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Development of multi-phase models of blood flow
for medium-sized vessels with stenosis
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Purpose: The purpose of the work was to develop two-phase non-Newtonian blood models for medium-sized vessels with stenosis
using power law and Herschel–Bulkley models. Methods: The blood flow was simulated in 3D models of blood vessels with 60% steno-
sis. The Ansys Fluent software was applied to implement the two-phase non-Newtonian blood models. In the present paper, the mixture
model was selected to model the two phases of blood: plasma and red blood cells. Results: Simulations were carried out for four blood
models: a) single-phase non-Newtonian, b) two-phase non-Newtonian, c) two-phase Herschel–Bulkley with yield stress 0 mPa, and
d) two-phase Herschel–Bulkley with yield stress 10 mPa for blood plasma, while flow took place in vessel with stenosis 60%. Presentation
of results in this paper shows that stenosis can substantially affect blood flow in the artery, causing variations of velocity and wall
shear stress. Thus, the results in the present paper are maximum values of blood velocity and wall shear stress, profiles and distribu-
tions of blood velocity and wall shear stress computed for single- and two-phase blood models for medium-sized vessels with stenosis.
Conclusions: For the two-phase blood models the influence of initial velocity on blood flow in the stenosis zone is not observed, the
velocity profiles are symmetric and parabolic. Contrary, for the single phase non-Newtonian blood model, the velocity profile is flat in
the stenosis zone and distribution of velocity is disturbed just behind the stenosis zone. The shapes of wall shear stress profiles for two-
phase blood models are similar and symmetric in the center of stenosis. The biggest differences in maximum values of velocities and
wall shear stress are observed between single phase non-Newtonian power law and Herschel–Bulkley blood models. The comparison of
the obtained results with the literature indicates that the two-phase Herschel–Bulkley model is the most suitable for describing flow in
medium-sized vessels with stenosis.
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1. Introduction

The blood flow through arteries is important in
many diseases. Vascular fluid mechanics plays a key
role in the progression and development of arterial
stenosis. In computational fluid-dynamics, for medium-
sized vessels, the validity of the Newtonian hypothesis
is not clear, especially in the stenotic case. The review
of literature presented in [4], regarding computational
studies in medium-sized vessels using non-Newtonian
blood models, shows that it is acceptable to use power
law and Herschel-Bulkley (HB) for stenotic vessels,
what will be introduced in the present study. Many
papers state that blood cannot be considered as a single-

-phase homogeneous viscous fluid, especially in the
narrowing stenotic arteries [8]. Thus, the blood flow in
narrowing tubes will be also represented by a two-
layered model instead of one-layered model.

The purpose of the work was to develop a two-
-phase non-Newtonian blood models for medium-sized
vessels with stenosis, using power law and Herschel–
Bulkley models. The degree of stenosis was intro-
duced on the basis of literature research [4], [9].
Simulations were carried out for four blood models:
a) single-phase non-Newtonian, b) two-phase non-
Newtonian, c) two-phase Herschel–Bulkley with yield
stress 0 mPa, and d) two-phase Herschel–Bulkley with
yield stress 10 mPa for blood plasma, while flow took
place in vessel with stenosis of 60%.
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The Ansys Fluent software was applied to imple-
ment the two-phase non-Newtonian blood models. In
the present paper, the mixture model was selected to
model the two phases of blood: plasma and red blood
cells. The mixture model was used to calculate non-
Newtonian viscosity in the present work.

Selection of presentation of results shown in the
paper is based on literature study, for example, work [3]
indicates that stenosis can substantially affect blood
flow in the artery, causing variations of velocity and
wall shear stress. The two-phase non-Newtonian blood
flow models are suggested to be used in the future in
more advanced models considering, for example,
thrombosis phenomenon in stenotic vessels.

2. Materials and methods

In paper [10], the basic physiological behaviour of
stenosis was shown. The pressure loss across the ste-
nosis not only depends on the severity of narrowing,
but to a large extent on the magnitude of flow that
goes through the artery. This pressure loss is due to
viscous friction losses across the throat of the lesion,
and separation losses that occur through acceleration
of flow through the stenosis and the formation of ed-
dies at the stenosis exit. Due to the combination of
these effects, the pressure loss incurred by a stenosis
increases quadratically with an increase in flow.

