
Hemodynamic characteristics in a cerebral
aneurysm model using non-Newtonian blood
analogues

Cite as: Phys. Fluids 34, 103101 (2022); doi: 10.1063/5.0118097
Submitted: 3 August 2022 . Accepted: 5 September 2022 .
Published Online: 3 October 2022

Hang Yi (易航),1 Zifeng Yang (杨自丰),1,a) Mark Johnson,1 Luke Bramlage,2 and Bryan Ludwig2,3

AFFILIATIONS
1Department of Mechanical and Material Engineering, Wright State University, 3640 Colonel Glenn Hwy., Dayton, Ohio 45435, USA
2Boonshoft School of Medicine, Wright State University, Dayton, Ohio 45435, USA
3Division of NeuroInterventional Surgery, Department of Neurology, Wright State University/Premier Health—Clinical Neuroscience
Institute, 30E. Apple St., Dayton, Ohio 45409, USA

a)Author to whom correspondence should be addressed: zifeng.yang@wright.edu

ABSTRACT

This study aims to develop an experimentally validated computational fluid dynamics (CFD) model to estimate hemodynamic characteristics in
cerebral aneurysms (CAs) using non-Newtonian blood analogues. Blood viscosities varying with shear rates were measured under four tempera-
tures first, which serves as the reference for the generation of blood analogues. Using the blood analogue, particle image velocimetry (PIV) mea-
surements were conducted to quantify flow characteristics in a CA model. Then, using the identical blood properties in the experiment, CFD
simulations were executed to quantify the flow patterns, which were used to compare with the PIV counterpart. Additionally, hemodynamic
characteristics in the simplified Newtonian and non-Newtonian models were quantified and compared using the experimentally validated CFD
model. Results showed the proposed non-Newtonian viscosity model can predict blood shear-thinning properties accurately under varying tem-
peratures and shear rates. Another developed viscosity model based on the blood analogue can well represent blood rheological properties. The
comparisons in flow characteristics show good agreements between PIV and CFD, demonstrating the developed CFD model is qualified to inves-
tigate hemodynamic factors within CAs. Furthermore, results show the differences of absolute values were insignificant between Newtonian and
non-Newtonian fluids in the distributions of wall shear stress (WSS) and oscillatory shear index (OSI) on arterial walls. However, not only does
the simplified Newtonian model underestimate WSS and OSI in most regions of the aneurysmal sac, but it also makes mistakes in identifying
the high OSI regions on the sac surface, which may mislead the hemodynamic assessment on the pathophysiology of CAs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0118097

I. INTRODUCTION

Accurate identification of blood flow regimes is a critical step in
characterizing the hemodynamic patterns in cerebral aneurysms
(CAs), which has been widely recognized with prevalent hypotheses
that hemodynamic factors, for example, wall shear stress (WSS), gradi-
ent oscillatory number/oscillatory shear index (OSI), and vortices (i.e.,
size, location, and numbers), have a close relationship with the patho-
biology (i.e., initiation, growth, and rupture) of CAs.1 Thus, to help cli-
nicians offer effective treatments more responsibly for intracranial
aneurysms and improve patients’ experience, it is necessary to employ
accurate blood rheological information to evaluate hemodynamic fac-
tors in CAs. Human blood is a complex fluid, which contains vital sub-
stances for cell tissues and organs of the body.2 Specifically, it consists
of a suspension of cellular elements in an aqueous matrix and plasma,

of which 98% are erythrocytes, and the remainders are leukocytes,
platelets, proteins, and other solutes.3 Blood is identified as a non-
Newtonian fluid presenting viscoelastic characteristics and shear-
thinning rheological properties.4,5 The blood viscosity in the human
body changes with hemodynamics conditions due to several factors
(i.e., hematocrit, plasma viscosity, the ability of red blood cells (RBCs)
to deform under flows, and RBC aggregation–disaggregation proper-
ties),5–7 and it ranges from� 3:0� 10�3 to� 1:5� 10�1 Pa s varying
with the corresponding shear rate from�400 to�0.01 s�1.8

Multiple previous research efforts were summarized by review
publications in investigating hemodynamic factors on the pathophysi-
ology of the cerebral aneurysms, including varying risks associated
with aneurysm sac size and locations, aneurysmal morphologies, pre-
and post-treatment states, and arterial blood flow conditions using
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experimental and numerical approaches.1,9–18 These studies can be
mainly categorized into two types according to blood viscosity proper-
ties, that is, simplified Newtonian and realistic non-Newtonian. With
the advantages of high image resolutions and in a time-resolved and
phase-averaged manner, many studies employed particle image veloc-
imetry (PIV) approaches and magnetic resonance velocimetry (MRV)
to quantify the blood flow field in the cerebral arteries and intracranial
aneurysms using in vitro models.19–28 Some of the research adopted
the flow field information that was quantified in an experimental man-
ner to validate computational fluid dynamics (CFD) method, which
can overcome the insufficient ability of in vitro/in vivo studies to cap-
ture the blood flow patterns near arterial wall due to unavoidable
interpolation discrepancies and relatively low operational flexibil-
ities.19,29–42 However, all above-mentioned in vitro experiments and/or
in vitro validated CFD studies simplified the blood as a Newtonian
fluid, and assumed the blood viscosity as a constant value, which varies
in different research groups with the viscosity in the range of
�1:0� 10�3 ��1:0� 10�2 Pa s. Therefore, the differences in hemo-
dynamic characteristics in CAs between simplified Newtonian fluids
and realistic non-Newtonian bloods still need to be identified using
experimentally validated numerical models.

Several representative in vitro studies were employed to investi-
gate the non-Newtonian flow behaviors of blood in vessels but not in
CAs.43–50 For instance, Gijsen et al.43 studied the influence of the non-
Newtonian properties of blood on the flow in a carotid bifurcation
model under steady flow, and observed apparent differences in velocity
distributions in the arteries between Newtonian reference and non-
Newtonian blood analog. Hong et al.47 investigated the flow patterns
of non-Newtonian blood-mimicking fluids in an in vitro stenosed
microchannels under the pulsatile flow condition, discovering that the
velocity profile of the non-Newtonian fluid was blunter than that of
the Newtonian fluid, while streamlines were skewed more to the wall
of the channel under simplified Newtonian fluid. Cheng et al.49 com-
pared flow behaviors between a non-Newtonian blood analog [e.g.,

0.04% xanthan gum (XG)] and a control Newtonian fluid (e.g., 45%
glycerol) in a simplified model of the Fontan circulation in vitro and
found that assuming blood to be a Newtonian fluid introduces consid-
erable errors into simulations of the Fontan circulation. More recently,
Samaee et al.50 investigated the hemodynamic patterns of Newtonian
and non-Newtonian blood flows in a deformable carotid bifurcation
model in vitro, and revealed noticeable differences of hemodynamic
information in two types of flow regimes in silico. Furthermore, using
the blood rheological models (e.g., Carreau model, Carreau–Yasuda
model, generalized power-law model, power-law model, Powel–Eyring
model, cross-model, Walburn–Schneck model, Herschel–Bulkley
model, Casson model, KL Model, and Quemada model),51 a large
number of CFD investigations were contributed to identify the differ-
ent hemodynamic characteristics between simplified Newtonian and
realistic non-Newtonian bloods or its analogues in spite of the lack of
experimental validations, which have been summarized by two recent
review publications.51,52 Some representative studies are shown in
Table I,50,53–62 with specific modeling methods and viscosity range.

