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Abstract: Results obtained with computational fluid dynamics (CFD) rely on assumptions made during a pre-processing stage, including  
a mathematical description of a fluid rheology. Up to this date there is no clear answer to several aspects, mainly related to the question  
of whether and under what conditions blood can be simplified to a Newtonian fluid during CFD analyses. Different research groups present 
contradictory results, leaving the question unanswered. Therefore, the objective of this research was to perform steady-state and pulsatile 
blood flow simulations using eight different rheological models in geometries of varying complexity. A qualitative comparison  
of shear- and viscosity-related parameters showed no meaningful discrepancies, but a quantitative analysis revealed significant  
differences, especially in the magnitudes of wall shear stress (WSS) and its gradient (WSSG). We suggest that for the large arteries blood 
should be modelled as a non-Newtonian fluid, whereas for the cerebral vasculature the assumption of blood as a simple Newtonian fluid 
can be treated as a valid simplification. 
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1. INTRODUCTION 

Computational fluid dynamics (CFD) tools can be considered 
as numerical simulations that help predict and analyse the physi-
cal behaviour and complex phenomena occurring in fluid flows by 
solving equations of fluid mechanics, i.e. energy, mass and mo-
mentum conservation. As far as simulations of blood flow are 
concerned, CFD can provide an insight into the flow structures of 
a given patient without exposing him or her to any health risks. 
Furthermore, in-silico analyses can provide valuable preoperative 
information to help medical professionals plan and perform sur-
gery. However, it should not be left unmentioned that the results 
of any numerical simulation depend heavily on initial assumptions 
made during a pre-processing stage. Apart from the complexity of 
the arterial system or the inflow and outflow boundary conditions, 
one such assumption is a mathematical description of the rheolo-
gy of the fluid. 

In fluid mechanics, there are three fundamental parameters of 
any fluid, namely heat conductivity, density and viscosity. Since 
the main heat transfer occurs in capillaries, not arteries, in the 
vast majority of CFD studies blood flow is modelled as isothermal 
and adiabatic – there is no heat transfer, and thus the first param-
eter (heat conductivity) can be neglected. In terms of density, 
blood is usually considered to be an incompressible fluid (alt-
hough it carries O2 and CO2). Its density is in the range of 1,030–
1,070 kg/m3 [1] . 

The last parameter, viscosity, can be described as the re-
sistance of a fluid to flow. Resistive viscous forces arise due to 
mutual attractive forces between fluid particles. In terms of bio-
flows, the importance of viscosity is related to the fact that it par-

tially controls the blood flow through arteries and veins. For in-
stance, a higher haematocrit value (ratio of red blood cells in 
blood) results in a viscosity increase and, consequently, higher 
resistances for the flow [2]. In general, blood is a complex fluid 
that exhibits non-Newtonian shear-thinning behaviour. This means 
that its viscosity varies when subjected to external stress – the 
higher the shear rate, the lower the viscosity. This can be ob-
served when the blood velocity is high or when the vessel cross-
section is relatively small. Shear-thinning phenomenon occurs at 
higher shear rates because erythrocytes and other blood cells 
begin to deform under applied stress. Otherwise, they form ag-
gregates that increase the attractive forces between them, leading 
to a higher viscosity and, consequently, higher flow resistance [2]. 

The non-Newtonian properties of blood are significant at lower 
values of shear rate – it is claimed that after exceeding the 100 s–
1 threshold, blood can be treated as a simple Newtonian fluid of 
constant viscosity [3,4]. Similarly, as with any experimental study 
of living tissue, varied research groups have obtained different 
results regarding the shear-thinning behaviour of blood. This is 
due to the fact that blood is a patient-specific fluid (its parameters 
depend on numerous factors such as sex, age, diet, general 
hydration, medications taken, etc.), and thus all its physical prop-
erties vary widely among the human population. Therefore, doz-
ens of different mathematical formulas describing blood have 
appeared in the literature. Tab. 1 and Fig. 1 present the most 
common rheological models that are widely used for in-silico 
studies of blood flow. 

As stated before, the non-Newtonian properties of blood are 
significant at lower values of shear rates, i.e. <100 s–1 [3,4]. It is 
claimed that shear rates are high in large arteries or vessels char-
acterised by high blood flow and relatively small size. Therefore, it 
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is hypothesised that the Newtonian assumption is valid for the 
majority of human arteries [2]. However, the shear rate can vary 
throughout the entire cardiac cycle from 0 s–1 to 1,000 s–1, and 
thus the assumption of a non-Newtonian shear-thinning fluid 
seems to be mandatory to obtain the most realistic numerical 
results [9]. Therefore, many scientists have analysed the influence 
of blood rheology on CFD data. Unfortunately, there is no clear 
answer as to whether blood can be simplified to a Newtonian fluid 
– each research group has presented slightly different results and 
drawn contradictory conclusions. 

Tab. 1. The most common rheological models of blood used in CFD 

Blood 
model 

Mathematical formula 

Newtonian 

(NEWT) 

𝜂 = 0.00345 Pa ∙ s 

𝜂 = 0.0035 Pa ∙ s 
(1) 

Power 
Law 

(PL) 

𝜂 = 𝑘 ∙ (𝛾̇)𝑛−1 

where: k = 0.017 kg  m–1  s–1.292; n = 0.708 
(2) 

Quemada 

(QUE) 

𝜂 =  𝜂𝑝 · (1 −
𝐾 · 𝐻𝑇𝐶

2
)−2 

𝐾 =
𝑘0 + 𝑘∞ · (𝛾̇/𝛾̇𝑐)0.5

1 + (𝛾̇/𝛾̇𝑐)0.5
 

where: 𝜂𝑝 = 0.00127 Pa·s; 𝑘0 = 4.0;  

𝑘∞ = 1.5; 𝛾̇𝑐 = 5.0 s–1 

(3) 

Modified 
PL 

(MPL) 

(1,5–8) 

{

 𝜂 = 0.55471 Pa ∙ s for 𝛾̇ ≤ 0.001 

 𝜂 =  𝜂0 ∙ (𝛾̇)𝑛−1 for 0.001 ≤  𝛾̇ < 327

 𝜂 = 0.00345 Pa ∙ s for 𝛾̇ ≥ 327

 

where: 𝜂0 = 0.035 kg  m–1  s–1.4; 𝑛 = 0.6 

(4) 

Carreau 

(CAR) 

𝜂 =  𝜂∞ + (𝜂0 − 𝜂∞) ∙ (1 + (𝜆 ∙ 𝛾̇)2)
𝑛−1

2  

where: 𝜂∞ = 0.0035 Pa·s; 𝜂0 = 0.056 Pa·s; 

𝜆 = 3.313005 s; 𝑛 = 0.3568; 

(5) 

Casson 

(CAS) 

𝜂 = (√𝜂𝑐 + √
𝜏𝑐

𝛾̇
)2 

where: 𝜂𝑐  = 0.00414 kg  m–1  s–1;  

𝜏𝑐  = 0.0038 kg  m–1  s–2 

(6) 

Cross 

(CRO) 

𝜂 =  𝜂∞ +
𝜂0 − 𝜂∞

1 + (𝜆 ∙ 𝛾̇)𝑎 

where: 𝜂∞ = 0.0035 Pa·s; 𝜂0 = 0.0364 Pa·s;  

𝜆 = 0.38 s; 𝑎 = 1.45 

(7) 

K-L 

(KL) 

𝜂 =
1

𝛾̇
 ∙ (𝜏𝑐 + 𝜂𝑐 ∙ (𝑎2 ∙ √𝛾̇ + 𝑎1 ∙  𝛾̇)) 

where: 𝜏𝑐  = 0.005 Pa; 𝜂𝑐  = 0.0035 Pa;  

𝑎1 = 1.0 s; 𝑎2 = 1.19523 s0.5 

(8) 

One of the first numerical studies of rheology was proposed 
by Gijsen et al. [10]. Their research showed that the non-
Newtonian fluid (Carreau–Yasuda model) has a considerable 
effect on the flow velocity in the carotid arteries when compared to 
the results for a simple Newtonian fluid. Thus, this indicates that 
the rheology of blood plays a critical role in the ability of the nu-
merical solver to properly approximate the flow distribution. Shin-
de et al. [11] stated that if shear stress is meant to be considered 
as a predictor of atherosclerosis development, a non-Newtonian 
fluid should be assumed. In contrast, Boyd and Buick [12], who 
also analysed the carotid artery as well, concluded that the non-
Newtonian properties of blood can be neglected due to small 
relative differences between rheological models. Mendieta et al. 