In the literature many works concern the modeling
of various cases of stenosis, while there are very few
works in the field of experimental measurements, and
even fewer works that include model and experimen-
tal parts. It was presented in Chapter 3. The authors of
the article were trying to simulate microfluidic sys-
tems, hence, they chose medium-diameter vessels
with the most common stenosis as an object of interest
to test the possibilities of modeling such systems, and
then to go to a lower scale to take into account the
phenomena that appear there. The flow behavior in
the model corresponding to the medium-sized vessel
with stenosis, on which also the authors of this work
based the shape of vessel and flow conditions that
correspond to the physiological ones [5], was presented
in the paper [6].

In order to build a model of a blood vessel with
stenosis, a solid model was made, for which the shape
of blood vessel and the degree of stenosis was pre-
pared based on publication [6]. Blood flow tests for
vessels were performed for stenosis of 60%. The
models of medium-sized blood vessel had a length of
90 mm and a section diameter of inlet was 3.5 mm

[6]. Solid model was made in the Solid Works pro-
gram 2019. Simulations were carried out in the Ansys
program – the Fluent module 15.0, 2013. The key
assumptions of the simulation models are presented
below:

Inflow boundary

Mass flow boundary conditions were used in An-
sys Fluent module 15.0, 2013 to provide prescribed
flow rate and mass flux distribution at an inlet of ves-
sel. Flow directions were specified as normal to the
inlet boundary. For the steady flow, the mass flow rate
was increased linearly with time from 0 to 1 ml·s–1

[5], [6].

Outflow boundary

Open boundary condition was used for outlet of
the vessel.

Wall boundary

The rigid vessel, no-slip, no moving, the velocity
of the fluid at the wall boundary was set to zero.

Fluid models

Four non-Newtonian incompressible, no mesh de-
formation blood models are listed below and their
parameters are shown in Tables 1 and 2. Simulations
were carried out for blood models: a) single-phase
non-Newtonian, b) two-phase non-Newtonian, c) two-
phase Herschel–Bulkley with yield stress 0 mPa, and
d) two-phase Herschel–Bulkley with yield stress 10 mPa
for blood plasma, while flow took place in vessel with
stenosis 60%.

Analysis type

• Laminar, time steps 0.001 s for steady flow.
• Multiphase model mixture, cell zone conditions:

face mixture.
Solver settings
• Hybrid solution initialization method and pressure-

velocity coupling scheme.

FV ( finite volume) mesh

• The simulations were carried out on FV grids with
the number of tetrahedral elements equal to 523 403
and the number of nodes equal to 100 044. The FV
meshes of lower densities were also tested, how-
ever mesh quality factors allowed to select the
mesh with good orthogonal quality. The average
computing time for each simulation was about
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30 minutes (about 150 iterations) using standard PC
computer (Intel Core i5 7400 3GHz, 8GB RAM).
The density of the 3D FV grid is shown in Fig. 1.

Fig. 1. 3D blood vessel model with stenosis 60%
with generated FV mesh

The non-Newtonian power law blood model was
used to carry out the simulations for blood considered
as a single phase flow. The general power law has the
form presented for example in [12], [14] as:

1−= nkγη & (1)

where: k, n – coefficients. The coefficient k represents
consistency of a fluid. The larger the consistency is,
the more viscous is a fluid. The coefficient n is a meas-
ure of a non-Newtonian behaviour, n = 0 represents
Newtonian fluid. The closer to one this coefficient is,
the more non-Newtonian are the properties of a blood.
Liquids with n > 0 show hardening by shearing. A blood
with n < 0 represents softening by shearing. Typical
values of the coefficient in Eq. (1) for the healthy
human blood set in the present work for the single
phase blood model are [14]: k = 0.13 Pa and n = 0.7.

In Ansys Fluent, three different Euler–Euler mul-
tiphase models are available. In the present paper, the
mixture model has been selected to model the two
phases of blood: plasma and red blood cells. As in the
Eulerian model, the phases are treated as interpene-
trating continua. The mixture model [2] can model
phases by solving the momentum, continuity, and
energy equations for the mixture, the volume fraction
equations for the secondary phases, and algebraic
expressions for the relative velocities. The mixture
model is used to calculate non-Newtonian viscosity in
the present paper.