However, to the best of our knowledge, there are no existing
CFD investigations based on benchmarked in vivo and/or in vitro (i.e.,
PIV) verification and validation in patient-specific CAs under pulsatile
blood flow conditions, influencing the acceptance of such simulations
results in the clinical community, as the employed modeling assump-
tions can vary with corresponded solution strategies in different
research groups. There is one study,63 which adopted 1D laser
Doppler anemometer (LDA) and CFD approaches to investigate non-
Newtonian blood flow behaviors in a CA model, however without
detailed information about adopted blood analogues and lack of
explanations on significant differences in viscosities between blood and
its analogue as well as velocity profiles between LDA and CFD.
Nevertheless, the evidence showed that physiologic pulsatile blood flow
is turbulent even under a relatively small mean Reynolds number (i.e.,
�300)64 due to its sensitivity to initial conditions, global hydrodynamic
instability, and kinetic energy cascade in non-Kolmogorov type.65

TABLE I. Several representative numerical studies using non-Newtonian blood viscosity models.

Contributor(s) Simulation regimes Non-Newtonian viscosity model
Viscosity range

l0;l1½ � [�10�3 Pa s�
Valencia et al.53 Incompressible laminar flow Herschel–Bulkley model 3:5; 30½ �
Rayz et al.54 Incompressible laminar flow Herschel–Bulkley model 3:5; 30½ �
Bernsdorf and Wang55 Lattice Boltzmann method with single relaxation time

Bhatnagar–Gross–Krook (BGK) collision operator
Carreau–Yasuda model 2:2; 22½ �

Xiang et al.56 Not declared the method/model to solve
incompressible Navier–Stokes equations

Casson and Herschel–Bulkley
model

3:5; 26½ �

Sugiyama et al.57 Incompressible laminar flow Herschel–Bulkley model 3:5; 30½ �
Suzuki et al.58 Incompressible laminar flow Modified Casson model 3:8; 7:1½ �
Lauric et al.60 Incompressible laminar flow Carreau model [3, 26]
Ba et al.59 Incompressible laminar flow Carreau–Yasuda model 2:2; 22½ �
Saqr61 Not declared the method/model to solve

incompressible Navier–Stokes equations
Power-law model and

quasi-mechanistic model
3:1; 5:2½ �

Tripathi et al.62 Incompressible laminar flow Carreau model l0
l1

2 0:175; 0:775½ �
Samaee et al.50 Not declared the method/model to solve

incompressible Navier–Stokes equations
Carreau model 3:39; 55:57½ �
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Similar transitional and turbulent regimes were detected in CAs by
other research groups in vitro and in silico.24,66,67

To address the above-mentioned concerns, the objective of this
study is to develop an experimentally validated CFDmodel with realis-
tic non-Newtonian blood analogues using PIV techniques. Specifically,
blood viscosities varying with shear rates were measured under four
designated temperatures (T), which were not only adopted to investi-
gate blood viscosity properties by varying shear rates and temperatures
but also used as the references for the generation of synthetic non-
Newtonian blood analogues [i.e., the solution of xanthan gums (XG)
and fluorescent polyethylene particles (FPP)]. Then, synthetic blood
analogues were used to conduct PIV measurements to quantify the
flow field characteristics in an in vitro internal cerebral artery sidewall
aneurysm (ICASA) model. Second, using the same viscosity properties
and flow boundary conditions in PIV tests, CFD simulations were exe-
cuted to obtain the flow patterns in the ICASA model. The compari-
son of results between CFD and PIV was evaluated to validate the
numerical model. In addition, the hemodynamic characteristics under
the conditions of simplified Newtonian and realistic non-Newtonian
bloods were quantified and compared using the experimentally vali-
dated CFD model. The present work provides a pathway for other
researchers to build a validated numerical CA model based on PIV
measurements using non-Newtonian blood analogues. In addition, the
developed in vitro validated CFD model can be employed to investi-
gate the hemodynamic factors on the pathophysiology of CAs using
statistical analysis techniques with a large number of patient-specific
aneurysmal cases.

II. EXPERIMENTAL SETUPS
A. Materials

1. Aneurysm replica

An ICASA model was reconstructed using three-dimensional
rotational angiography (3DRA) images of a patient’s cerebral arteries
(35-yr-old, female) by Artis Zee systems (Siemens Medical Solutions
USA, Inc., PA), via the collaboration with Miami Valley Hospital of
Premier HealthVC in Dayton (OH). In the reconstructed model, the
blood enters the internal carotid artery (ICA) and flows out from the
bifurcated distal arteries, that is, middle carotid artery (MCA) and
anterior carotid artery (ACA), which has been employed in our previ-
ous computational investigations.68–72 The physical ICASA model (see
Fig. 1) for PIV measurements was printed with WaterShed XC 11122
materials by a prototype machine in Proto Labs, Inc. (MN). In the
physical model, a clear coat was applied on interior surfaces, and the
exterior surfaces were finished with grit blasting. The tolerance in
the X/Y direction is60.05mm and in the Z direction is 60.125mm,
where X/Y are in-plane coordinates and Z is the out-plane coordinate
associated with the printing process. It should be mentioned that the
size of the physical model was scaled up by a factor of 3 to allow for
high-quality PIV measurements.

2. Non-Newtonian blood sample and analogues

Porcine blood samples were collected from a local slaughterhouse
in Cincinnati, OH, about 1 h before the viscosity measurements. The
viscosities varying with shear rates were measured using an IKA
ROTAVISC lo-vi viscometer (IKAWorks, Inc.) under four designated
temperatures (T) (i.e., 295, 300, 305, and 310 K) first, which were

employed to investigate the temperature influences on blood viscosi-
ties. The viscosity profiles at 310 K were compared to profiles of
human bloods measured by previous investigations,4,5,8,58,73 to ensure
the collected blood samples qualified as the references for the genera-
tion of synthetic blood analogues. Two synthetic blood analogues, that
is, consisting of xanthan gum (XG), and fluorescent polymer particles
(FPP) (10–45 lm) in de-ionized water with different designated ratios,
were generated to mimic realistic human bloods with shear-thinning
features. Specifically, one synthetic analogue solution with 225 ppm
XG solely was generated to mimic the non-Newtonian blood viscosity
profiles under the body temperature in healthy humans (i.e., 310 K),
which can be used as a replicate of real blood as well as a reference for
other research groups. Another synthetic analogue with 185 ppm XG
and 446ppm FPP can be employed in PIV tests at the room tempera-
ture of 298 K, which was adopted in the PIV experiments of this study.
Furthermore, the agreements in viscosity profiles between blood ana-
logue (e.g., 185 ppm XG and 446 ppm FPP) at 298 K and blood sample
at 310 K were compared to ensure that the rheological properties of
the created blood analogue can match the real blood well under PIV
testing temperature (e.g., 298 K). More details about generated blood
analogues were discussed in Sec. IVA.

