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ABSTRACT 

The effect of changing the inlet pressure of blood flow in fifteen different rectangular microchannels is studied. The 

blood is treated as a non-Newtonian fluid for which the Herschel Bulkley model is adopted. Governing equations for 

the blood flow were obtained, analyzed and simulated. The simulation results were obtained with the aid of the 

Computational Fluid Dynamics (CFD) software package FLUENT and are observed and studied. Based on 

observations new empirical formulas between the inlet pressure and the wall stresses for the blood flow are 

constructed. The importance of the developed empirical formulas lies behind the fact that the critical inlet pressure 

to avoid hemolysis can be found. This critical pressure was computed in this paper. 
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1.    INTRODUCTION 

The fluid flow behavior of non-Newtonian fluids has attracted special interest in recent years due to the wide 

application of these fluids in the chemical, pharmaceutical, petrochemical, food and electronic industries. A large 

number of fluids that are used extensively in industrial application are non-Newtonian fluids exhibiting a yield stress 

that has to be exceeded before the fluid moves. As a result the fluid cannot sustain a velocity gradient unless the 

magnitude of the local shear stress is higher than this yield stress. Fluids that belong to this category include blood, 

cement, drilling mud, sludge, granular suspensions, aqueores foams, slurries, paints, plastics, paper pulp and food 

products. 

Several studies have investigated the fully developed velocity profile, friction factors, Reynolds and Nusselt 

numbers for Newtonian fluids in rectangular ducts [1-6]. In early studies for non-Newtonian fluids the author in [7] 

applied a variational method to obtain the velocity profile and the corresponding friction factor for a power-law 

fluid.  The work in [8] solved the same problem by finite difference method and furthermore proposed a simplified 

friction factor - Reynolds number correlation for the special case of a square duct. An approximate relationship 

between friction factor and Reynolds number through rectangular ducts as well as for some other non-circular ducts 

was presented in [9]. More recent studies in the field are mainly based on numerical approaches. The authors in [10] 

used a finite difference method to obtain the friction factor - Reynolds number product and the velocity profile for 

the power-law fluid flow through rectangular ducts. On the other hand, the same problem was solved by using the 

finite-element method [11-12]. The flow of Herschel-Bulkley fluids has been considered in the entrance region of 

parallel plate channels [13]. The research work of [14] studied laminar heat transfer for thermally developing flow 

of Herschel-Bulkley fluids in square ducts by using the finite difference method. Last but not least, the flow and heat 

transfer of Robertson-Stiff fluids in rectangular ducts have been investigated in [15–16] with the aid of the finite 

difference method. 

In the present work, the blood flow as a non-Newtonian fluid in fifteen different rectangular microchannels is tested 

with the objective of analyzing the effect of changing the inlet pressure on the behavior of the blood flow. The non-

Newtonian Herschel Bulkley model is adopted for the analysis. Empirical formulas that govern the blood flow are 

developed. The critical inlet pressure at which the hemolysis occurs in these channels is found. 

 

2.    PROBLEM FORMULATION 

A steady, fully developed, laminar, isothermal flow of in-compressible and purely viscous non-Newtonian fluid in a 

rectangular duct is considered. The duct configuration and coordinate system are shown in Fig. 1. 
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Figure 1. Configuration and coordinate system for the present problem. 

         

For the given setup, the Z-momentum equation is reduced to the following form 

       (1) 

and the dimensional apparent viscosity is given as 

     (2) 

where, m is the consistency index, τy is the yield shear stress and n is the power law index. 
 

The boundary conditions for the current problem are taken as the no-slip boundary conditions at which the fluid 

velocities at walls are considered to be zero. Five inlet values of gage pressure that are 1000, 1500, 2000, 2500 and 

3000 Pa are studied. The outlet flow is assumed to be at zero gage pressure. Furthermore, five aspect ratios are 

adopted with the values 1.0, 0.7, 0.5, 0.3 and 0.1. In addition, three major widths of the microchannels are studied, 

namely, 100 μm, 500 μm and 1000 μm. The length of each of the fifteen microchannels is 2000 μm. 
 

The hydraulic diameters for the fifteen microchannels are found to be as listed in Table 1. 

 

Table 1. Hydraulic diameters for the fifteen microchannels. 

 

 Microchannel width, μm 

100 500 1000 

A
sp

ec
t 

ra
ti

o
, 

a
 

1.0 1.00E-04 5.00E-04 1.00E-03 

0.7 8.24E-05 4.12E-04 8.24E-04 

0.5 6.67E-05 3.33E-04 6.67E-04 

0.3 4.62E-05 2.31E-04 4.62E-04 

0.1 1.82E-05 9.09E-05 1.82E-04 

 

The wall shear stress for the given microchannels can be found using the following equation [17] 

        (3) 

where, Dh is the hydraulic diameter, V is the fluid viscosity, and the geometrical constants a and b for the rectangular 

cross sectional microchannels are given in Table 2. 
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Table 2. Geometrical constants for the rectangular microchannels. 

 

 a b 

A
sp

ec
t 

ra
ti

o
, 

a
 1.0 0.2121 0.6766 

0.7 0.223 0.6948 

0.5 0.244 0.7276 

0.3 0.3058 0.8001 

0.1 0.4285 0.9273 

 

The Herschel Bulkley model constants for the blood where taken to be as in Table 3. 

 

Table 3. Geometrical constants for the rectangular microchannels. 