The non-Newtonian flow is modelled according to
the following power law for the non-Newtonian vis-
cosity:

T
T

n ek
0

1−= γη & (2)

where: k and n have the same meaning as in the
Eq. (1), and T0 is the reference temperature.

Ansys Fluent allows to place upper and lower lim-
its on the power law function, yielding the following
equation:
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1
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where ηmin and ηmax are the lower and upper limits of
the power law.

If the viscosity is computed from the power law is
less than ηmin, the value of ηmin is used instead. Simi-
larly, if the computed viscosity is greater than ηmax,
the value of ηmax is used instead. In the present work
viscosity is taken from 1 to 4 mPa.

The parameters applied in computations for two-
phase non-Newtonian power law blood models are
presented in Table 1 [1], [11], [12].

Table 1. Parameters described in the Eq. (2)
and used in the two-phase non-Newtonian power law blood model

with literature references

Parameters, unit Red blood
cells

Blood
plasma

Density [kg/m3] 1090 [12] 1040 [12]
Specific heat [J/g°C] 0.87 [11] 3.93 [1]
Thermal conductivity [W/mK] 2.36 [12] 9.93 [12]
Reference temperature [K] 298 [12] 298 [12]
Consistency [mPa] 3.28 [12] 0.02 [12]
Temperature exponent [–] 0.38 [12] 0.74 [12]

The Herschel–Bulkley model [7] combines the ef-
fects of Bingham and power law behaviour in a fluid.
For low strain rates, the “rigid” material acts like a very
viscous fluid with viscosity µ0. As the strain rate in-
creases and the yield stress threshold τ0, is passed, the
fluid behaviour is described by a power law.
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where k is the consistency factor, n is the power-law
index, Cγ&  is the critical shear rate, γ&  is the shear rate,
τ0, is the yield stress threshold and η is the fluid vis-
cosity.

The Herschel–Bulkley model is commonly used to
describe materials for which a constant viscosity after
a critical shear stress is a reasonable assumption. In
addition to the transition behavior between a flow and
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no-flow regime, the Herschel–Bulkley model can also
exhibit a shear-thinning or shear-thickening behavior
depending on the value of n. The parameters applied
in computations for two-phase Herschel–Bulkley blood
model are presented in Table 2 [13].

Table 2. Parameters described in the Eq. (4)
and used in the two-phase Herschel–Bulkley blood model

Parameters, unit Red blood
cells

Blood
plasma

Yield stress [mPa] 15 0 and 10
Critical shear rate [s–1] 1 1
Consistency [mPas] 3.28 0.02
Exponent [–] 0.38 0.74

3. Discussion

All simulations were carried out on grids, the den-
sity of which is shown in Fig. 1. where the stenosis
zone is particularly visible. In the center of 60% ste-
nosis in 3D blood vessel model, intermediate flow
velocities equal to 0.8 m·s–1 were observed for the
HB two-phase blood models, as shown in Fig. 2. The
profiles of velocities for the HB two-phase blood
models almost overlapped for yield stress equal to 0
and 10 mPa in the Fig. 3. The blood velocity profile for
the HB model with yield stress 10 mPa and maxi-
mum velocity equal to 0.802 m·s–1 was located
higher than the blood velocity profile for the HB
model with yield stress 0 mPa and maximum veloc-
ity equal to 0.793 m·s–1. The velocity profile for the
two-phase non-Newtonian power law had the biggest
values of blood velocities equal to 1.13 m·s–1 and it
was a parabolic profile, as observed for the HB two-
phase blood model. The single-phase non-Newtonian
power law blood model had the smallest values of
velocities equal to 0.724 m·s–1 among all analysed
blood models and its velocity profile is flat in the ste-
nosis zone.

The flatness in profiles of velocities in Fig. 2 for
single phase blood model in comparison with para-
bolic profiles for two-phase blood models (Figs. 2
and 3) was caused by a big value of initial velocity
(here 10 centimetres per second) and type of blood
model. For smaller initial velocities (like microme-
ters per second), the velocity profiles for single
phase and two-phase blood models were parabolic
and symmetric. For two-phase blood models, the
influence of initial velocity on blood flow velocity
profiles in the stenosis zone was not observed. Thus,

it can be started the two-phase blood models are
more resistant to disturbances caused by initial blood
flow conditions.