B. In vitro cerebral circulation

Previous studies showed the mean volumetric blood flow rate in
the internal carotid artery (ICA) is about 3956 158ml/min, with
assumed 95% confidence level.74 In accordance with flow conditions
in realistic brain arteries (i.e., identical Reynolds number), an identical
Reynolds number was set in the PIV tests with �3 times of flow rates
in vivo (i.e., �1201.52ml/min in vitro), under same shear-thinning
viscosity properties. As shown in Fig. 1, a cerebral phantom circulation
network was established using a Harvard Apparatus pulsatile blood
pump (Harvard Bioscience, Inc., MA), a laboratory-made reservoir,
and the physical ICASA model. All compliant components were
assembled by plastic tubing. The heart rate was set as 586 0:5 beats
per minute. With the multifunction I/O device and user-defined
LabVIEW code (National Instruments Corp., TX), the transient pulsa-
tile flow rates at the ICA (i.e., flow inlet) and one of the outlets (i.e.,
MCA) were measured simultaneously by the real-time flowmeter sys-
tem (TS410 tubing flow module, Transonic Systems, Inc., NY) with
corresponding assembled flowmeter sensors, for example, ME 10 PXN
andME 6 PXN, respectively. The uncertainty of the flow rate measure-
ment is estimated as 3% of the reading value.

C. PIV technique

A digital PIV system (see Fig. 1) was adopted to accomplish the
detailed pulsatile flow field measurements with seeded FPPs in the
ICASA model. The test rig has the capability to make “phase-locked”
PIV measurements, which is important to capture the temporal fea-
ture of the pulsatile intravascular flow. Specifically, a laser tachometer
(Monarch Instruments, NH) was adopted to detect the position of the
pulsatile pump piston, which is directly related to the timing of a car-
diac cycle. The pulse signal generated in the tachometer was used to
trigger the entire PIV system. By adding a time delay into the pulse
signal through the digital delay generator A, the flow features were
“frozen” at the designated instant for each cycle by taking two images
(i.e., image A and image B) between a designated short time delay.
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Thus, a phase-averaged flow measurement can be obtained at the
designated time instant within a cardiac cycle to quantify the temporal
flow patterns. It is worth mentioning that the emitted laser sheet was
shaped to a thickness of 2mm to mitigate error associated with out-
of-plane movement. In addition, a water bath was used to enhance
the transparent visibility of the model and provide the temperature
stability (i.e., �298K) for the blood analogue simultaneously in the
physical model.

D. Experimental measurements
The transient pulsatile flow rates were measured and compared

directly before and after the PIV tests to verify and ensure the stability
of the flow system. Two representative in-plane slices, that is, slice A
and slice B (see Figs. 1 and 2), were designated for the PIV measure-
ments, that is, one sliced plane located upstream of the aneurysm sac
in the ICA, and another one across the aneurysm sac and close to the
center. For phase-locked PIV measurements in the ICA (see Fig. 2),

FIG. 1. Setups of PIV measurement system.
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adjusting the time delay to trigger the PIV system as mentioned
above, three designated time instants (e.g., t¼ 0.0606, 0.1652, and
0.2605 s) were selected to represent the critical flow features at wind-
ward side of the waveform, the peak, and the leeward side of the car-
diac waveform. The flowrates at the selected time instants are
extremely sensitive since a minor change of time can lead to a signifi-
cant difference in flow rates as well as the flow patterns in the sac
model. A total of 1388 pairs of images (i.e., image A and image B)
were recorded to calculate velocity vectors and blood flow rate for
each time instant, respectively. In addition, the same number of
images was collected for measuring the flow patterns in the aneurysm
sac (see Fig. 2) at three preferred time instants (i.e., t¼ 0.0780, 0.1085,
and 0.1540 s), separately. The direct correlator scheme in Insight
4GTM code (TSI Inc., MN) was employed for the post-processing of
PIV images. Velocity vectors were calculated within multiple
window-screenings from 32� 32 pixel with a 50% overlap to 16� 16
pixel with a 50% overlap adaptively. The final spatial resolution is
�5 vector/mm. Subsequently, velocity vectors were phase-averaged
over the collected 1388 cycles to produce velocity vector distributions
for each acquired phase of the cardiac cycle using an in-house Cþþ
code. The uncertainty in the velocity measurements is estimated to be
less than 2% of the magnitude. To quantify fluctuations at each phase,

the normalized velocity magnitude at each point was calculated from
which the phase-averaged velocity and relative errors were calculated
(see Sec. IVB).

E. Similarity measurements of the magnitude
of velocities (MV) using the Pearson correlation

The differences in flow patterns between PIV measurements and
CFD simulations were compared using the Pearson correlation coeffi-
cient.75,76 Specifically, for similarity analysis between experimental
data and numerical simulations in velocity profiles, N ¼ 200 equally
spaced monitoring points were selected at the particular lines in the
slice A (i.e., plane x¼ 15.80mm) across the ICA (see Fig. 2) for the
correlation coefficient calculation. The correlation coefficient R can be
calculated by,75,76 that is,

R ¼
X

i
Vk;i � Vk

� �
Vk0 ;i � Vk0
� �� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i
Vk;i � Vk

� �2q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i Vk0;i � Vk0
� �2q ; i 2 0; N ¼ 200½ �;

(1)

where Vk;i and Vk0;i are the MV at monitoring point i of line lj in CFD
and PIV, respectively. Vk and Vk0 represent the mean velocities of Vk

FIG. 2. Procedures of PIV measurements in the ICASA model.
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and Vk0 of line lj in CFD and PIV, separately. It is worth mentioning
that high similarity is indicated if R is close to 1.0.

III. NUMERICAL METHODS
A. Geometry and mesh

Figure 3 manifests the detailed dimensions and meshes of the
ICASA model. The mesh sensitivity has been analyzed in our previous
publications,70–72 and the final mesh has 3 012 970 cell elements with
20 prism layers, 3 peel layers, and a size growth rate of 1.05. To capture
the blood flow features close to arterial walls, 20 near-wall prism layers
in the final mesh were generated and refined to guarantee the thick-
ness of the first prism layer satisfying yþ < 1 using the flat
plate boundary layer theory, where yþ is the dimensionless wall dis-
tance.77–79

B. Governing equations

The mathematical states of physical principles in the unsteady
and periodic pulsatile incompressible blood flow regime involve the
continuity and momentum equations in the conservation form, that is,

r �~v ¼ 0; (2)

q
@~v
@t

þ qr � ~v~vð Þ ¼ �rpþr � l r~v þ r~vÞT
� �� �

þ q~g ;
�

(3)

where~v is the blood velocity vector, p is the pressure,~g is gravity vec-
tor, and q denotes blood density. In this study, q (i.e., �940 kg/m3) is
adopted for CFD simulations, in accordance with the density of the
synthetic blood analogue in PIV measurements. l is blood viscosity
determined by a non-Newtonian power-law viscosity model, which
was proposed based on the measurements in the blood analogue. The
measured data present the relationship between the viscosity and shear
rate under the room temperature (i.e., 298 K) matching the tempera-
ture of PIV experiments. Specifically, the model is expressed by, that is,

l ¼
lmin _c � _cmaxð Þ; 4að Þ
a_cb�1 _cmin < _c < _cmaxð Þ; 4bð Þ
lmax _c � _cminð Þ: 4cð Þ

8>>><
>>>:

