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Abstract. The application of CFD to understand mechanical flow properties in complex flows plays a vital role in hemo-
dynamics. The viscosity of the blood is mainly dependent of the volume fraction of red blood cells and plasma in its
composition, and how much these blood cells are deformed as a function of the flow field. Hence, blood structure may
lead to a non-Newtonian behavior under certain flow conditions. The present work evaluate the effects of Generalized
Newtonian Fluid (GNF) constitutive rheology models on the flow field for blood flowing through a constricted channel
using OpenFOAM libraries. Results have proven the sensitivity of flow field to the yield stress with variations in velocity
magnitudes up to 6.3% and in Wall Shear Stress (WSS) up to 16.17%.
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1. INTRODUCTION

Computational Fluid Dynamics (CFD) techniques are evolving and their application are spreading for many different
fields of science (Hirsch, 1990; Moukalled et al., 2016). The CFD techniques consist fundamentally of applying numerical
algorithms to solve equations of fluid motion, allowing to evaluate complex fluid flow phenomena. Complexities observed
in fluid dynamics problems such as turbulence, non-linearity in fluid viscosity (rheology model), transient and non-
stationary effects motivate the application of CFD in fields such as in hemodynamics, oil and gas, aerodynamics, etc
(Wilcox, 2006; Rosenfeld, 1993; Paul and Molla, 2012). The main idea behind numerical simulations is to quantify
flow properties such as velocity and pressure fields, shear stresses and temperature distributions, as well as to obtain
flow visualization where the application of analytical or experimental procedures are either not possible or prohibitively
expensive.

The application of numerical methods for simulating the blood flow in human body is commonly known as Computa-
tional Hemodynamics (CHD) (Tu et al., 2015). These techniques have been applied in the last decades in order to provide
a better understanding of the blood flow properties and topology. Moreover, the increasing interest in applying numerical
techniques for quantitative medical diagnostics in order to predict possible cardiovascular diseases have been leading the
scientific community to deeply study the subject (Mittal et al., 2016). Therefore, high-fidelity models in many different
spatial and temporal scales, as well as precise rheology models for modeling blood flow are some of the current challenges
to be explored by researchers (Cebral et al., 2007; Farina et al., 2018).

The studies on the influence of rheology models and time-dependent boundary conditions over blood flow properties
such as Wall Shear Stresses (WSS), velocity field and pressure gradients play an important role in hemodynamics. The
main idea relies on using CFD results as means of non-invasive medical imaging technique combined with the current
available qualitative state-of-the-art medical features in the process of diagnosing cardiovascular pathologies (Wong and
Poon, 2011; Mittal et al., 2016). Many studies have been performed in an attempt of establishing a correlation between
the blood flow properties and the development of the most critical cardiovascular diseases such as stenosis and aneurysms
(Paul and Molla, 2012; Piskin and Celebi, 2013; Pinto et al., 2013; Mamun et al., 2015). Some researches reveal these
cardiovascular diseases may be evaluated through the use of CFD prior to any surgical intervention.

The hypothesis of assuming the blood as a Newtonian fluid in hemodynamics simulations is sometimes made in order
to simplify the models. Such an assumption is supported by the observations of only small variations on the blood flow
field under certain flow conditions, as stated by Tu et al. (2015); Farina et al. (2018); Mittal et al. (2016). However, the
blood is fundamentally a suspension of red blood cells in plasma, whose viscosity is mainly dependent of their volume
fraction and how much these blood cells are deformed in function of the flow field. In other words, the viscosity of the
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blood may change depending on whether the flow experiences large variations in pressure gradients, velocity fields and
WSS. Therefore, neglecting these effects may jeopardize the analysis. Hence, the choice of the constitutive rheology
model may, in fact, impact the final results in hemodynamic simulations and the non-Newtonian assumption should be
made in order to obtain accurate high-fidelity results (Farina et al., 2018; Almeida and Azevedo, 2017, 2018).

The constricted channel is chosen for the present study given its suitability for validation in many applications. The jet-
like flow characteristics downstream of the constriction is of wide use for studies related to flow detachment-reattachment,
moving vortices and pressure drop analyses. For instance, in hemodynamics the constricted channel represents an ill blood
vessel with a narrowed flow area due to the accumulation of plaque. The main goal of this work is to present a study on the
effects of different constitutive rheology models for blood flowing in a constricted channel using OpenFOAM libraries.
The results for two Generalized Newtonian Fluid (GNF) viscosity models are compared, namely the power-law and the
Herschel-Bulkley. The effects of shear thinning effects on blood flow quantities are discussed hereafter.

