟𝑝 = 40 𝜇𝑚), which 
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separates the unyielded core from the yielded region. Beginning with the point where shear stress exceeds yield stress, 

the fluid deforms and the velocity decreases to zero towards the vessel wall. The non-linearly decreasing velocity 

profiles as shown in the yielded zone are indicative of a Bingham Plastic fluid. As expected for such fluids, there exists 

both an inner plug-core (where the velocity is constant) and outer shearing layer (where the velocity varies). A 

comparison between these two figures illustrates how a high yield stress will increase the size of the plug zone and 

reduce the velocity gradient across the center-line of the channel. 

 

Shear-rate distribution across radius for blood flow with Bingham plastic fluid the shear-rate distribution throughout the 

radius of the parent vessel for Bingham plastic fluid is presented in figure 2. From the center of the vessel outwards to 

the boundary of the plug at 𝑟𝑝 = 40 𝜇𝑚, there are no shear-rates. As a result, there exists a non-deformable plug-flow 

zone throughout this area; in other words, the fluid's shear-stress values remain less than its yield-stress values and 

therefore move as a solid body. The dashed vertical line represents the boundary of the plug and indicates the 

separation of the undeformable plug flow core from the surrounding sheared region. At this point onward, the shear 

rates will continue to increase linearly with radial distance until they reach their highest value at the vessel walls of 

about 0.92 𝑠−1. There is a reason why this happens. It is due to increased shear stresses in localized areas which exceed 

the yield stresses of the fluid. Therefore, deformation occurs and fluid flow results. In addition, the existence of the 

plug-zone creates lower velocity gradients near the centerline of the vessels and has a significant effect on the 

rheological characteristics of blood flowing through small vessels. 

 

The example illustrated by figure (3) shows the increase of shear stress with distance from the centreline of the parent 

vessel and the relationship of this shear stress with the yield stress of the Bingham plastic blood model. Shear stress 

increases linearly from zero at centre line to approximately 0.025 pa at the vessel wall with increasing radial position in 

fully developed flow. A dashed horizontal line represents yield stress 𝜏𝑦 = 0.01 𝑃𝑎 pa and a dot-dash vertical line 

represents plug radius 𝑟𝑝 = 40 𝜇𝑚. Where these two lines intersect is the transition point where local shear stress 

becomes equal to the yield stress. For distances less than 10 μm, the local shear stresses are below the yield stress and 

therefore the blood will remain un-yielded and move as a rigid plug without deformation. Therefore for distances 

greater than 10 μm the local shear stresses exceed the yield stress and thus the fluid will become yielded and exhibit 

shear deformation. This results in an outer zone of sheared flow being present within the vessel whilst the inner zone 

constitutes the plug flow core. Fig. 5.3 illustrates how the yield stress determines the extent of the plug zone and 

ultimately influences the overall rheological behaviour of blood flow through micro-articular vessels. 

 

The continuous curve in Figure (4) is a representation of how hematocrit influences blood apparent viscosity by 

illustrating the relationship of blood apparent viscosity to hematocrit based upon the hematocrit dependent rheologic 

model. It can be seen from the curve that as hematocrit increases, so does blood apparent viscosity non-linearly. 

Therefore it is evident that as the number of red blood cells increases, blood will become increasingly more difficult for 

flow to occur. These phenomena are due to an increase in both the degree of interaction between red blood cells and an 

increase in the internal frictional forces generated in the suspension. Each data point shown in this graph represents the 

hematocrit (red blood cell volume percent) and viscosity (Pa•s) values in the parent vessel and each of its two daughter 

branches. Daughter 1 was the RBC rich branch with a hematocrit value of approximately 0.49; it had the highest 

apparent viscosity of approximately 0.0186 Pa•s. Conversely, Daughter 2 was the plasma rich flow receiving vessel 

with a hematocrit of approximately 0.37; it exhibited the least viscosity of approximately 0.0127 Pa•s. The parent 

vessel's hematocrit was intermediate at approximately 0.45 and its viscosity was intermediate at approximately 0.0159 

Pa•s. The close correspondence of the data points to the theoretically calculated curve supports the validity of the 

viscosity model and clearly shows that there is a strong correlation between hematocrit distribution and blood rheology. 

Phase separation at the bifurcation not only results in different levels of red blood cell concentration in the daughter 

vessels, but it also significantly impacts local flow resistance via changes in blood viscosity. 

 

The hematocrit in the daughter branches (Daughter 1 and Daughter 2) are shown to converge as the numerical solution 

progresses through each iteration, as illustrated in figure (5.5). Initially, Daughter 1 is given an approximate hematocrit 

value of 0.490 and Daughter 2 is assigned an approximate hematocrit value of 0.370. With each successive iteration, 

the hematocrit in Daughter 1 rises while the hematocrit in Daughter 2 falls, which indicates the movement of red blood 

cells from one side of the bifurcation to the other due to the plasma-skimming effect. After three iterations, both values 

have stabilized and will be unchanged for all subsequent iterations demonstrating that numerical convergence has been 

achieved. Thus, the hematocrit values at the end of the simulation are 0.507 for Daughter 1 and 0.353 for Daughter 2. 