In Eqs. 4(a)–4(c), a is the consistency index, and b is the power-
law index. Specifically, a and b are determined by the tests of non-
Newtonian blood analogues with 3.231 �10�2 Pa sb and 0.572 [see
Fig. 4(a)], respectively. More detailed determination process for the
non-Newtonian blood viscosity model was discussed in Sec. IVA. To
quantitatively study the different performance of hemodynamic char-
acteristics between the realistic non-Newtonian blood analogue and
simplified Newtonian blood, l¼ 3.5 �10�3 Pa s was employed in the
Newtonian blood modeling. In addition, _cmin and _cmax are minimum

FIG. 3. Schematic of the computational domain with hybrid mesh details in the ICASA model.
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and maximum shear rates, respectively. In the non-Newtonian blood
flow modeling, lmin and lmax are registered as 3:0� 10�3 and 1:5
� 10�1 Pa s (Ref. 8) in accordance with the previous measurement.8

The corresponding _cmax and _cmin can be determined by Eq. 4(b). The
shear rate _c in the flow is computed by, for example,

_c ¼ 1
2
r~v : r~v

� �1
2

: (5)

Within the transient pulsatile blood flow, the flow regime in the
cerebral artery system is laminar-to-turbulence. Therefore, the shear
stress transport (SST) k� x turbulence model78 was adapted for this
study, predicting “laminar-to-turbulent” transition onset. In addition,
to capture hemodynamic features more accurately in the near-wall
regions with possible low Reynolds numbers, the low Reynolds correc-
tion was employed in this study. It is a combination of SST k� x
additionally coupled with the correlation coefficient a	 and turbulent
Reynolds number Ret .

80 The equations for turbulent viscosity, correla-
tion coefficient, and turbulent Reynolds number are,80 for example,

lt ¼ a	
qk
x

; (6)

a	 ¼
0:025þ Ret

6

1þ Ret
6

; (7)

Ret ¼ qk
lx

: (8)

In Eqs. (6)–(8), lt is the turbulent viscosity, k is the turbulence
kinetic energy, x is the specific dissipation rate, a	 is the correlation
coefficient, and Ret is the turbulent Reynolds number.

C. Boundary and initial conditions

To validate simulation results with PIVmeasurements and quan-
tify the differences in hemodynamic characteristics between simplified
Newtonian and realistic non-Newtonian bloods simulations, one

transient pulsatile flow waveform [see red colored curve in Fig. 4(b)]
for ICA inlet was employed in this study. As shown in Fig. 2, the wave-
form is based on the pulsatile blood flow rate within 50 cardiac cycles
measured in the experimental study using a Harvard apparatus pulsa-
tile blood pump and the real-time flowmeter system. Similarly,
another flow rate waveform [i.e., black colored curve in Fig. 4(b)]
obtained from experimental measurements was adopted as the MCA
boundary condition. Pressure outlet was assumed as the ACA outlet
flow condition with the assumed gauge pressure of zero. Additionally,
the arterial walls are set as stationary, non-slip, and no-penetration.
The backflow direction at the MCA and ACA was determined based
on the known flow direction in the cell layer adjacent to the flow
outlets.

D. Numerical settings

CFD modeling tasks were executed using Ansys Fluent 2022 R1
(Ansys Inc., Canonsburg, PA) on a local HP Z840 workstation (Intel®
Xeon® Processor E5–2687W v4 with dual processors, 24 cores, 48
threads, and 128 GB RAM). With the computational time step-size
1� 10�4 s, it required �72 and �54h to finish the simulation for
three physical pulsatile periods under the realistic non-Newtonian
blood regime and simplified Newtonian blood regime, respectively. It
is worth mentioning that three pulsatile cycles were simulated to
ensure the stability of numerical modeling. The simulation results
based on the third pulsatile period (i.e., period¼ 1.048 s) were
employed to compare with PIV measurements and the differences in
hemodynamic characteristics between non-Newtonian and
Newtonian modeling. The semi-implicit method for pressure linked
equations (SIMPLE) algorithm was employed for the pressure–velocity
coupling, and the least-squares cell-based scheme was applied to calcu-
late the cell gradient. The second-order scheme was used for pressure
discretization. In addition, the second-order upwind scheme was
employed for the discretization of momentum, turbulent kinetic
energy, and specific dissipation rate. Convergence is defined for conti-
nuity, momentum, and supplementary equations when residuals are
lower than 1:0� 10�4.

FIG. 4. CFD simulation setups: (a) adopted simplified Newtonian and realistic non-Newtonian blood viscosity models. (b) Blood pulsatile-wave boundary conditions in the ICA
and MAC.
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IV. RESULTS AND DISCUSSION
A. Non-Newtonian blood analogues

To study the temperature influences on blood viscosities and pro-
vide the references of synthetic non-Newtonian blood analogues, the
porcine whole blood samples were analyzed in this study. It has been
found that porcine bloods share many common characteristics with
human blood, that is, RBCs,81–83 and similar shear-thinning proper-
ties.84,85 However, some other research groups claimed that some dif-
ferences between human and porcine bloods were still observed in
shear-thinning properties, especially for the conditions under lower
shear rates.85 The discrepancies among various research groups may
be due to the lack of statistical analysis with enough individual sam-
ples, and more comprehensive investigations are still needed to
address above-mentioned ambiguous conclusions. Figure 5(a) mani-
fests that the porcine blood viscosities present the shear-thinning
properties that viscosity decreases as the shear rate increases under all
four designated temperatures (e.g., 295, 300, 305, and 310 K). Also, it
can be noticed that the blood viscosity presents non-isothermal fea-
tures, showing that as the ambient temperature grows, the viscosity
decreases gradually under the same shear rate. Thus, the temperature
dependence on the viscosity can be combined along with the shear
rate dependence. In this study, the whole blood viscosity model was
assumed as consisting of two variables [i.e., shear rate-dependent term
g _cð Þ and temperature indexH Tð Þ] and is expressed as, for example,

l _c;Tð Þ ¼ g _cð ÞH Tð Þ: (9)

In Eq. (9), H Tð Þ is a temperature index based on the Arrhenius
law.86–89 Integrating the viscosity data obtained from the experimental
measurements shown in Fig. 5(a), the blood viscosity depends on
shear rate and temperature can be expressed by, that is,

l ¼ a _cb�1e a 1
T� 1

dTþeð ÞþbTð Þ; T K½ � 2 295; 310½ �: (10)

The detailed derivation process for Eq. (10) can be found in the
supplementary material. In Eq. (10), a is the consistency index, which
is 2:05� 1012 Pa sb, b is the power-law index registered as 0.315, and

T is blood temperature in K. In addition, a, b, d, and e are temperature
index constants assigned with 4945.4K, �0.083 K�1, 1.53, and
�162.22 K, respectively.

It can be observed that the proposed Eq. (10) can match the
experimental measurements well under all investigated four tempera-
tures [see Fig. 5(b)]. More specifically, the correlation coefficients R
between Eq. (10) and experiments are 0.99, 0.99, 1.00, and 0.98 at
T ¼ 310. 3, 305.8, 300.2, and 295.5 K, respectively, indicating that Eq.
(10) has good performance on capturing blood rheological shear-
thinning features under the ambient temperature of 295–310 K.
However, limitations are still existing in Eq. (10) that need to be fur-
ther corrected due to: (1) the experimental values were obtained from
porcine bloods rather than human bloods although their non-
Newtonian properties are similar; and (2) the blood properties are
always individual-specific; thus, a more accurate correlation based on
Eq. (10) needs to be optimized using statistical analysis with enough
human blood samples.