2. THEORETICAL AND NUMERICAL FORMULATIONS

The authors have chosen to use the OpenFOAM (Weller et al., 1998; OpenCFD, 2016) open source libraries for the
numerical simulations of the flows of interest due to their readiness and customizability, as well as their wide applicability
for numerous models of fluid flows. The geometry is constructed using a simple idealized constricted channel shape
mainly because of its highly applicability in hemodynamic studies for modeling deformed blood vessels. The authors
describe here the theoretical and numerical formulations which are embedded in the tool used, with emphasis on the
issues associated to the rheology constitutive models.

2.1 Theoretical Model

The governing equations of motion for incompressible fluids are given by the Navier-Stokes equations. These equa-
tions can be written as
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where u; and u; are the j — th and ¢ — th components of the velocity vector, respectively; p is the fluid density and 7;; is
the ij — th component of the viscous stress tensor. The linear relation between shear stresses and shear strain rate for an
incompressible Newtonian fluid is given by

Tij = 2HeffSij » 3)

where s;; is the 75 — th component of the strain tensor and fi. s is the effective fluid viscosity coefficient, which turns
out to be a constant, tNewtonian, fOr the Newtonian fluid viscosity model. The strain tensor, described in Eq. (3), may be
written as a function of the velocity field as
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The non-Newtonian viscosity models, in the other hand, present a non-linear relation between shear stresses and the
strain rate. There are many models available in the literature. The authors, however, choose to adopt two most commonly
used for modeling blood and blood-like fluid viscosity in the present studies. These two models are referred to in the
literature as GNF models. The first one, namely the Herschel-Bulkley model, belongs to a group of models the authors
refer to here as the yield stress models (Valencia ef al., 2007; Kim, 2002; Farina et al., 2018). The second group is a
derivation of the yield stress model, in the sense they do not present an yield stress and, therefore, are known simply as
general power-law fluids. The fluid behavior for each of these models is illustrated in Fig. (1). The authors encourage
the readers to look at studies which present results for rheology models differing from those used here, including the
rationales for the choice of each model (Calafati, 2010; Brambatti, 2010).

The magnitude of the strain rate, -, is given by definition as a function of the velocity field for the non-linear models.
The relation between the magnitude of the strain rate and the flow velocity field is written as

".Y = \/251']’51‘]' . (5)
The general equation for the Herschel-Bulkley fluid viscosity model is given by

cne1 T
pery = k3" + ;0, (6)
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Figure 1. Shear stress, 7, as a function of strain rate,

where k is a constant of proportionality also known as fluid consistency index, n is the dimensionless flow index, and
Tp is the yield stress. The flow index indicates whether the fluid behaves like a shear-thinning (pseudo-plastic) or shear-
thickening (dilatant) fluid. In scenarios where the non-Newtonian effects are observed, the blood presents a shear-thinning
behavior, with n < 1. This means that the fluid viscosity decreases as the shear strain rate increases. Values of k£ and n
for modeling blood viscosity are easily found in the literature (Tu et al., 2015; Farina et al., 2018).

The power-law fluid model, as previously mentioned, presents no yield stress and, therefore, Eq. (6) is simply reduced
to

frepr = ky" . (7)

Equations (6) and (7) clearly show that for n = 1 and 7y = 0 the model reconstitutes the original Newtonian formulation,
with £ = LNewtonian- 10 order to keep consistency in the nomenclature, the case in which the Herschel-Bulkley fluid
model assumes the aforementioned values of yield stress and fluid index will be referred to simply as GNF model in the
remaining of the text.

The general form for the Reynolds number and the fully developed velocity profile in the channel are represented,
respectively, by
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In Eq. (8) p is the fluid density, U is a characteristic velocity and L is a characteristic length, whereas in Eq. (9) Ugyg is
the average flow velocity, r is an arbitrary position in radial direction and R is the channel radius. Intuitively, Eq. (8) and
Eq. (9) reconstitute the well known form of these equations when n = 1 and k = Unewtonian, Where i Newtonian 18 the
Newtonian fluid viscosity coefficient (Galdi et al., 2008).