[13] suggested that Newtonian fluid is a reasonable assumption 
when analysing averaged shear stress, oscillatory shear index 
and general flow distribution. The next CFD study using the carot-
id artery was prepared by Razavi et al. [14], who analysed the 
influence of Newtonian and six non-Newtonian models on flow 
haemodynamics. After performing a series of transient simula-
tions, they found that even at high velocities (and consequently 
high shear rates), considerable differences were detectable for 
Power Law and Walburn–Schneck models. Razavi et al. [14] 
concluded that the Power Law overestimated wall shear stress 
(WSS) values at both low and high shear rates, while the General-
ized Power Law and modified Casson models appeared to under-
estimate the non-Newtonian behaviour. According to this scientific 
group, the Carreau and Carreau–Yasuda models are the most 
appropriate rheological approximations of the human blood flow in 
the carotid artery. Furthermore, their research has shown that the 
assumption of pulsatile flow is mandatory for the study of recircu-
lation phenomena, which can lead to drastic changes in shear 
rates and, consequently, in viscosity – such an analysis cannot be 
performed for the steady-state simulations [14]. 

 
Fig. 1. Dynamic viscosity dependence on shear rate (logarithmic plots)  

– the most common rheological blood models 

In 2004 and 2006 Johnston et al. [4,15] carried out steady-
state and pulsatile blood flow simulations in patient-specific coro-
nary arteries. The results of these studies showed that the shear 
stress distribution at the arterial walls was consistent for all rheo-
logical models (Newtonian, Power Law, Carreau, Casson, Wal-
burn–Schneck and Generalized Power Law), although magni-
tudes varied. For the steady-state simulations, Johnston et al. 
observed that the WSS differences between the rheological mod-
els became less distinct as the inlet velocity increased (associated 
with a concomitant increase in shear rate). 

To quantitatively compare the viscosity differences between 
each non-Newtonian and Newtonian model, this research group 
introduced two parameters: local and global non-Newtonian im-
portance factors. These parameters are described more thorough-
ly in the further part of this paper. The results indicated that for the 
flows characterised by medium to high shear rates, the Newtonian 
model is a valid approximation. By comparing steady-state and 
transient results, Johnston et al. concluded that the Newtonian 
blood model is a reliable assumption for approximately 70% of the 
cardiac cycle. During the remaining 30%, the flow was character-
ised by relatively lower velocity, which increased the viscosity and 
consequently WSS values. Therefore, they suggested that the 
Newtonian model may be a reasonable and sufficient approxima-
tion for transient simulations [15]. However, they emphasised that 
the non-Newtonian model of blood should be used for in-depth 
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studies focussing on local haemodynamics, such as vortex for-
mation. 

To evaluate the impact of the rheological model on haemody-
namics within the largest vessel of the human organism, Karimi et 
al. [16] generated a patient-specific model of the aorta consisting 
of ascending aorta, aortic arch and initial region of descending 
aorta. They performed transient simulations and investigated the 
following blood models: Newtonian, Casson, K-L, Modified Cas-
son, Carreau, Carreau–Yasuda, Cross, Power Law, Modified 
Power Law and Generalized Power Law. It was ascertained that 
the Cross model generates significantly different WSS and veloci-
ty distributions at diastole (when shear rates are low) when com-
pared to other non-Newtonian models. Moreover, this thorough 
and extensive research proved that blood rheology affects the 
flow solution, while the Newtonian assumption tends to underes-
timate WSS values [16].  

Caballero and Lain [2] investigated the influence of rheology in 
a slightly more complex geometry of the aorta, since it extended 
up to the abdominal region. They performed steady-state and 
transient in-silico analyses in which the blood was described by 
the following rheological models: Newtonian, Carreau, Power Law 
and Herschel–Buckley. Similar to the previous studies, they found 
that the WSS distribution was consistent across all rheological 
cases, but WSS magnitudes varied, especially at lower inlet veloc-
ities. For medium to high shear rates, little differences were ob-
served. Their results indicated that Carreau and Herschel–
Buckley models tended to overestimate WSS at high velocities, 
while the Newtonian model underestimated WSS at low flow 
rates. Moreover, when they compared the cycle-averaged results 
for all rheological models, there were hardly any differences in 
WSS and the global non-Newtonian importance factor, indicating 
that the non-Newtonian model assumption is not of great signifi-
cance for pulsatile flow. Therefore, Caballero and Laín [2] con-
cluded that the Newtonian model is a suitable assumption for the 
transient analysis. 

Shortly thereafter, Doost et al. [3] analysed haemodynamics 
within patient-specific geometry of the left ventricle. During transi-
ent simulations, blood was modelled as Newtonian and non-
Newtonian fluid (described by Carreau, Casson, Generalized 
Power Law, K-L and Cross equations). It has been shown that the 
choice of the specific rheological model has a considerable influ-
ence on the obtained results. For instance, each mathematical 
description of blood resulted in different numbers and sizes of 
small vortices. The results of the K-L and Cross models produced 
lower WSS values than pure Newtonian fluid, whereas the WSS 
values for the other rheological models were significantly higher 
[3]. 

Considering all the aforementioned information (derived from 
the available literature), it can be concluded that there is no clear 
answer whether blood can be simplified to a Newtonian fluid for 
in-silico investigations or whether it has to be considered as a 
specific non-Newtonian fluid. Each research group presents dif-
ferent results and varied conclusions, and thus the answer re-
mains ambiguous. Therefore, the main objective of this research 
was to evaluate the influence of the chosen blood model on the 
numerical data by performing steady-state and pulsatile blood flow 
simulations relying on eight different blood models in patient-
specific geometries of varying complexity. This could help to 
answer three open hypotheses: 

 blood can be simplified to a Newtonian fluid in large arteries 
and small vessels with high blood flow; 

 blood can be simplified to a Newtonian fluid for cycle-
averaged and steady-state investigations; 

 regardless of vessel size, when blood flow is characterised by 
low intensity, the effect of viscosity variation is so pronounced 
that the use of shear rate-dependent models is recommended. 

2. MATERIALS AND METHODS 

To accomplish all of the objectives of the following research, 
numerous separate steps had to be taken. Firstly, one had to 
prepare several patient-specific geometries of varying complexity. 
Then, volumetric meshes of sufficient quality had to be generated. 
Finally, the authors performed steady-state and pulsatile blood 
flow simulations, considering blood washout analysis. All these 
steps are briefly described in the further part of this paper. 

2.1.  Patient-specific geometries 

As described earlier, blood viscosity depends on numerous 
factors, including the topology of the flow channels, and thus it 
was decided to carry out an analysis of blood rheology in geome-
tries of varying complexity: a simple bifurcation of the common 
carotid artery (CCA), the entire aorta with major branches and a 
complex system of intracranial arteries. All patient-specific models 
(see Fig. 2) were reconstructed from biomedical imaging that was 
subjected to image segmentation procedures. Model retrieval 
methods were performed in a custom software called Anatomical 
Model Reconstructor (AMR) developed at the Institute of Tur-
bomachinery (Lodz University of Technology, Poland). 