 

Power law index, n 0.82 

Consistency index, m 3.75 10
-3

 

Yield shear stress, τy 3.15 10
-3

 

Density, ρ 1052  

 

The microchannels were implemented in control volume based CFD program (FLUENT) and the results are 

presented later in the paper. 
 

3.    NUMERICAL SIMULATION 

The meshed geometries of the microchannels are drawn using the gambit software and the SIMPE method is used to 

solve the problem. The staggered grid is adopted taking into account the pressure-velocity coupling considerations 

[18]. 
 

In order to achieve the grid independent solution the mesh size was changed from coarser to finer sizes until the 

solution became locally independent of the mesh size. Furthermore, after reaching the optimum grid size, another 

check is done using the gradient adaption facility in the FLUENT program which refines the mesh by setting a small 

value of the refine threshold then the FLUENT run is restated. If the difference in the two solutions is within the 

accepted error then the attained optimum step size is accepted. Predetermined values for the residuals are set at a 

value of 10
-6

. While the FLUENT simulation is running, the residuals are monitored until they reach the steady state 

value in order to insure that the FLUENT solution has reached the optimum value. The optimum grid size is found 

to be 10 μm. Fig. 2 show residual monitoring and Fig. 3 demonstrates a sample of the meshed microchannel.  

 

 
Figure 2. Residuals monitoring during the FLUENT runs. 
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Figure 3. A sample of the meshed microchannel. 

 

4.    RESULTS AND DISCUSSION 

The mass flow rate for the three microchannel sizes at different inlet pressures was obtained from the FLUENT 

software. The results are plotted in Figs. 4, 5 and 6 for microchannel widths of 100, 500 and 1000 m, respectively. 

The shown result show excellent linear relationships between the inlet pressure and the mass flow rate at the 

different aspect ratios. This is verified by looking at the values of the correlation coefficients, R
2
, which are very 

close to 1 in all the cases. It is also noted that the slopes of these linear relationships differ from one aspect ratio to 

another for the same channel width. 

 

 
Figure 4. Mass flow rate versus inlet pressure for the 100 μm  wide microchannel. 
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Figure 5. Mass flow rate versus inlet pressure for the 500 μm  wide microchannel. 

 

 

 
Figure 6. Mass flow rate versus inlet pressure for the 1000 μm  wide microchannel. 

 

Due to the above excellent linear relationships between the mass flow rate and inlet pressure, it is intended to find a 

empirical relationship between the inlet pressure and the average flow velocity. As a result the critical inlet pressure 

– at which the red blood cells will be damaged - can be found from Equation (3) when applying the red blood cells 

(RBC) threshold stress level at which hemolysis will occur. It is clear that at the threshold stress level the red blood 

cells will be damaged.  
 

The general linear relationship between the average velocity and the inlet pressure is assumed to be as follows 
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              (4) 

 

where Fg is a geometrical factor and Fp is a pressure factor. Table 4 below shows both geometrical and pressure 

factors for the given microchannels at the different adopted aspect ratios. 

 

Table 4. Geometrical and pressure factors for the given microchannels at different aspect ratios. 

 

 

W=100m W=500m W=1000m 

Fp Fg Fp Fg Fp Fg 

a=1 0.0003 0.0013 0.0005 0.8039 0.0004 0.646 

a=0.7 0.0002 -0.0318 0.0005 0.7068 0.0004 0.6302 

a=0.5 0.0001 -0.0353 0.0004 0.4359 0.0004 0.5953 

a=0.3 0.0001 -0.0394 0.0001 0.8155 0.0005 0.5215 

a=0.1 8.00E-06 -0.0026 0.0002 -0.0468 0.0004 0.1461 

 

Substituting Equation (4) into Equation (3) yields 

 

           (5) 

For the above channels, the time needed for the RBC to pass through the channel is of order of 10
-3

 second. For this 

time period the threshold stress level for the RBC at which hemolysis will occur is 500 Pa [19]. Therefore, the 

critical inlet pressure that shall be applied in order to avoid the hemolysis is defined as follows 

 

            (6) 

 

Based on Equation (6) the values of critical inlet pressure for the fifteen different cases we considered in this paper 

are listed in Table 5. If the inlet pressure value is less than the critical inlet pressure then hemolysis will be avoided. 

Note that the critical inlet pressure has no obvious trend. This is due to the high nonlinearity of the system. 

 

Table 5. Critical input pressure to avoid hemolysis in the adopted microchannels. 

 

 

Critical Pressure Pcr, Pa 

 

W=100m W=500m W=1000m 

a=1 629.5 293.7 3,138.9 

a=0.7 916.5 101.5 2,212.2 

a=0.5 1,509.8 356.2 1,403.7 

a=0.3 2,222.3 2,328.8 2,613.5 

a=0.1 3,116.5 792.3 193.1 
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5.    CONCLUSION 
Three microchannels were tested and investigated using the FLUENT  CFD software for the blood non-Newtonian 

fluid flow. A good linearity between the mass flow rate and the inlet pressure is found while keeping the zero outlet 

gage pressure. It was possible to find a relationship to predict the critical inlet pressure that should be applied to 

avoid the hemolysis occurrence. This inlet pressure has no obvious trend due to the non-linear terms. It is 

recommended to perform extra experimental investigations in order to verify the above results practically. 

Moreover, the effect of changing several other parameters such as the outlet pressure using porous channel can be 

carried out with the same procedure of this paper in order to find if the mass flow rate will be linear in terms of these 

parameters. 
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