In contrast with the Reynolds number, Re, which establishes a relation between inertial and viscous forces, the Bing-
ham number, Bn, defines a relation between the yield stress and viscous forces. The dimensionless Bingham number is
defined as

o TQL
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The Bingham number is commonly used when modeling fluid flows with the yield stress viscosity models.
As previously mentioned the red blood cells volume fraction may cause the blood to flow like a non-Newtonian fluid.
Additionally, depending on the concentration of red blood cells in the plasma, the blood flow may, in fact, face an yield

Bn (10)
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stress and, consequently, behave like a solid for a given strain rate (Farina ef al., 2018). Hence, most of the times, the
choice of an yield stress model is preferred between those available for the application of interest.

2.2 Numerical Formulation

The OpenFOAM is a set of numerical libraries written in C++ language which encapsulates, in its own namespace,
ways of performing vectorial and tensorial calculus. The libraries used to solve problems of fluid dynamics make use of
the Finite Volume Method (FVM) (Moukalled et al., 2016) for discretization of the transport equations for the problem of
interest. There are several solvers available in the OpenFOAM library. However, the authors have chosen the pisoFoam
application (Almeida and Azevedo, 2017, 2018).

There are several numerical schemes available for each term of the governing equations for the problem of interest.
The spatial terms of the equations are discretized and solved using a simple Gauss linear scheme. In other words, the
integration of properties along the cell boundaries is made using the Gauss quadrature method with only one integration
point, leading to a second order accuracy scheme for the spatial terms Moukalled et al. (2016). The numerical schemes
available in the OpenFOAM libraries for temporal discretization are all implicit methods. The authors, however, have
chosen to run a steady-state simulation. The PISO algorithm is used for solving the pressure-momentum coupling.

The implementation of the non-Newtonian viscosity models in OpenFOAM follows a simple approach. As described
in OpenCFD (2016), the models basically computes the viscosity behavior as per Eqs. (6) and (7). Additionally, given
pisoFoam is used for solving incompressible flow problems, the solver uses the kinematic viscosity, v, ¢, rather than the
effective viscosity, mu. . The kinematic viscosity is obtained simply as a ratio between the effective dynamic viscosity
and the fluid density, p.

To deal with problems of singularity in the viscosity models used, the OpenFOAM truncates the viscosity to minimum
and a maximum values for when the strain rate reaches 0 and oo, respectively. Hence, the power-law and the Herschel-
Bulkley viscosity models limits implemented in OpenFOAM are given by

Vmin < Veff < Vmag and (11)
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As stated above, the kinematic viscosity, vqy ¢, is used by the incompressible flow solver pisoFoam. It is, therefore,
worth mentioning that both the fluid consistency index, k, and the yield stress, 7y are also given as ratios by the fluid
density, p.

2.3 Simulation Procedure

The simulations are divided in 6 different cases. The cases prepared for comparing the flow topology are given in Table
1. One single idealized constriction is adopted and the flow is assumed to be at a fixed Reynolds number, Re = 100, in
all cases.

Table 1. Summary of cases setup

Case No. | Rheology Model | d/D | Bn n k[m?/s" 1]
1 GNF 0.7 0 1 2.86e-05
2 Power-Law 0.7 0 | 0.7755 0.1482
3 Herschel-Bulkley | 0.7 0 | 0.7755 0.1482
4 Herschel-Bulkley | 0.7 1 | 0.7755 0.1482
5 Herschel-Bulkley | 0.7 | 10 | 0.7755 0.1482
6 Herschel-Bulkley | 0.7 | 20 | 0.7755 0.1482

The geometry is exemplified in Figure 2. The relation between diameters used is such that the area of the small
diameter halves the area of the pipe. Hence d/D = 0.7. The total length of the channel is 105 mm with the throat of the
constriction located at half of the channel length. The blood density is assumed to be 1060 kg/m3. Values of consistency
index, k, and flow index, n, for blood are taken from literature (Walburn and Schneck, 1976; Kim et al., 2000; Kim, 2002;
Farina et al., 2018). The value of the kinematic viscosity at zero strain rate, v, is obtained by simply extrapolating the
resulting curve using the values of k and n for the worst case, Bn = 20. The authors have chosen a single reference value
for each of the mentioned parameters in order to provide insight of the model sensitivity regarding purely the yield stress
over the flow topology (Farina er al., 2018; Valencia et al., 2006). Besides, a zero Bingham number case, Bn = 0, is run
for the Herschel-Bulkley viscosity model in order to check for numerical effects due to a slight difference in the model
limits implementation in the OpenFOAM source code with respect to the power-law model.
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Figure 2. Constricted channel geometry