The first step was to import Digital Imaging and Communica-
tions in Medicine (DICOM) images obtained by angiography com-
puted tomography (angio-CT) into the AMR software. Then, each 
voxel in the dataset was divided into eight sub-voxels to improve 
automatic segmentation procedures. To visualise arteries filled 
with a contrast agent (to distinguish them from surrounding tis-
sues), a specific preset of the windowing operation was used. 
Then, the region growing method was used to perform image 
segmentation for the entire image set. Unfortunately, each 3D 
mask required further manual processing. The main shortcomings 
were related to the separation of bone structures from the arterial 
lumen and the addition of smaller branches of intracranial vessels 
that were omitted during the automatic image segmentation. Once 
a 3D binary mask was completed and stored for all the regions of 
interest (lumens of the selected blood vessels), a 3D surface 
geometry of the given arterial network was extracted from it. The 
voxelised model (with staircase-like topology) was smoothed with 
expert smoothing parameters to obtain an anatomically correct 
model while preserving the overall topology. Then, each arterial 
branch was clipped in its proximal or distal part to obtain perpen-
dicular cross-sections for the outlet and inlet surfaces. The next 
step was to cover each open channel with a planar surface using 
an automated capping method. This means that each opening or 
hole detected in the wall of the model was automatically filled with 
a simple planar surface that was treated as a separate 3D object. 
Finally, each relevant 3D surface model, i.e. the artery wall and all 
capping boundaries, was saved to a selected folder as a separate 
file stored in stereolithography (STL) format. Fig. 2 depicts a 
comparison of all three patient-specific models, generated in the 
custom-developed AMR software, that were used during this 
research. 
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Fig. 2. Patient-specific models used during in-silico investigations:  

(a) entire aorta with major branches; (b) complex intracranial  
arterial system; (c) carotid artery bifurcation 

2.2. Numerical domain: volumetric meshes 

High-quality volumetric meshes were generated in the ANSYS 
ICEM (Ansys Inc. Canonsburg, USA) package, based on pre-
pared STL objects. They consisted of unstructured tetrahedral 
elements in the free-flow regime as well as prismatic elements 
embedded in an inflation layer. The inflation layer was composed 
of 16 sublayers – such a number was chosen after thorough 
sensitivity tests performed for each geometry type. Specific macro 
files were used for the mesh generation – such scripts were au-
tomatically prepared in the AMR software. Another aspect, also 
covered by a prepared script, focussed on the mesh metrics – 
each Delaunay mesh was subjected to additional smoothing and 
refinement to ensure that the resulting mesh was of high quality. 
This process was repeated thrice for tetrahedral elements and 
twice additionally for tetrahedral and prismatic elements. With 
each successive iteration, the ICEM mesh quality measure was 
increased. 

Before focussing on target numerical simulations, it was nec-
essary to ensure that a discretisation error due to the mesh densi-
ty was negligible. Therefore, specific mesh independence tests 
(MITs), both asymptotic and parametric, were performed before-
hand [17]. It was decided that the mesh for the carotid artery 
should comprise approximately two million elements, while the 
mesh for the intracranial arterial network should be composed of 
approximately six million elements. For the whole aorta, the 
coarsest mesh was chosen for further numerical analyses (con-
sisting of about eight million elements). 

2.3. Numerical domain: simulation settings 

In all simulations, i.e. steady-state and transient, the flow was 
assumed to be adiabatic and isothermal, while blood was treated 

as an incompressible fluid with constant density (1,045 kg/m3) 
and varying viscosity, as defined by eight specific models, which 
are presented in Tab. 1. The flow simulations were performed 
using the pressure-based ANSYS CFX (Ansys Inc. Canonsburg, 
USA) solver. The Reynolds-averaged Navier–Stokes (RANS) 
equations were calculated with the k-ω Shear Stress Transport 
(SST) turbulence model. Each steady-state simulation was con-
sidered complete when it either reached the convergence criteria 
(10–6) or exceeded 500 iterations. The steady-state boundary 
conditions are listed in Tab. 2, while the transient boundary condi-
tions for the inlet cross-sections are shown in Fig. 3. A Prandtl 
velocity profile was set at the inlet cross-section in the aorta case 
study, whereas parabolic profiles were used for all the others. 
Static gauge pressure was set for each opening cross-section 
even in transient analyses, where the values were the same as in 
steady-state case studies. The reason for this simplification is the 
fact that the walls of the numerical domain were rigid, and thus the 
flow distribution depended only on the pressure gradient between 
the outlet surfaces. 

Tab. 2. Steady-state boundary conditions used for the CFD analyses 

Case 
Inlet cross-section 
max. velocity [m/s] 

Opening cross-
sections pressure 

[kPa] 
E

nt
ire

 a
or

ta
 w

ith
 m

aj
or

 b
ra

nc
he

s 

0.12 

Right SA 13.00 

Right CCA 13.00 

Left CCA 12.90 

Left SA 13.015 

HA 13.00 

GA 13.00 

SMA 13.00 

Left RA 12.95 

Right RA 12.95 

Left CIA 13.01 

Right CIA 13.02 

C
C

A
 

0.85 
ICA 14.00 

ECA 14.00 

C
er

eb
ra

l 

ar
te

rie
s LICA LVA RICA RVA All cerebral arteries 

0.365 0.275 0.370 0.155 11.00 

CCA, common carotid artery; CIA, common iliac artery; GA, gastric 
artery; HA, hepatic artery; LICA, left internal carotid artery; LVA, left 
vertebral artery; RA, renal artery; RICA, right internal carotid artery; 
RVA, right vertebral artery; SA, subclavian artery; SMA, superior 
mesenteric artery. 

In addition, the blood washout phenomenon has been ana-
lysed in transient simulations, as it allows the detection of regions 
prone to stagnation and clotting since thrombus is expected to 
occur in regions of low velocity, low shear stress and non-washed-
out areas [18,19]. In these studies, the washout analysis is based 
on the principle that “old blood” occupies an entire volume of the 
fluid domain at the beginning of the simulation. Then, “new blood” 
begins to flow inside the numerical domain, pushing “old blood” 
out of the domain according to the specification of the inlet 
boundary condition. No mixing of the two separate fluids (within a 
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single mesh element) was assumed. Both fluids were character-
ised by the same rheological properties. 

 
Fig. 3. Transient boundary conditions set on the inlet cross-sections  

in each analysed case study: (a) entire aorta; (b) carotid artery  
bifurcation; (c)–(d) intracranial arteries 

The plots depicted in Fig. 3 are limited to just a single cardiac 
cycle for a higher clarity, but multiple cycles were simulated in the 
CFD analyses: 7 for the CCA bifurcation, 10 for the aorta and 5 for 
the cerebral vasculature. We wanted to minimise the influence of 
the initial conditions on the final results and to analyse a sufficient 
number of cardiac cycles required for a reliable blood washout 
analysis. Tab. 3 presents some parameters used for further 
comparison of the results. 

Tab. 3. Chosen parameters used during the results’ analysis 

Parameter Mathematical formula 

Time-averaged WSS 
(TAWSS) 

Shear stress averaged for 
one full cardiac cycle. 

TAWSS =  
1

𝑇
 ∫ |𝜏𝑤|𝑑𝑡

𝑇

0

 (9) 

WSS spatial gradient 
(WSSG) 

Determines regions of 
spatial changes in shear 
stress magnitude. High 
WSSG might indicate 

region prone to formation of 
atheromatous plaque or 

aneurysm growth. 

WSSG

=  √(
𝜕𝜏𝑤,𝑚

𝜕𝑚
)2 + (

𝜕𝜏𝑤,𝑛

𝜕𝑛
)2 

(10) 

Time-averaged WSSG 
(TAWSSG) 

WSSG averaged for full 
cardiac cycle. 

TAWSSG =  
1

𝑇
 ∫ 𝑊𝑆𝑆𝐺𝑑𝑡

𝑇

0

 (11) 

Oscillatory shear index 
(OSI) 

Gives insight about the 
direction changes of shear 

forces throughout the 
cardiac cycle. High local 
OSI and low WSS show 
regions susceptible to 

plaque aggregation and 
instances of blood stagna-

tion. 

OSI = 0.5 ∙ (1 −
|∫ 𝜏𝑤𝑑𝑡

𝑇

0
|

∫ |𝜏𝑤|𝑑𝑡
𝑇

0

) (12) 

Local and global non-
Newtonian importance 

factors (IL and IG) 
Describe local/global 

differences between dy-
namic viscosity produced 
by Newtonian and non-

Newtonian fluids. 

IL =
𝜂

𝜂∞
 (13) 

IG̅ =
1

𝑁

[∑ (𝜂 − 𝜂∞)2
𝑁 ]1/2

𝜂∞
 (14) 

3. RESULTS 

To evaluate the influence of the rheological blood model on 
the numerical solution, numerous simulations were performed on 
a chosen geometry, i.e. CCA bifurcation, intracranial arterial net-
work and entire aorta. Since eight different blood models were 
investigated for each selected reconstruction, a total of 48 simula-
tions were performed (24 steady-state and 24 transient ones). To 
present the results clearly, each geometry is discussed separate-
ly. Besides an analysis of the most common flow parameters, i.e. 
velocity, wall shear stress (WSS) and flow distribution, several 
other haemodynamic indicators were estimated as well. To calcu-
late them for steady-state and transient simulations, specific algo-
rithms written in a high-level programming language (Python) 
were prepared. Thus, one could analyse TAWSS, OSI, WSSG, 
TAWSSG, IL and IG, which are described in Tab. 3. 