To mimic the human blood with non-Newtonian properties,
two synthetic blood analogues (e.g., 225 ppm XG with a density of
930 kg=m3, and 185 ppm XG and 446 ppm FPP with a density of
940 kg=m3) were prepared [see Fig. 6(a)]. The detailed generation
processing of blood analogues has been specified in Sec. II A 2. In
Figs. 6(a) and 6(b), it can be observed that 225 ppm XG solution
without FPPs presents the similar shear-thinning properties of
human blood and pig blood under the testing temperature �310 K,
which is the normal body temperature. Another synthetic analogue
at T ¼ 298 K shows similar rheological properties of human bloods
at T ¼ 310 K [see Figs. 6(a) and 6(b)], indicating that the analogue
can be employed to study flow characteristics in artery and aneu-
rysm models in vitro under the room temperature (i.e., 298 K).
Using the measured viscosity data of blood analogues, one non-
Newtonian power-law viscosity model [i.e., Eq. (11)] was proposed
to represent the relationships between viscosity l (Pa s) and shear
rate _c (s�1) for the generated blood analogue (i.e., 185 ppm XG and
446 ppm FPP at T ¼ 298 K). Specifically, Eq. (11) can be expressed
by, for example,

FIG. 5. Blood viscosity profiles varying with shear rates and four designated temperatures (i.e., 295.5, 300.2, 305.8, and 310.3 K): (a) experimental measured blood viscosity
profiles. (b) Comparisons between the experimental data and the proposed non-Newtonian blood viscosity model [i.e., Eq. (10)].
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l ¼ _acb�1; a ¼ 3:231� 10�2Pa sb; b ¼ 0:572: (11)

The correlation coefficient R is larger than 0.99 for the proposed
model when compared to the experimental measurements.
Furthermore, Fig. 6(b) shows good agreements between the proposed
non-Newtonian power-law viscosity model (based on viscosity profiles
of the generated blood analogue) and human blood from previous
publications,4,5,8,58,73 with _c from 0.01 to 250 s�1. In this work, the
in vitro PIVmeasurements were conducted under the indoor tempera-
ture of 297.6 (before PIV tests)�298.1 K (after PIV tests). It can be
seen in Figs. 6(a) and 6(b) that there is no significant difference
between T ¼ 297.6 K and T ¼ 298.1 K in the viscosity–shear rate rela-
tionships. Thus, the averaged values under two temperatures are
applied to derive the blood non-Newtonian power-law viscosity model
[e.g., Eq. (11)], which was also adopted to investigate the hemody-
namic characteristics in the ICASA model in silico and quantify its dif-
ferences in rheological behaviors from the simplified Newtonian blood
model.

B. In vitro-based CFD model validation

1. CFD model validation

To develop an experimental validated CFD model, comparisons
of blood flow characteristics in the ICASA model [i.e., non-
dimensionalized magnitude of velocity (i.e., MV	), normalized MV	,
volumetric flow rate V , distributions of velocity vectors and stream-
lines] were evaluated between PIV tests and CFD modeling at desig-
nated time instants within a cardiac cycle. Precisely, two selected
planes (e.g., slice A and slice B) in the ICASA model (see Fig. 1, and
step II in Fig. 2) were extracted to visualize the comparisons between
PIV and CFD, respectively. One plane at x¼ 15.8mm (i.e., slice A)
crossing the ICA center at three representative time instants (e.g.,
t¼ 0.0606, 0.1652, and 0.2605 s) was adopted to investigate the flow
distributions in the ICA, which aims to inspect incoming velocity
profiles and volumetric flow rates approaching the aneurysmal sac.

At another three instants (i.e., t¼ 0.078, 0.1085, and 0.154 s), the slice
B (i.e., plane x¼ 27.5–29.5mm) is extracted across the aneurysm sac
near the center to evaluate the flow characteristics in CFD and PIV.
Meanwhile, using the flow rate waveforms measured by the flowmeter
system (see step I in Fig. 2), a periodically pulsatile flow rate waveform
with a period 1.048 s was employed as the boundary and initial condi-
tions for CFD modeling, which was generated by averaging 50 cardiac
cycles periodically [see steps I and III in Figs. 2 and 4(b)]. More specif-
ically, the compared variables (i.e., MV	 and V) employed into the
CFDmodel validation are defined as, for example,

MV	 ¼
X

j
MV	

j; k

M
; (12a)

MV	
j; k ¼

MVj;k

MVjMax

; j 2 1; M ¼ 7½ �; (12b)

V ¼
X

j
Vj

M
; k 2 1; N ¼ 200½ � (12c)

Vj ¼ �vjds; (12d)

where MV	
j;k is the non-dimensionalized magnitude of velocity at

point k of extracted line j in the slice A, MVj; k is the magnitude of
velocity at point k of extracted line j in the slice A, andMVjMax is the
maximumMVj; k at slice A in PIVmeasurements at the corresponding
time instant. M is the total number of designated lines, and N ¼ 200
equally spaced points were located at the line lj in slice A. In addition,
Vj is volumetric flow rate, and ds is the differential area with corre-
sponding local velocities (i.e., vj).

Figures 7(a)–7(c) present the comparisons between PIV and
CFD in visualized velocity vectors on slice A and averaged MV	 at
designated lines (i.e., l1 � l7) at three representative time instants
(e.g., t¼ 0.0606, 0.1652, and 0.2605 s), in which the good agreements
indicate that blood flow patterns in ICA match well between PIV mea-
surements and CFD simulations qualitatively and quantitatively,

FIG. 6. Viscosity profiles based on the generated blood analogue at T
 298 K varying with shear rates: (a) comparisons of experimental measurements and proposed non-
Newtonian viscosity power-law model [i.e., Eq. (11)]. (b) Comparisons in viscosity profiles among the proposed non-Newtonian power-law viscosity models [i.e., Eq. (11)] at
T
 298 K, developed non-Newtonian blood viscosity model at T
 310 K [Eq. (10)], pig blood at T
 310 K, generated blood analogues (i.e., 225 ppm XG at T
 310 K and
185 ppm XGþ 446 FPP at T
 298 K), and previous publications in human blood viscosity measurements at T
 310 K.4,5,8,58,73
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especially in the locations where L	 ranges from �0.05 to �0.95. The
correlation coefficients R of comparable flow patterns between PIV
and CFD were calculated using Pearson correlation [e.g., Eq. (1)] and
shown in Table II, which ranges from 0.945 to 0.993 varying with
investigated time instants. It indicates the good agreements between
experimental and numerical results more directly. Moreover, the good
matching can be found from the comparisons of flow rate measure-
ments using the flowmeter system, PIV, and CFD (see Table III),

presenting that the smallest relative error is less than 1% at various
investigated time instants.