A fixed parabolic laminar velocity profile, with an average velocity of 49.06 cm/s, is imposed as boundary condition
at the inlet with a zero velocity gradient imposed at the outlet for all the models. Even though the application of the
same parabolic velocity profile at the inlet for the non-Newtonian models may not be ideal, that represents a reasonable
starting point (Johnston et al., 2004). A fixed reference gauge pressure is imposed at the outlet with an extrapolation of
the pressure from the interior of the computational domain to the inlet boundary. Rigid walls are assumed with no slip
boundary condition.

Figure 3. Inlet mesh topology of the constricted channel

The computational mesh is constructed using a multi-block strategy with hexahedral volumes and a final resolution of
121,635 cells for the entire domain. Figure 3 depicts a typical mesh topology for inlet of channel, presenting a total of
477 faces and 496 nodes. No symmetry plane is used to reduce computational effort given the total number of cells for
the cases is relatively small.

3. RESULTS

The distribution of the velocity magnitudes in the radial direction as well as at the center line of the channel, shown
respectively in Figs. 4 and 5, are normalized. The normalization of the velocity magnitudes takes into account the average
velocity imposed as boundary condition. The computed velocity magnitudes have shown perfect match between the
Newtonian and the GNF viscosity model along all the computational domain, when the former is given for fluid parameters
n = land kK = UpNewtonian- Such result validates the hypothesis of reconstituting the Newtonian fluid viscosity by
imposing the proper parameters to the GNF viscosity models. This behavior is observed both for the distribution of the
velocity magnitudes in the radial direction taken upstream of the constriction, shown in Fig. 4, and along the center line
of the channel, shown in Fig. 5. The distribution of the velocity magnitude for the GNF model, represented by the blue
dashed lines, lies exactly over the curve plot for the Newtonian fluid model, represented by the black line.

As for any internal flow, the velocity magnitude reaches its maximum value at the center of the duct, given the
development of the flow within the duct. Probing the velocity magnitudes along the center line of the channel, the non-
Newtonian fluid models presented smaller values when compared to the Newtonian fluid, as expected. Despite the small
difference in the source code implementation, Herschel-Bulkley and Power-law viscosity models are in agreement when
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the first one is used adopting zero yield stress, 7p = 0. As expected, the power-law fluid behavior is given as a sub-set
of the Herschel-Bulkley fluid when the later is given for the same fluid index and consistency index at a zero yield stress
condition.

The reduction in maximum velocity becomes more evident when the fluid flows under higher Bingham numbers for
the Herschel-Bulkley fluid model. The velocity profiles in Fig. 4 show the flattened curves for the non-Newtonian fluids,
as expected. As the boundary condition imposes a constant strain rate for a given fixed velocity profile at the inlet of the
domain, the shear thinning behavior of the non-Newtonian fluid leads to a lower viscosity. As a consequence, the slope of
the velocity profile is not as steep if compared to the Newtonian fluid and, therefore, the velocity profile becomes flattened.
The observed behavior validates the hypotheses that for a given strain rate, -, the fluid will face a higher resistance to flow
and, consequently, the maximum velocity magnitude at the centerline of the duct decreases along its whole length.

Figure 4. Distribution of velocity magnitude in the radial direction

The most significant differences occur when the flow regime is under higher Bingham numbers. Figure 6 reveals the
trend of decreasing the flow velocity magnitude as the Bingham number increases. The maximum velocity magnitude for
case 6 presents a reduction of approximately 6.3% compared to the unyielded flow in case 3 and 8.5% if compared to the
Newtonian fluid. It is worth mentioning that these results are obtained for a flow at low Reynolds number, Re = 100, and
such differences in the velocity magnitude between all fluid models may significantly vary with either higher values of
Reynolds number or even for oscillating flow conditions.