However, before proceeding to the analysis of the rheology in-
fluence on the numerical data, it was decided to perform an initial 
validation of the results obtained. For this reason, the authors 
compared the basic haemodynamic parameters (estimated for 
Newtonian case studies) with the clinical and statistical research. 

3.1. Results validation 

Tabs. 4 and 5 provide information on the maximum velocity 
and Reynolds numbers recorded during peak systole for the CCA 
bifurcation and the entire aorta case studies. Moreover, Tab. 5 
outlines data related to the relative blood distribution through three 
control surfaces: the common carotid artery and two renal 
arteries. 

Tab. 4. Initial validation of the numerical data for the CCA bifurcation 
case study at systole peak – control plane located at CCA 
segment 

Max. velocity [m/s] Reynolds number [-] 

CFD data Reference CFD data Reference 

0.87 

0.84* 

0.89** 

0.75*** 

0.90**** 

0.85***** 

606 

       460 [5] 

500 [20] 

968 [21] 

*Averaged value for female control group [22] 

**Averaged value for male control group [22] 

***Value measured during resting conditions [23] 

****Value measured during exercise [23] 

*****Value coming from ultrasonography examination [24] 

As can be seen, all the obtained results are in good agree-
ment with the literature data – there are hardly any significant 
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discrepancies. It is worth mentioning that estimated Reynolds 
numbers (representing physiological in-vivo cases) seem to be 
low enough to treat the flow as laminar. This suggests that RANS 
closed with the k-ω SST turbulence model is not recommended 
for the assumed flows. However, it has to be stated that we simu-
lated pulsatile blood flow in geometries with complex topology 
(consisting of numerous junctions and high curvature), which can 
affect the flow directioning. Thus, there was a high probability of 
occurrence of specific flow phenomena, such as flow separation 
and formation of recirculation zones. Therefore, treating the flow 
as a purely laminar one (which is suitable for fully developed flows 
that do not occur in the human circulatory system) might be an 
oversimplification. Moreover, as presented in Tabs. 4 and 5, the 
obtained results are consistent with the literature data, which 
proves that the numerical domain assumptions were correct. 

Tab. 5. Initial validation of the numerical data for the entire aorta case 
study and several chosen control surfaces 

 
Relative blood distribu-
tion with respect to the 

inflow 

Reynolds number  
at systole peak [-] 

Location CFD data Reference CFD data Reference 

CCA 10.6% 8.5% (25) 844 

460 [5] 

500 [20] 

968 [21] 

Left RA 7.72% 8.6% (25) 673 400–1,100 
[26] Right RA 7.25% 8.6% (25) 800 

CCA, common carotid artery; RA, renal artery. 

Regarding the cerebral vasculature, it was decided to analyse 
the symmetry of blood supply between both hemispheres of the 
brain and its relation to the cardiac output (Tab. 6). Since the 
spatial geometry was limited to intracranial arteries (it did not start 
at the aorta), it was decided to assume 70 cm3 as a reference for 
physiological cardiac output [27]. Moreover, the authors presented 
volume flow rates at three main control surfaces located at the left 
and right middle cerebral arteries as well as at the basilar artery 
(Tab. 7). 

Tab. 6. Initial validation of the numerical data for the cerebral vasculature 
case study – part one 

Location 

Blood volume 
delivered in 

one full cardi-
ac cycle [cm3] 

Relative ratio 
Referential 

ratio 

Left hemi-
sphere 

4.869 
50.1% of the 

inflow 50%–50% 

(symmetry) Right 
hemisphere 

4.851 
49.9% of the 

inflow 

Full vascu-
lature 

9.720 

13.89% of the 
physiological 
cardiac output 

(70 cm3) 

15% of the 
cardiac output 

[28,29] 

 

14.4% of the 
cardiac output 

[25] 

 

13%–15% of 
the cardiac 
output [30] 

Tab. 7. Initial validation of the numerical data for the cerebral vasculature 
case study – part two 

Location 
Volume flow rate [cm3/min] 

CFD data Reference 

Basilar artery 178 

182 ± 56 [31] 

138 ± 41 [32] 

145 ± 41 [33] 

Left middle cerebral artery 160 
159 ± 28 [32] 

146 ± 31 [33] 

Right middle cerebral artery 138 
146 ± 28 [32] 

146 ± 31 [33] 

As shown in Tab. 6, the CFD-estimated flow distribution rep-
resents a physiologically correct blood supply. Not only is the flow 
distributed symmetrically between both hemispheres of the brain 
(50.1% for the left hemisphere and 49.9% for the right one), but 
also the total volume of blood supply, i.e. 9.72 cm3, represents 
approximately 14% of the physiological cardiac output. Thus, we 
confirmed that our results correlate well with clinical observations 
[25,28–30]. 

Regarding the volume flow rates at three control planes (see 
Tab. 7), the obtained results are again in a correct physiological 
range. For example, the reference volume flow rate through the 
left middle cerebral artery is reported to be 159 ± 28 cm3/min [32], 
whereas the result obtained from our simulations is equal to 160 
cm3/min. 

Considering all the presented information, it can be concluded 
that the performed in-silico analyses of blood flow in each arterial 
configuration (i.e. CCA bifurcation, entire aorta and cerebral vas-
culature), resemble the natural, physiological haemodynamics. 
Thus, the presented numerical simulations can be considered as 
successfully validated. 

3.2. Common carotid artery bifurcation 

The first analysed aspect was the flow distribution across the 
numerical domain. For this purpose, three control planes were 
created at the distal part of the common carotid artery (CCA), the 
internal carotid artery (ICA) and the external carotid artery (ECA) 
– for steady-state simulations, the area-averaged velocity was 
examined, while for transient ones, the blood volume delivered 
throughout the entire cardiac cycle was calculated (Tab. 8). Based 
on the presented data, it can be concluded that the influence of 
the blood model on the flow distribution seems to be negligible for 
the majority of the case studies. The highest differences were 
obtained for the Power Law and K-L models, at 2.8% and 1.7%, 
respectively. For the Carreau, Cross, Modified Power Law and 
Quemada models, hardly any discrepancies could be observed. 
Within this group, the highest deviation was circa 0.5%. Conduct-
ed steady-state and transient simulations indicate that the flow 
distribution within the CCA bifurcation model is not affected signif-
icantly by the rheological blood model; however, some alterna-
tions occur. This suggests that blood can be simplified to a New-
tonian fluid when analysing a CCA bifurcation. To prove the 
aforementioned statement, an additional analysis of further hae-
modynamic parameters was required. Tab. 9 outlines area-
averaged wall shear stress (AAWSS) and area-averaged spatial 
gradient of wall shear stress (AAWSSG) calculated for the model 
walls. Additionally, average and maximum time-averaged wall 
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shear stress (TAWSS) and shear index (OSI) values are shown 
as well. 

Tab. 8. Blood distribution analysis for the CCA bifurcation geometry 

 
Control 
plane 

Blood model 

NEWT CAR CAS CRO KL MPL PL QUE 

A
vg

. v
el

oc
ity

 [m
/s

] 

P1 0.386 
0.385 

(–0.3%) 

0.385 

(–0.3%) 

0.386 

(0.0%) 

0.385 

(–0.3%) 

0.386 

(0.0%) 

0.386 

(0.0%) 

0.386 

(0.0%) 

P2 0.779 
0.777 

(–0.3%) 

0.772 

(–0.9%) 

0.779 

(0.0%) 

0.767 

(–1.5%) 

0.779 

(0.0%) 

0.801 

(2.8%) 

0.782 

(0.4%) 

P3 0.541 
0.543 

(0.4%) 

0.546 

(0.9%) 

0.541 

(0.0%) 

0.550 

(1.7%) 

0.542 

(0.2%) 

0.528 

(–2.4%) 

0.539 

(–0.4%) 

B
lo

od
 v

ol
. [

cm
3 ]

 

P1 12.004 
12.004 

(0.0%) 

12.004 

(0.0%) 

12.004 

(0.0%) 

12.004 

(0.0%) 

12.004 

(0.0%) 

12.004 

(0.0%) 

12.004 

(0.0%) 

P2 5.436 
5.408 

(–0.5%) 

5.380 

(–1.0%) 

5.433 

(–0.1%) 

5.345 

(–1.7%) 