The data demonstrate that the larger daughter branch preferentially receives a higher proportion of the RBC rich central 

portion of the parent artery, thereby becomes the RBC rich arm, while the smaller daughter branch receive a higher 

proportion of plasma and thus become the plasma rich arm. Also, the rate of attainment of a stable solution after a few 

iterations indicate that the method is efficient and stable for solving this type of problem. In addition, this figure clearly 
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illustrate the significant impact that bifurcation induced phase separation can have on the distribution of hematocrit 

throughout a network of micro arteries. 

 

Figure 6 illustrates how the apparent viscosity of each daughter branch develops over time due to the iterative method's 

computational solution. Apparent viscosity is directly affected by hematocrit; therefore, as the hematocrit develops 

throughout the domain from one iteration to another, so does the apparent viscosity. Initially, in Daughter 1 the 

apparent viscosity is about 0.0180 Pa • s while in Daughter 2 it is about 0.0129 Pa • s. Each subsequent iteration of the 

algorithm produces increased viscosity in Daughter 1 as compared to Daughter 2 since Daughter 1 experiences more of 

the high hematocrit, low plasma rich blood flowing from the center of the parent artery. Consequently, Daughter 2 has 

less blood and therefore less red blood cells than Daughter 1 which results in decreased viscosity. Both daughters 

quickly converge toward steady state conditions such that after three iterations their viscosities have converged to a 

value of 0.0187 Pa • s for Daughter 1 and 0.0125 Pa • s for Daughter 2. After these initial three iterations there are no 

further changes in either curve demonstrating the efficient use of an iterative algorithm for numerically solving the 

coupled momentum, hematocrit transport, and viscosity equations describing the hemodynamic behavior within the 

arterial micro-network. 

 

Figure 7 shows the plasma-skimming hematocrit partition curve, that shows how red blood cells are distributed from a 

parent vessel to the daughter branches after a microvascular bifurcation. The continuous curve shows the theoretical 

plasma-skimming model; this is how hematocrit in daughter vessels changes based on the flow fraction (
𝑄𝑖

𝑄𝑝
) in 

daughter vessels. As the flow fraction increases, so does 𝐻𝑖 , but at an ever-decreasing rate; this indicates that there is a 

non-linear relationship between flow and hematocrit partitioning. The dots represent the numerically calculated 𝐻𝑖  for 

both daughter vessels. Since Daughter 1 carries approximately 62 % of the flow in the parent vessel, its hematocrit was 

determined to be approximately 0.507 and therefore designated as the RBC rich vessel. Conversely, since Daughter 2 

carried only about 38% of the parent vessel's flow, its hematocrit was found to be about 0.353 and thus designated as 

the plasma-rich vessel. These two values illustrate how red blood cells are transported preferentially to one daughter 

vessel through what is known as "plasma skimming", whereas the other vessel received a greater amount of free 

plasma. Plasma skimming occurs throughout the microcirculatory system and directly affects local blood viscosity, 

oxygen transport, and overall tissue perfusion. The close correspondence between the numerically calculated values for 

each daughter vessel and those predicted by the theoretical partition curve illustrates the accuracy of the plasma-

skimming model used in this research. Furthermore, it clearly demonstrates how geometric characteristics of 

bifurcations and flow distributions affect hematocrit partitioning in micro-arterial networks. 

 

VI. CONCLUDING REMARKS 

 

 The work presented herein uses an approach based on numerical simulation to investigate how blood behaves as a fluid 

(blood rheology) and how it is distributed in terms of its phases within micro-vessel networks by coupling a Bingham 

Plastic Blood Flow Model with Hematocrit Dependent Viscosity and Plasma Skimming Effects. Results show the 

existence of a central “plug-flow” zone; yield stress has been shown to have significant effects on both flow-resistance 

and velocity-distribution. Due to the effect of plasma-skimming at vascular branching points, there exists an uneven 

partitioning of hematocrit between daughter vessels which leads to the generation of two types of branches; one rich in 

red blood cells (RBC) and another rich in plasma. In addition to the differences in their respective hematocrits, these 

two branches also exhibit different viscosities; the RBC branch demonstrates greater apparent viscosity and therefore, 

greater resistance to flow than the plasma branch which shows less viscosity and therefore, greater ease of flow. 

Furthermore, the convergence of hematocrit and viscosity fields verifies the accuracy and reliability of the 

computational methodology used. Finally, the good correspondence between computed hematocrit values and those 

predicted through plasma-skimming confirm the validity of the phase-separation model. The study emphasizes the need 

for simultaneous consideration of non-Newtonian blood-rheological behavior and transport of hematocrit in order to 

develop accurate models of real micro-circulatory phenomena. The established framework will provide meaningful 

insight into various aspects of micro-hemodynamic function, including perfusion of tissues, oxygen transport, 

thrombosis and other physiological or pathological process and will serve as a basis for further research related to 

pulsatile flow, deformable wall arteries and three dimensional arterial networks. 
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