Fig. 2. Summary chart of blood velocity profiles in the center
of stenosis 60% for single phase non-Newtonian power law

blood model and two-phase non-Newtonian,
and Herschel–Buckley blood models

Fig. 3. Enlargement of the graph shown in Fig. 2
in the overlap zone of the blood velocity profiles in the center

of stenosis 60% for two-phase Herschel–Buckley blood models

In the center of 60% stenosis in 3D blood vessel
model, the biggest value of wall shear stress equal to
19.2 Pa was observed for the single phase non-
Newtonian blood model, as shown in Fig. 4. The wall
shear stress profile for single phase blood model was
asymmetrical in the stenosis zone, in comparison with
symmetric profiles of the two-phase blood models.
The profiles of wall shear stress for the HB two-phase
blood models almost overlapped for yield stress equal
to 0 and 10 mPa, as can be seen in Fig. 5. The profile
with maximum wall shear stress equal to 0.162 Pa for
the HB two-phase blood model with yield stress 10
mPa is located lower than the profile with maximum
wall shear stress equal to 0.172 Pa for the HB two-
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phase blood model with yield stress 0 mPa. Thus, the
smallest values of wall shear stress were observed for
the two-phase HB blood model. The two-phase non-
Newtonian blood model had intermediate values of
wall shear stress equal to 16.4 Pa among all analysed
blood models in the stenosis zone.

The shapes of wall shear stress profiles for two-
phase blood models were similar and symmetric in
the center of stenosis. In the zone before and behind
the center of stenosis, the wall shear stress profiles
converged to the minimum values of wall shear
stress in all analysed blood models. However, these
minimum values of wall shear stress behind the cen-
ter of stenosis were smaller than before the center
of stenosis. Contrary, the single phase model was
not symmetrical and there were disturbances of wall
shear stress profile in the stenosis zone and just
behind it for this blood model. The velocity and
wall shear stress profiles obtained in the present pa-
per for single and two-phase blood models with ves-
sel stenosis were similar to those presented in litera-
ture [9], [13].

The velocity distributions for two-phase blood
models were homogenous in the zone before and be-
hind the stenosis, as shown in Fig. 6. It can be con-
cluded that the two-phase blood model was more sta-
ble and resistant to disturbances caused by a big initial
velocity observed for medium-sized vessels. The dis-
tribution of blood velocity for vessel model with ste-
nosis 60% showed increasing values in the stenosis
zone for all models. The biggest blood velocity gradi-
ents occured in the zone behind the stenosis in the
case of a single-phase model.

The two-phase blood models developed in this
work were more stable than single phase model and
will be used to build a more advanced version of
blood model that takes into account the thrombosis
phenomenon in a meso scale in stenotic vessels. In the
future model, wall shear stress plays very important
role, because if activates platelets after exceeding the
critical value equal to 20 Pa. In the present work, this
critical value of wall shear stress was not achieved in
any of the analysed models despite of the big initial
velocity observed in medium-sized vessels.

Fig. 4. Summary chart of profiles for wall shear stress in the center of stenosis 60% for single phase
and two-phase blood models using non-Newtonian power law, and Herschel–Buckley

Fig. 5. Enlargement of the graph shown in Fig. 4 in the overlap zone of the blood wall shear stress profiles
in the center of stenosis 60% for two-phase Herschel–Buckley blood models
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(a) 

(b) 

(c) 

(d) 

Fig. 6. Distribution of blood velocity for: (a) a non-Newtonian single-phase, (b) a non-Newtonian two-phase,
(c) a two-phase Herschel–Bulkley with yield stress 0 mPa, and (d) a two-phase Herschel–Bulkley with yield stress 10 mPa blood models

on entire length of the blood vessel with stenosis 60%
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Medium-sized vessels of a diameter twice as big
as that in this study and stenoses within the range of
stenosis analyzed in this study were investigated using
the PIV (particle image velocimetry) method in the
paper [15] for blood considered as Newtonian and
non-Newtonian fluid. Stenosis given in the model in
the present paper falls within the range tested by the
PIV method, although, due to the bigger diameter of
the vessel and many times bigger flow rates, two
times bigger velocities in the stenosis zone were ob-
tained. The velocity distributions in the stenosis zone
can be considered comparable to those obtained in this
study, in experimental studies, there is a clear increase
in the flow velocity in the stenosis zone, as it is in the
model. The work [15] also shows the distributions of
wall shear stress, which for 60% stenosis would take
1–20 Pa, which corresponds to the range of values
obtained in this work for the single and two-phase
non-Newtonian power law blood models. Also the
maximum values of wall shear stress were obtained in
the stenosis zone in the mentioned work [15].