5.415 

(–0.4%) 

5.521 

(1.6%) 

5.446 

(0.2%) 

P3 6.569 
6.597 

(0.4%) 

6.626 

(0.9%) 

6.572 

(0.0%) 

6.660 

(1.4%) 

6.590 

(0.3%) 

6.485 

(1.3%) 

6.560 

(–0.1%) 

Based on the data presented in Tab. 8, it can concluded that 
all the parameters related to the shear stress depend on the 
chosen blood model. The absolute differences of the AAWSS 
seem to be marginal; however, they represent a significant 
relative variation. Thus, if a larger inflow was assumed, the 
absolute differences could be higher. Nevertheless, the highest 
AAWSS values occurred at peak systole due to the highest shear 
rates. Simultaneously, the absolute differences between AAWSS 
were the largest among all blood models, exceeding 3.5 Pa (over 
40%) for the Power Law model case study. In terms of maximum 
TAWSS differences, the highest ones were obtained for the 
Power Law model (circa 20 Pa, i.e. 47%) and for the KL model 
(circa 12 Pa, i.e. 28%). For steady-state and transient analyses, 
the Newtonian fluid model underestimated AAWSS, TAWSS and 
AAWSSG parameters, which is in agreement with several 
scientific studies [2,16]. 

Tab. 9. Shear-related parameters for the CCA bifurcation geometry 

Parameter 
Blood model 

NEWT CAR CAS CRO KL MPL PL QUE 

S
te

ad
y-

st
at

e AAWSS 

[Pa] 
6.52 

6.71 

(2.9%) 

7.35 

(12.7%) 

6.52 

(0.0%) 

8.12 

(24.5%) 

6.48 

(–0.6%) 

4.21 

(–35.4%) 

6.13 

(–6.0%) 

AAWSSG 

[Pa/m] 
0.779 

0.777 

(–0.3%) 

0.772 

(–0.9%) 

0.779 

(0.0%) 

0.767 

(–1.5%) 

0.779 

(0.0%) 

0.801 

(2.8%) 

0.782 

(0.4%) 

S
ys

to
le

 p
ea

k AAWSS 

[Pa] 
8.92 

9.19 

(3.0%) 

10.11 

(13.3%) 

8.93 

(0.1%) 

11.24 

(26.0%) 

8.89 

(–0.3%) 

5.33 

(–40.2%) 

8.32 

(–6.7%) 

AAWSSG 

[Pa/m] 
4,156 

4,187 

(0.7%) 

4,546 

(9.4%) 

4,156 

(0.0%) 

4,964 

(19.4%) 

4,131 

(–0.6%) 

2,215 

(–46.7%) 

3,847 

(–7.4%) 

F
ul

l c
yc

le
 

Avg. 
TAWSS 

[Pa] 

3.27 
3.42 

(4.6%) 

3.73 

(14.1%) 

3.27 

(0.0%) 

4.13 

(26.3%) 

3.30 

(0.9%) 

2.31 

(–29.4%) 

3.12 

(–4.6%) 

Max. 
TAWSS 

[Pa] 

42.97 
43.94 

(2.3%) 

48.96 

(13.9%) 

42.99 

(0.0%) 

54.89 

(27.7%) 

42.49 

(–1.1%) 

22.72 

(–47.1%) 

39.33 

(–8.5%) 

Avg. OSI 

[-] 
0.156 

0.151 

(–3.2%) 

0.151 

(–3.2%) 

0.156 

(0.0%) 

0.149 

(–4.5%) 

0.150 

(–3.8%) 

0.154 

(–1.3%) 

0.154 

(–1.3%) 

The next analysed parameters were those related to viscosity: 
local and global non-Newtonian importance factors (IL and IG, 

respectively), as indicated in Tab. 10 and Fig. 4. If the value of the 
IL parameter differs from 1.0, it is possible to observe regions of 
the non-Newtonian flow. However, this requires a graphical repre-
sentation of the analysed case – calculating a simple average 
value of IL does not provide meaningful information about the 
global influence of the rheological model. Thus, the second pa-
rameter introduced, IG, considers a relative difference in viscosity 
values (for each mesh node), which is averaged. After thorough 
numerical analyses, Johnston et al. [4] concluded that the most 
optimal cut-off value of IG for coronary arteries is 0.25. Below this 
value, the flow can be treated as Newtonian. For large arteries, a 
threshold value of 0.15 has been established [16]. 

Tab. 10. Viscosity-related parameters for the CCA bifurcation geometry 

Parameter 
Blood model 

NEWT CAR CAS CRO KL MPL PL QUE 

S
te

ad
y-

st
at

e Avg. IL 

[-] 
1.00 1.16 1.31 1.04 1.53 1.18 0.73 0.99 

IG 

[-] 
0.00 0.15 0.21 0.14 0.35 0.32 0.32 0.09 

S
ys

to
le

 s
ta

rt Avg. IL 

[-] 
1.00 1.31 1.39 1.07 1.58 1.43 1.11 1.11 

IG 

[-] 
0.00 0.25 0.27 0.16 0.39 0.44 0.25 0.13 

S
ys

to
le

 p
ea

k Avg. IL 

[-] 
1.00 1.10 1.27 1.01 1.49 1.06 0.62 0.94 

IG 

[-] 
0.00 0.10 0.18 0.02 0.33 0.17 0.32 0.07 

 
Fig. 4. AAWSS and IG parameters for the selected stages of the cardiac 

cycle – CCA bifurcation case studies; all rheological models of 
blood 

Both steady-state and transient simulations outline significant 
deviations from the Newtonian fluid. The largest differences occur 
at low shear rates, i.e. at the beginning of systole. However, even 
at high shear rates, the results show meaningful, non-negligible 
discrepancies. Solely the Cross and Quemada models present 
proneness to Newtonian behaviour. Comparing the calculated 
data for steady-state analyses, the IG parameter is the highest for 
K-L, Modified Power Law and Power Law models (exceeding the 
value of 0.30), while the lowest one was obtained for the Quema-
da model, i.e. 0.09. The remaining blood models resulted in the IG 
parameter equal to approximately 0.15–0.20. Since the cut-off 
value of the IG parameter is claimed to be 0.15 for larger vessels, 
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it can be concluded that all analysed blood models, except the 
Quemada one, show a considerable non-Newtonian character. As 
far as the transient simulations are concerned, similar characteris-
tics can be observed as for the steady-state simulations, although 
only for the beginning of systole. This phase of the cardiac cycle is 
characterised by low shear rates where the blood viscosity is 
extremely susceptible to mathematical description. All blood mod-
els, except for Quemada, resulted in IG values greater than 0.15.  

However, when systole peak occurs, meaningful changes in 
the IG parameter can be observed. For instance, in the Carreau 
and Cross models, IG drops below 0.1, whereas in the Casson 
and Modified Power Law models it is reduced from 0.27 and 0.44 
to 0.18 and 0.17, respectively. In summary, the changes in IG 
resulting from varying shear rates (a consequence of varying flow 
velocity) indicate that the non-Newtonian behaviour of blood de-
pends on phase of the cardiac cycle. 

3.3. Entire aorta with major branches 

The same results analyses were performed for the entire aorta 
case studies; however, to make the paper more concise, it was 
decided to present only the most interesting data. Thus, Tabs. 11 
and 12 contain information on the selected haemodynamic pa-
rameters, i.e. blood volume delivered to specific regions of the 
fluid domain (P1 – gastric artery; P2 – superior mesenteric artery; 
P3 – left renal artery) and IL and IG parameters, as well as the 
maximum WSS detected at the walls. Figs. 5 and 6 depict a quali-
tative comparison of the selected data. 

Focussing on the flow distribution, the largest difference was 
found at the superior mesenteric artery for the K-L blood model 
(6% underestimation, i.e. circa 0.35 cm3, when compared to the 
Newtonian reference model). For the other models, the differ-
ences varied up to 3%–4%. It can be concluded that flow distribu-
tion is not significantly affected by the mathematical description of 
the blood rheology, but some alternations might occur. Thus, it 
seems that blood can be simplified to the Newtonian fluid model 
when the entire aorta geometry is analysed. 