The contour plots for velocity magnitude are depicted in Fig. 7. All velocity contour plots are given in the same
normalized color scale to make visualization meaningful. The first plot at the top presents the results for the Newtonian
case and it is used as baseline for setting the color scale. The subsequent six velocity contour plots illustrate the other
simulated cases given in the same order as indicated in Tab. 1. The flow acceleration caused by the change in geometry
creates a jet-like flow topology downstream of the constricted region with its maximum velocity reached at the throat of
the constriction. As the results are obtained for a flow at a very low Reynolds number, i.e., Re = 100, differences in
the velocity contours for all the models are barely visible. Nonetheless, a smooth flow downstream of the constriction is
consistently observed in all the cases and no recirculation occurs in the flow. Increasing local Reynolds number by either
increasing the overall flow velocity or by making a more severe narrowing in the model geometry would induce flow
recirculation zones downstream of the constriction as presented by Almeida and Azevedo (2018).

Table 2 shows the variation in the maximum Wall Shear Stress (WSS) for each simulated case in comparison to the
Newtonian model. Again, the GNF case, i.e., case 1, perfectly matches the results of the Newtonian fluid for which the
viscosity is a constant coefficient with no variation in the computed WSS. The variations occur for the models in which
the shear-thinning behavior is present. Differences in the WSS range from 13.26% to 16.17% in comparison with the
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Figure 5. Velocity magnitudes at the centerline along the whole channel length

Figure 6. Maximum velocity magnitude at the centerline of the channel in the inlet plane as a function of Bingham number

Newtonian fluid model.
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Figure 7. Contour plots for velocity magnitude in the XY plane

Table 2. Variation in maximum Wall Shear Stress (WSS)

Fluid viscosity model | Newtonian | Case 1 | Case2 | Case3 | Case4 | Case5 | Case 6
Maximum WSS [Pa] 279.84 279.84 | 234.58 | 234.58 | 235.00 | 238.71 | 242.74
Variation [%] - 0 -16.17 | -16.17 | -16.02 | -14.70 | -13.26

4. CONCLUSIONS

The velocities of blood flow are directly impacted by the viscosity model, as observed in the simulations. Previous
work indicates that the choice of rheology model may significantly affect the overall flow topology when the flow faces ei-
ther large geometric variations (Almeida and Azevedo, 2018) or higher velocity gradients like in a flow at higher Reynolds
numbers. In fact, the flow topology is affected by the choice of viscosity model even with a mild variation in geometry
and for a flow at a low speed. In addition to the non-Newtonian behavior of the blood, the concentration of red blood
cells in blood plasma and the region in which the blood is flowing may also lead the blood to behave nearly as a solid,
indicating an increasing yield stress. Consequently, the application of a viscosity model sensitive to that is of fundamental
importance. Although the differences in the velocity contours are fairly small in the simulations presented here, variations
of up to 6.3% are obtained in the maximum velocity magnitude as the velocity profiles for the non-Newtonian fluids are
flattened in relation to the Newtonian result. Depending on the region of interest and the flow regime, such variations in
the maximum velocity magnitude may represent a result somewhat not acceptable or negligible.

The results for the unyielded Herschel-Bulkley fluid case presented good agreement with the power-law model regard-
less the small difference in the viscosity limits implementation in the source code. Additionally, the results of the GNF
model also presented perfect match with the Newtonian fluid model. Such behavior is expected since the fluid index,
n = 1, and consistency index, k& = pNewtonian, Used in the GNF model for case 1 reconstitutes the Newtonian fluid
model. The simulations demonstrated the sensitivity of the velocity magnitude as a function of the Bingham number.
Moreover, the analysis presented here considered a steady state flow at very low Reynolds number, which would repre-
sent a single point in the cardiac cycle. The fact that the present simulations are considering steady state results implies
no acceleration or deceleration of the flow and, therefore, the pulsatile nature of the blood flow is not represented by
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the current results. Such analysis of the combined effects of non-Newtonian viscosity and pulsatile condition for more
complex geometries is currently being performed and will be the subject of future work.

In summary, the authors, therefore, emphasize that the use of a non-Newtonian viscosity model and the choice of
which non-Newtonian model to use are decisions that should be carefully addressed. Such a selection, combined with the
correct choice of the appropriate model parameters, may be of fundamental importance in order to obtain more realistic
and accurate results.
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