To further consolidate the CFD model validation in this study,
the velocity profiles, flow streamline distributions, and flow vortex
locations in the aneurysmal sac have been compared between PIV and
CFD in the extracted slice B, that is, plane x¼ 27.5–29.5mm (see step
II in Fig. 2), which is due to the laser thickness of 2mm, at the three
designated time instants (i.e., t¼ 0.078, 0.1085, and 0.154 s) during a

FIG. 7. Comparisons in flow characteristics at the extracted slice A (plane x¼ 15.8 mm) between PIV measurements and CFD simulations at different time instants: (a)
t¼ 0.0606 s. (b) t¼ 0.1652 s. (c) t¼ 0.2605 s.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 103101 (2022); doi: 10.1063/5.0118097 34, 103101-10

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


cardiac cycle. It is worth mentioning that the influences by the laser
thickness (i.e., 2mm) on the designated slice position and duration-
based nature of the PIV system (e.g., the time delay between image A
and image B) need to be evaluated to eliminate the errors. Specifically,
to find more accurate data in CFD simulation, which can be compara-
ble with the corresponding PIV data, CFD modeling results were
extracted from three cut-planes at three instants, which are close to the
counterparts in PIV. For instance [see Fig. 8(a)], to compare PIV data
in the slice B (i.e., plane x¼ 27.5–29.5mm) at t¼ 0.078 s, CFD results
for three cut-planes (i.e., plane x¼ 27.5mm, plane x¼ 28.5mm, and
plane x¼ 29.5mm) were extracted at all three instants (e.g., t¼ 0.072,
t¼ 0.077, and t¼ 0.082 s). The flow streamlines shown in Figs. 8–10
manifest that CFD modeling results have good performance on pre-
dicting the blood flow patterns as well as vortex locations at t¼ 0.078 s
and t¼ 0.1540 s (see Figs. 8 and 9). More quantitative comparisons
with decent matching can be found in the normalized MV	 on the
extracted profiles (e.g., l8 at t¼ 0.078 s and l9 at t¼ 0.1085 s) presented
in Figs. 11(a) and 11(b), respectively.

Figure 12 presents the 3D streamlines in the aneurysmal sac at
five representative time instants (i.e., t1¼ 0.072 s, t2¼ 0.162 s,
t3¼ 0.312 s, t4¼ 0.662 s, and t5¼ 0.952 s). It can be found in both PIV
and CFD investigations (see Figs. 8–10) that the vortex forms at the
lower central position at the early stage (e.g., t1¼ 0.072 s), then travels
to the left near to the wall along with more bloods flowing into the
dome (e.g., t¼ 0.1085 s), and it has the trend to demolish due to
the 3D flow convection near the wall (e.g., t2¼ 0.162 s). After causing
the strongest impingement effects against the wall on the left upper
corner region at the systole peak (i.e., t2¼ 0.162 s) shown in Fig. 12,

the blood flow stream tends to generate secondary vortices near the
bottom at t3¼ 0.312 s. Until the blood stream slowly rushes into the
aneurysmal sac at the end of the pulsatile period (t4¼ 0.662 s and
t5¼ 0.952 s in Fig. 12), new vortices begin to form inside of the sac.
Additionally, it is interesting to discover that although the flow rate
0.031 39 kg/s at t3¼ 0.312 s is close to the flow rate 0.032 64 kg/s at
t1¼ 0.072 s, the blood flow domain in the sac is more disordered and
turbulent as shown in the flow streamlines (see Fig. 12). These phe-
nomena indicate the blood flow at the leeward side of the systole peak
(i.e., t3) can influence the blood transport behaviors more than the
windward side of the systole peak (i.e., t1) in the aneurysmal sac by
inducing more turbulent eddies.

2. Error analysis

Nevertheless, it still can be observed minor differences in flow
patterns between PIV tests and CFD results, mainly in near-wall
regions of the ICASA model, which were mentioned as well in previ-
ous studies using PIV.19,30 Specifically, there are several factors causing
the discrepancies between PIV and CFD, that is,

(1) The final physical ICASA model constructed from the standard
triangle language (STL) data may have slight geometric differ-
ences with the original STL data that have the potential to influ-
ence the fllow results significantly, which has been introduced
in Sec. II A 1 that printing tolerance in the X/Y direction (in
printing plane) with 60.05mm and in the Z direction (out-of-
plane) is 60.125mm can contribute morphological differences
between the employed in silico model and in vitro model.

(2) Despite fluorescent particles being used, the light reflection
from the internal wall of the physical model and light refraction
in the experimental fluid can illuminate particles off the desired
plane especially near the wall, which can increase the image
noises then further affect identifying the in-plane FPPs trajec-
tory. Moreover, the complicated curvatures on the aneurysmal
sac walls can influence the lights into the camera and then gen-
erate blurring spots on PIV images [see Fig. 13(a)]. It is worth
mentioning that plane B was selected as the main investigated
slice (i.e., slice B) by balancing the size of sliced region and the
image clarity.

TABLE II. Correlation coefficient R of blood flow patterns at corresponded time
instant t between PIV and CFD in the ICASA model.

PIV CFD

R

PIV CFD

R

PIV CFD

Rt (s) t (s) t (s)

0.0606 0.0570 0.955 0.1652 0.1620 0.951 0.2605 0.2570 0.991
0.0595 0.945 0.1645 0.953 0.2595 0.993
0.0620 0.951 0.1670 0.952 0.2620 0.992

TABLE III. Relative errors in flow rates V at corresponded time instant t among PIV, flowmeter, and CFD in the ICASA model.

PIV Flowmeter CFD Relative errors (%)

t (s) V (L/min) t (s) V (L/min) t (s) V (L/min) Flowmeter vs PIV Flowmeter vs CFD CFD vs PIV

0.0606 1.6169 0.0570 1.6210 0.0570 1.6210 0.25 0 0.25
0.0595 1.6839 0.0595 1.6839 3.98 0 3.98
0.0620 1.7736 0.0620 1.7736 8.83 0 8.83

0.1652 3.8189 0.1620 3.7997 0.1620 3.7997 0.51 0 0.51
0.1645 3.7949 0.1645 3.7949 0.63 0 0.63
0.1670 3.7861 0.1670 3.7861 0.87 0 0.87

0.2605 2.6685 0.2570 2.6927 0.2570 2.6927 0.91 0 0.91
0.2595 2.6665 0.2595 2.6665 0.08 0 0.08
0.2620 2.6289 0.2620 2.6289 1.51 0 1.51
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(3) The cycle-to-cycle fluctuations [see Fig. 13(b)] in the periodi-
cally pulsatile flow (e.g., volumetric flow rate and period) can
affect the accuracy of “phase-averaged” results in the PIV
experiments, and then contribute to the differences to some
extent when comparing to CFD modeling.

(4) A heart rate simulated by the pulsatile blood pump with a confi-
dence interval of 58 6 0.5 beats per minute can cause some differ-
ences [see Fig. 13(b)] between PIV and CFD when deciding the
pulsatile period for the initial and boundary conditions of CFD
simulations, although the most approximate period, that is, 1.048 s,
was adopted through averaging 50 periods [see Fig. 13(c)].

(5) Other unavoidable errors induced by the factors such as the minor
errors in the angle (e.g., � 90�) between the laser sheet and the
camera axis, the thickness of the laser sheet (e.g., � 2mm), could
affect the location of the extracted slice in the ICASA model, then
further contribute to the differences between PIV and CFD. These
influences are more apparent in comparisons of normalized MV	

at l8 and l9 in the slice B across the aneurysmal sac in the middle
[see Figs. 11(a) and 11(b)].