Tab. 11. A quantitative analysis of the chosen parameters  
  for the entire   aorta geometry: part 1 

 
Control 
plane 

Blood model 

NEWT CAR CAS CRO KL MPL PL QUE 

B
lo

od
 v

ol
. [

cm
3 ]

 

P1 2.014 
2.036 

(1.1%) 

2.056 

(2.1%) 

2.005 

(–0.5%) 

2.050 

(1.8%) 

1.998 

(–0.8%) 

1.997 

(–0.9%) 

2.023 

(0.4%) 

P2 9.675 
9.407 

(–2.8%) 

9.302 

(–3.9%) 

9.634 

(–0.4%) 

9.106 

(–5.9%) 

9.338 

(–3.5%) 

9.863 

(1.9%) 

9.642 

(–0.3%) 

P3 6.971 
6.887 

(–1.2%) 

6.916 

(–0.8%) 

6.978 

(0.1%) 

6.860 

(–1.6%) 

6.760 

(–3.0%) 

6.824 

(–2.1%) 

6.960 

(–0.2%) 

Steady-state; 

max. WSS 
[Pa] 

11.71 
12.85 

(9.7%) 

13.96 

(19.2%) 

11.94 

(2.0%) 

15.53 

(32.6%) 

12.89 

(10.1%) 

8.64 

(–26.2%) 

11.52 

(–1.6%) 

Systole start; 

max. WSS 
[Pa] 

6.50 
7.05 

(8.4%) 

7.84 

(20.6%) 

6.94 

(6.8%) 

8.64 

(33.0%) 

7.61 

(17.0%) 

4.98 

(–23.3%) 

6.56 

(0.9%) 

Systole peak; 

max. WSS 
[Pa] 

129.53 
132.35 

(2.2%) 

143.96 

(11.1%) 

130.56 

(0.8%) 

159.42 

(23.1%) 

130.38 

(0.7%) 

70.13 

(–45.9%) 

120.90 

(–6.7%) 

Max. TAWSS 

[Pa] 
19.65 

20.30 

(3.3%) 

22.22 

(13.1%) 

19.85 

(1.0%) 

24.66 

(25.5%) 

20.01 

(1.8%) 

11.19 

(–43.0%) 

18.40 

(–6.4%) 

Tab. 12. A quantitative analysis of the chosen parameters  
  for the entire aorta geometry: part 2 

Parameter 
Blood model 

NEWT CAR CAS CRO KL MPL PL QUE 

Systole start; 

IL [-] 
1.00 1.63 1.57 1.26 1.74 2.27 1.53 1.32 

Systole peak; 

IL [-] 
1.00 1.17 1.32 1.03 1.55 1.11 0.79 1.00 

Steady-state; 

IG [-] 
0.00 1.20 7.90 1.46 1.93 3.34 0.46 0.31 

Systole start; 

IG [-] 
0.00 0.23 0.13 0.18 0.20 0.97 0.18 0.08 

Systole peak; 

IG [-] 
0.00 0.02 0.04 0.00 0.10 0.03 0.04 0.00 

 
Fig. 5. Distribution of the IL parameter at the walls of the entire aorta 

case studies; all rheological models of blood 

 
Fig. 6. The IG parameter for the selected stages of the cardiac cycle  

– entire aorta case studies; all rheological models of blood 

A qualitative comparison of the WSS distribution also showed 
no significant changes between the blood models as well. Howev-
er, when focussing on a quantitative comparison of WSS magni-
tudes as well as on IL and IG analysis, contrary observations 
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could be made. As shown in Tab. 11, the relative variation of the 
maximum WSS and TAWSS parameters was extremely high. The 
highest difference, obtained for the Power Law model at systole 
peak, was approximately 46%. The majority of the remaining 
differences, both for area-averaged and maximum WSS, were in 
the 5%–20% range. Therefore, it can be concluded that the rheo-
logical model of blood has a significant, non-negligible influence 
on haemodynamic parameters. This statement was further con-
firmed by IL and IG analysis. Concentrating on the former pa-
rameter, it can be concluded that not only the magnitudes varied, 
but also the general distribution was influenced by the chosen 
rheological model. Thus, the dynamic viscosity of the blood locat-
ed in a direct vicinity of the arterial walls varied considerably in all 
case studies. As far as the IG parameter is concerned, a signifi-
cant influence of the cardiac cycle phase on its values could be 
observed. At the beginning of systole, when shear rates were 
relatively low, almost all blood models produced IG values above 
the 0.15 threshold. The Casson and Quemada models were the 
only exceptions – the IG parameter was equal to 0.13 and 0.08, 
respectively. The highest value was obtained for the Modified 
Power Law model – it almost reached 1.00. Thus, this mathemati-
cal description is the most prone to the non-Newtonian character 
at the beginning of systole. At systole peak, none of the blood 
models reached a threshold value. Therefore, it could be conclud-
ed that at systole peak, i.e. at high shear rates, all mathematical 
descriptions show a high susceptibility to the Newtonian behav-
iour. During end-systole, the highest IG values were obtained for 
the Carreau and Modified Power Law models, amounting to 1.14 
and 0.46, respectively. The IG parameters for the remaining blood 
models were characterised by values lower than 0.15. 

3.4. Intracranial arterial system  

During the blood distribution analysis, all outlet cross-sections 
were categorised into separate groups supplying different regions 
of the brain, i.e. anterior and middle parts of the left/right lobe and 
the posterior part of the left/right lobe. Tab. 13 shows the data 
obtained from the transient simulations, i.e. the blood volume 
delivered throughout the full cardiac cycle. As can be seen, the 
flow distribution remained almost unchanged – all differences did 
not exceed 1%. The largest discrepancies occurred in the K-L 
model, where the blood supply in the posterior part of the left lobe 
was limited by 0.8%. However, such small differences prove that 
flow distribution does not depend on the chosen blood model. It 
means that blood can be simplified to the Newtonian fluid model 
when analysing intracranial vessels. An additional analysis of 
parameters related to shear stresses was performed to prove this 
statement (Tab. 14). 

Similar to the CCA bifurcation analysis, it can be seen that the 
absolute differences of the AAWSS, AAWSSG and TAWSS pa-
rameters are negligible, although their percentage variations are 
high. The Power Law and Quemada models seem to underesti-
mate all the parameters related to the shear stress, i.e. AAWSS, 
AAWSSG, TAWSS and OSI. The flow solution obtained for the 
Cross model showed that this mathematical description is by far 
the most similar to the Newtonian behaviour – the results were 
extremely similar to the those obtained for the reference case 
study. Excluding the K-L and Quemada models, the remaining 
ones appear to result in negligible absolute differences in 
AAWSS, AAWSSG and TAWSS. Additionally, the general distri-

bution of the shear-related parameters was almost identical in 
each case study, making a sole qualitative comparison insuffi-
cient. Fig. 7 shows a WSS comparison for two models that were 
characterised by the highest visual discrepancies. 

Tab. 13. A quantitative analysis of the blood distribution  
  in the cerebral vasculature case studies 

 
Blood volume delivered during full cardiac cycle [cm3] 

NEWT CAR CAS CRO KL MPL PL QUE 

Left lobe; 

anterior and 
middle 

3.445 
3.438 

(–0.2%) 

3.437 

(–0.2%) 

3.445 

(0.0%) 

3.434 

(–0.3%) 

3.433 

(–0.3%) 

3.430 

(–0.4%) 

3.441 

(–0.1%) 

Left lobe; 

posterior 
1.424 

1.421 

(–0.2%) 

1.417 

(–0.5%) 

1.424 

(0.0%) 

1.411 

(–0.8%) 

1.426 

(0.1%) 

1.427 

(0.2%) 

1.426 

(0.1%) 

Right lobe; 

anterior and 
middle 

3.304 
3.314 

(0.3%) 

3.311 

(0.2%) 

3.306 

(0.1%) 

3.310 

(0.2%) 

3.318 

(0.4%) 

3.319 

(0.5%) 

3.311 

(0.2%) 

Right lobe; 

posterior 
1.547 

1.551 

(0.3%) 

1.553 

(0.4%) 

1.548 

(0.1%) 

1.557 

(0.6%) 

1.547 

(0.0%) 

1.547 

(0.0%) 

1.548 

(0.1%) 

Tab. 14. A quantitative analysis of shear-related parameters  
  in the cerebral vasculature case studies 

Parameter 
Blood model 

NEWT CAR CAS CRO KL MPL PL QUE 

S
te

ad
y-

st
at

e 

AAWSS 

[Pa] 
2.94 

3.13 

(6.5%) 

3.44 

(17.0%) 