The medium-sized vessels with a comparable di-
ameter and length, but slightly smaller stenosis were
examined by the Doppler method in work [16]. Both,
the experimentally obtained flow velocity equal to
1m·s–1 in the stenosis zone and the profile of velocity
in the cross-section of the vessel with stenosis corre-
spond to the results obtained in the present paper for
single-phase non-Newtonian and for two-phase HB
blood models.

Besides of works dedicated only to modelling or
only to experimental measurements, there are also
works that combine both methods. In [4], vessels with

stenosis comparable to that of the present study were
analyzed and the authors showed the results of the
70’s, which indicate the velocity profiles in the steno-
sis zone which are the most similar to these of the
two-phase HB blood model from this work. In work
[17], a wide analysis of stenoses and boundary condi-
tions was carried out for numerical models of vessel
with stenosis. The experimental studies in paper [17],
with the use of impulse ultrasonic flowmeter, were
made for stenosis 75% and a Newtonian fluid. The
authors of the present work, in order to compare the
results obtained from the developed rheological mod-
els, made a FV model of blood vessel with diameter
4 mm and with stenosis 75% for the flow equal to
150 ml/min, as in experiment in the paper [17]. The
simulations were carried out on FV grids with the
number of tetrahedral elements equal to 665 886 and
the number of nodes equal to 130 008. The obtained
results of the flow velocity are shown in Fig. 7 for
single phase non-Newtonian power law, two-phase
non-Newtonian, Herschel–Buckley blood models and
experimental single phase Newtonian fluid [17]. The
flow velocity measured in the experiment in the steno-
sis zone for the Newtonian fluid is lower than flow
velocity calculated in the numerical model of vessel
with stenosis 75% applying non-Newtonian blood
rheological models, except for the result obtained for
the two-phase HB model blood model with yield
stress 0 mPa.

Presentation of results in this paper shows that ste-
nosis can substantially affect blood flow in the artery,
causing variations of velocity and wall shear stress.
Thus, the results in the present paper are maximum

Fig. 7. Summary chart of blood velocity profiles in the center of stenosis 75% for single phase non-Newtonian power law blood model,
two-phase non-Newtonian, Herschel–Buckley blood models and experimental single phase Newtonian fluid [17]
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values of blood velocity and wall shear stress, profiles
and distributions of blood velocity and wall shear
stress computed for single and two-phase blood mod-
els for medium-sized vessels with stenosis.

Wall shear stress profiles are generated for measur-
ing points located on the entire length of the blood vessel
model. Velocity profiles are made for measuring points
located on the entire width of the stenosis zone. The
maximum values of velocity and wall shear stress are
taken from the central point of stenosis zone. Velocity
distributions are shown for the range of legends adjusted
to the maximum value for a particular simulation.

4. Conclusions

For two-phase blood models the influence of ini-
tial velocity on blood flow velocity profiles in the
stenosis zone is not observed, their profiles are sym-
metric and parabolic. On the contrary, for the single-
phase non-Newtonian blood model the velocity profile
is flat in the stenosis zone. Thus, the two-phase blood
models are more resistant to disturbances caused by
initial blood flow conditions.

The shapes of wall shear stress profiles for two-
phase blood models are similar and symmetric in the
center of stenosis.

The biggest differences in maximum values of
wall shear stress are observed between single-phase
non-Newtonian and Herschel–Bulkley blood models.
The two-phase Herschel–Bulkley blood model for two
yield stresses also shows differences, although these
differences are very small.

The single-phase non-Newtonian blood model has
the biggest values of wall shear stress and the smallest
values of velocity among all analyzed blood models, as
well as asymmetric profile of wall shear stress, a flat
profile of velocity in the stenosis zone, and the biggest
velocity gradients just behind the stenosis zone. Al-
though, this blood model is less stable and less resis-
tant to initial blood flow conditions.

The comparison of the obtained results with the lit-
erature indicates that the two-phase Herschel–Bulkley
model is the most suitable for describing flow in me-
dium-sized vessels with stenosis.
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