(6) The elastic behaviors of particles in the artificial blood analogue
were not simulated in the current CFD investigations, which
may contribute slight differences in the flow patterns compari-
sons between CFD and PIV.

(7) Additionally, the time gap (e.g., delay time) of the two laser
sheets in the PIV system may influence the accuracy of desig-
nated time instant to some extent, since the corresponding
instant in CFD is a specific value, while the counterpart in PIV
is a duration between laser A and laser B (see Fig. 1).

With tremendous efforts put into both CFD simulations and
experiments, it has to be stated that reaching a perfect agreement of
the flow patterns in such a complicated 3D aneurysmal model is
almost impossible in the present study. Therefore, with the decent
agreements in comparisons between PIV and CFD, it was concluded
that the current CFD model was validated by the experimental mea-
surements using the realistic non-Newtonian blood analogue, and it
will be further applied to investigate the hemodynamic factors on the
pathophysiology of CAs with statistical analysis. Also, this PIV study

FIG. 8. Comparisons of flow streamlines and magnitudes of velocity at the extracted slice B (plane x
 27.5–29.5 mm) between PIV measurements and CFD simulations at
the time instant t¼ 0.078 s: (a) schematic planes for the comparisons between PIV and CFD. (b) Distributions of flow streamlines and magnitudes of velocity in PIV. (c)
Distributions of flow streamlines and magnitudes of velocity in CFD.
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provides a benchmarked model and guidance for other researchers to
investigate the hemodynamic effects on human CAs using the non-
Newtonian blood analogue with shear-thinning properties. However,
the imaging limitations and drawbacks, especially in the near-wall
regions, still need to be addressed in the future investigations.

C. Newtonian vs non-Newtonian blood viscosity
models

To investigate the effect of non-Newtonian viscosity, the CFD
simulations were compared using simplified Newtonian blood and
realistic non-Newtonian blood analogue with shear-thinning proper-
ties [see Fig. 4(a)] in the ICASA model. It is worth mentioning that the
equations to calculate the comparable hemodynamic parameters, for
example, time-averaged wall shear stress (TAWSS), instantaneous wall
shear stress (IWSS), and oscillatory shear index (OSI), can be found in
the supplementary material. Figure 14(a) manifests noticeable differ-
ences between Newtonian fluid (3:5� 10�3 Pa s) and non-Newtonian

fluid [i.e., Eqs. 4(a)–4(c)] in calculations of TAWSS in the extracted
aneurysmal sac region from the ICASA model. Overall, it shows a
wider range of TAWSS (i.e., 0–31.52Pa) for the non-Newtonian
model than the counterparts (i.e., 0–28.42Pa) for the Newtonian
model, which is contrary to a previous numerical study,90 in which a
narrower range of TAWSS was observed for the non-Newtonian
model, although the absolute discrepancies in the two models are not
substantial. The similar discrepancy was also found in the OSI distri-
butions on the aneurysmal sac wall [see Fig. 14(b)], with an OSI range
of 0–0.4969 for the non-Newtonian model and a similar OSI range of
0–0.4946 for the simplified Newtonian blood. Indeed, it can be
observed that most surface regions around the sac register a higher
TAWSS and OSI in the non-Newtonian model, which are highlighted
with circled red dash lines shown in Figs. 14(a) and 14(b).
Nevertheless, the Newtonian model dominates most region on the
bottom surface of the aneurysmal dome with higher TAWSS and OSI
[see highlighted with circled dash–dot-lines in Figs. 14(a) and 14(b)],
which agrees with the previous findings in this local region.89

FIG. 9. Comparisons of flow streamlines and magnitudes of velocity in the extracted slice B (plane x
 27.5–29.5 mm) between PIV measurements and CFD simulations at
the time instant t¼ 0.1085 s: (a) schematic planes for the comparisons between PIV and CFD. (b) Distributions of flow streamlines and magnitudes of velocity in PIV. (c)
Distributions of flow streamlines and magnitudes of velocity in CFD.
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FIG. 10. Comparisons of flow streamlines and magnitudes of velocity in the extracted slice B (plane x
 27.5–29.5 mm) between PIV measurements and CFD simulations at
the time instant t¼ 0.1540 s: (a) schematic planes for the comparisons between PIV and CFD. (b) Distributions of flow streamlines and magnitudes of velocity in PIV. (c)
Distributions of flow streamlines and magnitudes of velocity in CFD.

FIG. 11. Comparisons of normalized velocity profiles between PIV measurements and CFD simulations at the selected lines (across the vortex center) and time instants: (a) l8
and t¼ 0.078 s. (b) l9 and t¼ 0.1085 s.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 103101 (2022); doi: 10.1063/5.0118097 34, 103101-14

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


More quantitatively, eight circled lines (i.e., line a’ to line h’) were
extracted from the aneurysmal sac in the Y direction with an equal
space of 3.0mm, which were visualized in terms of TAWSS and OSI
[see Figs. 15(a) and 15(b)]. Figure 15 shows that the hemodynamic

characteristics (i.e., TAWSS and OSI) in Newtonian and non-
Newtonian models present similar trends but vary with specific values.
The aneurysmal walls for non-Newtonian model undertake higher
TAWSS and OSI on most selected profiles, in accordance with the

FIG. 12. Distributions of visualized 3D flow streamlines in the ICASA model at representative time instants (i.e., t1¼ 0.072 s, t2¼ 0.162 s, t3¼ 0.312 s, t4¼ 0.662 s, and
t5¼ 0.952 s) using CFD simulations with the proposed non-Newtonian blood power-law viscosity model [i.e., Eq. (11)].

FIG. 13. Factors contributing to the differences between PIV measurements and CFD simulations: (a) the blurring spots in PIV images at investigated slices (i.e., plane A,
plane B, and plane C). (b) The cycle-to-cycle fluctuations in the periodically pulsatile flow conditions. (c) Comparisons among the decided averaged pulsatile periods (i.e.,
period¼ 1.046, 1.047, 1.048, and 1.049 s) and a single period extracted from the flowmeter measured data.
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above findings. It is interesting to observe the highest OSI �0.46
appearing at L	 ¼ 0.015 in line b’ for the non-Newtonian model, while
the highest value moves forward to L	¼ 0.038 for the Newtonian
model, which is highlighted with black dash-lined rectangular in Fig.
15(b). To further clarify the differences between Newtonian and non-
Newtonian blood viscosity models in CFD simulations during the
transient pulsatile flow period (period¼ 1.048 s), the hemodynamic
features, that is, IWSS on the aneurysmal dome, and velocity vector
distributions were analyzed at five representative instants [i.e.,
t1¼ 0.072 s, t2¼ 0.162 s, t3¼ 0.312 s, t4¼ 0.662 s, and t5¼ 0.952 s as
shown in Fig. 4(b)]. Specifically, both non-Newtonian and Newtonian

flow models produce highest IWSS at the systole peak (i.e.,
t2¼ 0.162 s), with a value of 136.32 and 135.26 Pa, respectively (see
Fig. 16). Also, IWSS distribution has the similar trend as TAWSS that
the non-Newtonian model registers more areas with higher WSS than
the Newtonian model at all studied time instants (see Fig. 16). The dis-
crepancies on the performance between non-Newtonian and
Newtonian models can be further noticed by the vortex locations and
flow directions (highlighted with read dash lines) shown in extracted
planes (e.g., plane y¼ 613.5mm, plane y¼ 622.5mm, and plane
y¼ 631.5mm) at all investigated time instants (see Fig. 17). It is found
that the simplified Newtonian model not only underestimates TAWSS

FIG. 14. Comparisons of hemodynamic characteristics in the extracted aneurysmal sac between simplified Newtonian and realistic non-Newtonian blood viscosity models: (a)
time-averaged wall shear stress (TAWSS) distributions. (b) Oscillatory shear index (OSI) distributions.