2.95 

(0.3%) 

3.85 

(31.0%) 

2.94 

(0.0%) 

2.22 

(–24.5%) 

2.83 

(–3.7%) 

AAWSSG 

[Pa/m] 
1,776 

1,791 

(0.9%) 

1,934 

(8.9%) 

1,774 

(–0.1%) 

2,099 

(18.2%) 

1,743 

(–1.8%) 

1,200 

(–32.4%) 

1,670 

(–6.0%) 

S
ys

to
le

 p
ea

k AAWSS 

[Pa] 
4.82 

5.12 

(6.2%) 

5.65 

(17.2%) 

4.83 

(0.2%) 

6.38 

(32.4%) 

4.79 

(–0.6%) 

3.34 

(–30.7%) 

4.57 

(–5.2%) 

AAWSSG 

[Pa/m] 
3,004 

3,051 

(1.6%) 

3,297 

(9.8%) 

3,002 

(–0.1%) 

3,600 

(19.8%) 

2,972 

(–1.1%) 

1,868 

(–37.8%) 

2,808 
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Fig. 7. TAWSS distribution at the walls of intracranial arteries  

– comparison of two selected rheological models:  
Modified Power Law (MPL) and Power Law (PL) 

Therefore, the conducted analyses indicate that blood can be 
simplified to the Newtonian fluid model in numerical simulations of 
blood flow within the intracranial arteries. This was further 
supported by a thorough analysis of the IG parameter (see Fig. 8). 
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Fig. 8. The IG parameter for the selected stages of the cardiac cycle – 

cerebral vasculature case studies; all rheological models of blood 

Contrary to the analysis performed for the CCA bifurcation 
and entire aorta case studies, the IG parameter for the intracranial 
arteries seemed to be independent of shear rate – it remained 
identical at both low and high shear rates. The only exception was 
MPL – it decreased from 0.08 (for the beginning of systole) to 0.02 
(for the systole peak). The highest value of IG was obtained for 
the K-L model, which means that this mathematical description 
showed the highest non-Newtonian proneness among all investi-
gated blood models. Moreover, regardless of the rheological 
model of blood, simulation type and cardiac cycle stage, all IG 
values were far below the threshold value of 0.15. Therefore, it 
can be concluded that the Newtonian model assumption of blood 
is a sufficient and valid approach to simulate blood flows within 
cerebral vasculature models. 

3.5. Blood washout analysis  

The final part of this research was devoted to an investigation 
of whether blood rheology affects the blood washout. If the re-
maining volume of “old blood” changed due to a mathematical 
description of fluid rheology, then it could be concluded that blood 
has to be modelled as non-Newtonian fluid in every CFD analysis. 
The reason behind this statement is the fact that non-washed-out 
blood is related to stagnation zones in which blood could start 
clotting. Tab. 15 presents the ratio of “old blood” that remained in 
the fluid domain at the last timestep of each simulation and Tab. 
16 shows absolute differences of “old blood” volume, whereas Fig. 
9 depicts time-dependent trends for Newtonian fluid – waveforms 
just for a single blood model are depicted for a clearer representa-
tion. 

Firstly, it can be easily observed that the larger the model, the 
longer the blood washout phenomenon – for the CCA bifurcation 
almost the entire volume of “old blood” (~98%) was washed out 
during the first two cycles, whereas for the aorta case studies it 
took 10 cycles to reach nearly 95% of “old blood” washout. Re-
garding the differences in “old blood” volume remaining in the 
numerical domain at the end of each simulation, the relative dif-
ferences seemed to be marginal – the highest discrepancy was 
found for the aorta geometry for the KL blood model: approximate-
ly 0.7%. Thus, such small differences suggest that blood rheology 
has almost no influence on the blood washout phenomenon. 
However, when comparing the absolute differences, slightly con-
trary conclusions could be drawn. For the CCA bifurcation and 
intracranial arteries, these differences were negligible (far below 

0.01 cm3), whereas for the aorta case studies they were signifi-
cant, i.e. reaching almost 4 cm3. This difference in blood volume 
indicated regions that could be prone to blood stagnation and, 
consequently, blood clotting. By applying a simple Newtonian 
fluid, such an observation could not be deduced. 

Tab. 15. The percentage ratio of “old blood” volume with respect  
  to the entire fluid domain volume at the end of each simulation 

 
Ratio of “old blood” that remained in the fluid domain [%] 

NEWT CAR CAS CRO KL MPL PL QUE 

CCA 
bifurcation 

0.37 0.41 0.41 0.39 0.42 0.40 0.31 0.39 

Entire aorta 5.03 5.36 5.66 5.09 5.74 5.46 4.52 4.94 

Intracranial 
arteries 

0.60 0.62 0.62 0.64 0.64 0.67 0.52 0.61 

Tab. 16. The absolute differences of “old blood” volume with respect  
  to  the volume estimated for Newtonian blood model 

 
Difference of “old blood” volume [cm3] 

NEWT CAR CAS CRO KL MPL PL QUE 

CCA 
bifurcation 

- 0.002 0.002 0.001 0.002 0.001 –0.002 0.001 

Entire aorta - 1.759 3.359 0.320 3.785 2.293 –2.719 –0.480 

Intracranial 
arteries 

- 0.002 0.002 0.004 0.004 0.007 –0.008 0.001 

 

 
Fig. 9. The ratio of non-washed-out blood vs time – the Newtonian blood 

model case studies 

3.6. Shear rate analysis 

To observe the local influence of the rheological model of 
blood on the numerical data related to the flow characteristics, it 
was decided to perform an investigation of the shear rate at nu-
merous control planes. Such an approach was presented in the 
work of Apostolidis et al. [34], who performed transient simulations 
of the blood flow in the left coronary artery and analysed the 
differences between the results obtained for the Newtonian and 
Casson viscoelastic models of blood. Additionally, they proposed 
a new approach towards setting outlet boundary conditions that 
attempts to preserve consistency with the pressure/flow predic-
tions while being more computationally efficient. 

To maintain the clarity of this paper, the results are presented 
for only one control plane per each case study. For the CCA 
bifurcation case study, a distal fragment of the ICA was chosen. 
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For the entire aorta case study, we decided to focus on the supe-
rior mesenteric artery (SMA), whereas in the cerebral vasculature, 
a cross-section of the left middle cerebral artery (MCA) was se-
lected. Figs. 10, 11 and 12 outline a qualitative comparison of the 
shear rate for three selected rheological models of blood, i.e. 
Newtonian, Casson and Modified Power Law. The results were 
extracted from the time step corresponding to the late diastole, 
when velocity and shear rate were the lowest, whereas the non-
Newtonian proneness was the highest. Apart from a qualitative 
comparison of shear rate, we decided to present a relative differ-
ence (expressed as a percentage) between non-Newtonian and 
Newtonian models. All differences below 10% were considered 
insignificant. Therefore, a dark blue colour represents regions 
where the shear rate differences were negligible. The quantitative 
data of this analysis are presented in Tab. 17. 

Tab. 17. Analysis of relative differences in shear rate 

Control 
surface 

Max. difference Avg. difference 

NEWT vs CAS NEWT vs MPL NEWT vs CAS NEWT vs MPL 

ICA 114.0% 30.9% 12.6% 5.2% 

SMA 116.8% 113.3% 24.0% 34.4% 

MCA 86.5% 17.8% 8.5% 1.6% 

 
Fig. 10. The shear rate distribution and its relative differences at the ICA 

plane for three rheological models of blood – the CCA bifurcation 
case 

By analysing the quantitative and qualitative data presented in 
Tab. 17 and Figs. 10, 11 and 12, it can be concluded that the 
rheological model of blood influenced the shear rate in each case 
study. Focussing on the maximum differences, the highest dis-
crepancies were found for the superior mesenteric artery (SMA), 
exceeding 115%. Regarding the average differences, the highest 
ones were once again found at the SMA control surface (24.0% 
and 34.4% for Casson and Modified Power Law models, respec-
tively). The lowest discrepancies were observed at MCA surface 
for Modified Power Law model – i.e. 1.6%. It is interesting to note 
that the differences in shear rate for the MPL model were visible 
only in the free-flow regime and not in the boundary layer. For the 
other control surfaces and rheological models, differences could 

be observed both in the free-flow regime and in the boundary 
layer. Additionally, the discrepancies were significant, confirming 
all the former conclusions that blood should not be modelled as a 
simple Newtonian fluid. 

 
Fig. 11. The shear rate distribution and its relative differences at the SMA 

for three rheological models of blood – the entire aorta case 

 
Fig. 12. The shear rate distribution and its relative differences  

at the left MCA for three rheological models of blood  
– the cerebral vasculature study 

4. DISCUSSION 

The vast majority of studies available in the literature present 
the results of blood flow simulations in a specific fragment of the 
arterial system. We, on the other hand, decided to carry out a 
research (dedicated to numerical analyses of blood flows charac-
terised by different rheological models of blood) using three ge-
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ometries of varying complexity and location in the circulatory 
system. This allowed us to consider a possible influence of the 
arterial system complexity on the numerical data. Moreover, to 
generate as much data as possible, we decided to analyse a large 
number of different haemodynamic parameters and other possible 
bioindicators to ensure that the conclusions we drew were correct 
and adequately supported. It should be emphasised that we cou-
pled rheology analyses with simulating the blood washout phe-
nomenon. Unfortunately, there are no other literature data with 
which we could compare such results – this indicates an innova-
tive approach towards rheology investigations. Furthermore, one 
of the analysed parameters was the shear rate. This investigation 
showed that the viscosity models have a significant effect on the 
shear rate, especially for the common carotid artery and the entire 
aorta case studies. Similar observations, i.e. non-negligible differ-
ences between Casson and Newtonian models, were presented in 
the work of Apostolidis et al. [34]. However, they simulated blood 
flow in the other blood vessel, i.e. the coronary artery, and thus a 
direct comparison between the two data sets could not be made. 

Conducted steady-state and transient simulations indicate that 
the flow distribution within the CCA bifurcation model was not 
significantly affected by the rheological blood model; however, 
some changes occurred. Similarly, Mendieta et al. [13] did not 
observe drastic changes – flow rate and flow patterns were similar 
between case studies. This is in contrast to the work of Gijsen et 
al. [10], who claimed that there is a considerable difference in 
velocity distribution between the Newtonian and Carreau–Yasuda 
models. According to their research, the non-Newtonian fluid was 
characterised by a flattened axial velocity profile and lower veloci-
ty gradients. However, no quantitative comparison was presented, 
and thus it is not clear whether the differences exceed 2%, 5% or 
10%. Moreover, we did not see any significant differences in the 
“old blood” volume remaining in the numerical domain at the end 
of the simulation. The largest deviation was far below 0.01 cm3. 
This suggests that rheology does not play a critical role in simulat-
ing blood flows in CCA models. Although the flow distribution was 
almost unaffected by the blood rheology (except for the Power 
Law model), we noticed a significant difference in the shear rate 
during the quantitative and qualitative evaluation. Additionally, 
high values of IG and IL parameters suggested that the blood 
model affected the flow haemodynamics. This statement and most 
of the presented results are in agreement with the findings of 
Shinde et al. [11], Razavi et al. [14], Gharahi et al. [35] and Mora-
dicheghamahi et al. [36]. The Newtonian fluid model underesti-
mated AAWSS, TAWSS and AAWSSG parameters, which is 
consistent with the research of Caballero and Lain [2]. The K-L 
model overestimated the aforementioned parameters, while the 
Cross model seemed to be the most prone to Newtonian behav-
iour – results were almost identical to those obtained for the New-
tonian fluid. Similar to the work of Moradicheghamahi et al. [36], 
the AAWSS values were the smallest for Newtonian fluid among 
all models (Power Law is an exception), while the OSI was the 
largest. 

As far as entire aorta case studies are concerned, the flow 
distribution was not significantly affected by the blood rheology; 
however, some changes could be observed. Thus, it appears that 
blood can be simplified to the Newtonian fluid model when the 
entire aorta geometry is analysed. The research of Karimi et al. 
[16] suggests that the Cross model generates considerably differ-
ent velocity distributions at lower shear rates (during diastole), 
which is opposed to the results of the performed simulations. 
Despite negligible differences in flow distribution, blood washout 

analysis showed significant discrepancies between rheological 
models of blood, reaching nearly 4 cm3 for the K-L model. By 
simplifying blood to a Newtonian fluid, it would not be possible to 
detect regions characterised by blood stagnation and blood clot-
ting. Moreover, it turned out that we obtained non-negligible dif-
ferences in the magnitude of the shear rate at several control 
planes. The largest discrepancy exceeded 115% for the Casson 
model at the superior mesenteric artery. A thorough analysis of 
the IG parameter showed that the intensity of the rheological 
model influence varied, depending on the cardiac cycle phase. At 
the beginning of systole, almost all blood models produced IG 
values above 0.15, i.e. above the threshold value presented by 
Karimi et al. [16]. Therefore, treating blood as a simple Newtonian 
fluid might be an oversimplification. When comparing the absolute 
differences among area-averaged WSS and TAWSS, they ap-
peared to be marginal. This may indicate that the blood rheology 
influence is negligible in the aorta model, which is in agreement 
with the research of Caballero et al. [2]. Additionally, after qualita-
tive analysis of WSS and TAWSS distributions, these authors 
concluded that the assumption of the non-Newtonian fluid is not 
necessary under pulsatile flow, since hardly any differences were 
visible in the figures. Such conclusions are consistent with the 
results of this research. However, when the maximum WSS val-
ues were analysed quantitatively, no higher absolute differences 
could be observed, reaching even 60 Pa. Therefore, despite small 
absolute differences of AAWSS and similar WSS distributions at 
the model wall, high differences in the maximum WSS and high 
percentage variation of all parameters suggest that blood should 
be modelled as a shear-thinning fluid for the aorta. 

In terms of intracranial arteries, the flow distribution remained 
nearly unchanged – all differences did not exceed 1%. Thus, it 
was demonstrated that the flow distribution does not depend on 
the chosen blood model. Additionally, hardly any differences could 
be detected in blood washout analysis, suggesting that blood can 
be treated as a Newtonian fluid when intracranial vessels are 
analysed. Such a result is in agreement with the work of Razavi et 
al. [37], who claimed that Newtonian fluid is a sufficient simplifica-
tion of the blood model when it comes to the cerebral vasculature. 
Moreover, not only negligible differences in flow distribution were 
obtained, but also WSS, TAWSS and WSSG did not change 
significantly when compared to the reference case. A similar 
observation could be made when analysing the shear rate at the 
investigated cross-sections. For example, the average difference 
between MPL and Newtonian models was only 1.6%. Additionally, 
the shear rate changes could only be observed in the free-flow 
regime, and thus they did not influence the parameters related to 
the stress exerted on the arterial walls (pressure and WSS). Fur-
thermore, the IG results were far below the thresholds suggested 
by two research teams, which supports the aforementioned 
statement [4,16]. Oliveira et al. [38] noticed a 50% overestimation 
of the maximum WSS values at intracranial aneurysm walls. 
However, when TAWSS and AAWSS were considered, the rela-
tive differences decreased to less than 7%. Nevertheless, they 
concluded that the non-Newtonian assumption of blood is recom-
mended when investigating the maximal WSS and OSI at systole 
peak. 

5. CONCLUSIONS 

We present a comprehensive study in which we analysed the 
influence of eight different rheological models of blood on the 
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numerical results. To ensure that valid conclusions were drawn, 
we performed in-silico investigations of blood flows in geometries 
of varying complexity (CCA bifurcation, entire aorta and cerebral 
vasculature). Thus, our research was not limited to only one type 
of the arterial configuration. Furthermore, this study was based on 
the analysis of numerous haemodynamic parameters and bioindi-
cators, including flow distribution, WSS, TAWSS, WSSG, OSI, IG, 
IL and shear rate. Moreover, we coupled the rheology assessment 
with the blood washout phenomenon. 

The main conclusion of this research is that all haemodynamic 
parameters, and their variation resulting from different blood mod-
els, are strictly related to the model geometry and imposed 
boundary conditions. The results obtained during this research 
indicate that blood can be simplified to the Newtonian fluid model 
when cerebral vasculature is analysed, whereas for the CCA 
bifurcation and large vessels network it should be modelled as a 
shear-thinning fluid. Therefore, regardless of the geometry topolo-
gy, boundary conditions and simulation type, it is more advisable 
to provide formulas that describe the non-Newtonian behaviour of 
blood. Otherwise, the simulation might be oversimplified while the 
results might be underestimated. 
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