FIG. 15. Comparisons of hemodynamic characteristics in designated lines between simplified Newtonian and realistic non-Newtonian blood viscosity models: (a) distributions
of time-averaged wall shear stress (TAWSS) at selected lines a’, c’, e’, and h’. (b) Distributions of oscillatory shear index at selected lines b’, d’, f’, and g’.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 103101 (2022); doi: 10.1063/5.0118097 34, 103101-16

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


and OSI in most regions of the aneurysmal sac but also may make mis-
takes to identify high OSI regions in CAs. Therefore, an experimentally
validated CFD model with a realistic non-Newtonian viscosity model (i.
e., rheological shear-thinning features) is highly recommended to study
hemodynamic characteristics in the initiation, growth, and rupture of
aneurysmal sacs, based on the findings in the different performances on
the hemodynamic predictions between simplified Newtonian and realis-
tic non-Newtonian blood viscosity models.

V. CONCLUSIONS

In this study, a numerical ICASA model based on realistic non-
Newtonian blood analogues was developed and experimentally vali-
dated by the parallel PIV measurements. Specifically, the viscosities of
the porcine whole blood samples under selected temperatures were
measured by varying shear rates, which was to investigate the tempera-
ture influences on the blood viscosity profiles, and were adopted as the
references for the generation of non-Newtonian blood analogues.
Subsequently, the PIV measurements were carried out to investigate
the flow characteristics in a physical ICASA model using a synthetic
non-Newtonian blood analogue. The experimental data were com-
pared with the CFD simulation results to validate the numerical
model. In addition, the differences of hemodynamic characteristics
in the aneurysmal sac between simplified Newtonian and realistic

non-Newtonian blood power-law viscosity models were evaluated.
Main conclusions are summarized as follows:

• Blood viscosity presents non-isothermal features and shear-thinning
properties. Considering the factors of shear rate and temperature, a
non-Newtonian blood viscosity model [i.e., Eq. (10)] is proposed
based on the measurement results of porcine whole blood samples,
which shows good agreements with the experimental data in the
tested temperature range of�295��310K.

• The synthetic non-Newtonian blood analogues can capture the
shear-thinning properties well, and a non-Newtonian power-law
viscosity model [i.e., Eq. (11)] was developed for the realistic
non-Newtonian blood analogue under the room temperature of
298K, which shows the identical shear-thinning features in the
human blood at a normal body temperature (i.e., 310K).

• Decent agreements were reached between PIV tests and CFD
investigations in blood flow rates, non-dimensionalized/normal-
ized velocity profiles, and distributions of streamlines and vortex,
indicating the numerical model was validated and can be
employed to evaluate hemodynamic factors on the pathobiology
of CAs.

• Comparing the results of CFD simulations between realistic non-
Newtonian and simplified Newtonian blood viscosity models, it
has been found the simplified Newtonian fluid may not only

FIG. 16. Comparisons of hemodynamic characteristics in the extracted aneurysmal sac between simplified Newtonian and realistic non-Newtonian blood viscosity models at
representative time instants (i.e., t1¼ 0.072 s, t2¼ 0.162 s, t3¼ 0.312 s, t4¼ 0.662 s, and t5¼ 0.952 s): (a) realistic non-Newtonian blood. (b) Simplified Newtonian blood.
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FIG. 17. Comparisons of velocity profiles (vectors and magnitude of velocity) in the extracted slices (i.e., plane Y¼ 613. 5 mm, plane Y¼ 622.5 mm, and plane
Y¼ 631.5 mm) in the aneurysmal sac between simplified Newtonian and realistic non-Newtonian blood viscosity models at representative time instants (i.e., t1¼ 0.072 s,
t2¼ 0.162 s, t3¼ 0.312 s, t4¼ 0.662 s, and t5¼ 0.952 s): (a) realistic non-Newtonian blood. (b) Simplified Newtonian blood.
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underestimate TAWSS and OSI in most regions of the aneurys-
mal sac but also make mistakes in identifying the high OSI
regions on the sac surface, which can mislead/misidentify the
hemodynamic influences on the aneurysmal sac walls.

In conclusion, the synthetic non-Newtonian blood analogue
and PIV measurements on the flow inside the aneurysm model pro-
vide a benchmarked pathway to validate the numerical modeling
for the study of hemodynamics in CAs, when the non-Newtonian
blood shear-thinning property is concerned. The possible factors
accounting for the discrepancy between CFD modeling and PIV
measurements were thoroughly analyzed. The developed CFD
model for non-Newtonian fluids can be further employed to investi-
gate hemodynamic factors on the pathophysiology of CAs
statistically.

VI. LIMITATIONS OF THIS STUDY

As discussed in Sec. IVA, the proposed blood viscosity model
[Eq. (10)] was generated based on the measurements from porcine
whole blood samples rather than human bloods, which may influ-
ence the accuracy in viscosity predictions for human beings, espe-
cially under small shear rates.85 The correlations may be still
needed to optimize Eq. (10) based on the statistical investigations
with a large number of human blood samples. Correlated Eq. (10)
could be specified by the categories such as ages (i.e., children and
adults), gender (i.e., male and female), and health conditions. Also,
how Eq. (10) can be used in the scientific research and practical
applications still need more explorations since the normal blood
temperature is often in a range of 309.5–310.7 K, although some
limited efforts have been made such as the low-temperature plas-
mas in biomedical applications.91,92 Also, although the previous
efforts93 compared the viscous and elastic components between the
porcine blood and XG fluids under different hematocrit levels, and
found that they have similar viscoelastic properties, the CFD inves-
tigations in this study only simulated the shear-thinning viscosity
behaviors without elastic properties. The elasticity of RBCs in
microscale was not well simulated by the fluorescent particles in
both blood analogue models in the experiment and CFD modeling.
Only the macroscale shear-thinning properties that determine the
hemodynamic characteristics were focused on in the present study.
In addition, the current study did not simulate the arterial wall
deformations coupled with the hemodynamic patterns explicitly.
Indeed, the arterial tissues consist of heterogeneous layers [e.g.,
intima (inner layer), media (middle layer), adventitia (outer layer)]
schematically with significant differences in physical properties,94,95

and our following research is going to employ the experimental val-
idated numerical model in this work to conduct statistical analysis
of the hemodynamic factors on the pathophysiology of the cerebral
aneurysms using a two-way fluid–structure interaction (FSI) man-
ner, that is, the deformation effects between the cerebral artery wall
and blood.

SUPPLEMENTARY MATERIAL

See the supplementary online material for the complete deriva-
tion process of the non-Newtonian blood viscosity model dependent
on shear rates and temperatures, and the detailed hemodynamic
parameter definitions for comparisons between Newtonian and non-
Newtonian models.
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