
On the Characterization of a Non-Newtonian Blood Analog and Its

Response to Pulsatile Flow Downstream of a Simplified Stenosis

ANDREW M. WALKER,1 CLIFTON R. JOHNSTON,2 and DAVID E. RIVAL
1

1Department of Mechanical and Manufacturing Engineering, University of Calgary, 2500 University Dr. N.W., Calgary,
AB T2N 1N4, Canada; and 2Department of Mechanical and Manufacturing Engineering, Dalhousie University, 1360 Barrington

St., Halifax, NS B3H 4R2, Canada

(Received 14 May 2013; accepted 10 August 2013; published online 23 August 2013)

Associate Editor Kerry Hourigan oversaw the review of this article.

Abstract—Particle image velocimetry (PIV) was used to
investigate the influence of a non-Newtonian blood analog of
aqueous xanthan gum on flow separation in laminar and
transitional environments and in both steady and pulsatile
flow. Initial steady pressure drop measurements in laminar
and transitional flow for a Newtonian analog showed an
extension of laminar behavior to Reynolds number
(Re) ~ 2900 for the non-Newtonian case. On a macroscale
level, this showed good agreement with porcine blood.
Subsequently, PIV was used to measure flow patterns and
turbulent statistics downstream of an axisymmetric stenosis
in the aqueous xanthan gum solution and for a Newtonian
analog at Re ~ 520 and Re ~ 1250. The recirculation length
for the non-Newtonian case was reduced at Re ~ 520
resultant from increased viscosity at low shear strain rates.
At Re ~ 1250, peak turbulent intensities and turbulent shear
stresses were dampened by the non-Newtonian fluid in close
proximity to the blockage outlet. Although the non-Newto-
nian case’s recirculation length was increased at peak
pulsatile flow, turbulent shear stress was found to be elevated
for the Newtonian case downstream from the blockage,
suggesting shear layer fragmentation and radial transport.
Our findings conclude that the xanthan gum elastic polymer
prolongs flow stabilization, which in turn emphasizes the
importance of non-Newtonian blood characteristics on the
resulting flow patterns in such cardiovascular environments.

Keywords—Flow separation, Non-Newtonian fluid, Transi-

tional flow, Turbulent stresses, Viscosity, Xanthan gum.

INTRODUCTION

Accurate near wall flow assessment is critical if we
are to understand endothelial cell (EC) response to

local shear stress patterns that has direct consequences
on resulting homeostatic mechanisms and development
of atherosclerotic lesions.11,12,18,23,36,41 Although
numerical and experimental quantification of blood
flow is extensive, many studies have assumed Newto-
nian viscous behavior as an appropriate representative
of whole blood. Arteries of the central vasculature
often operate with shear strain rates that support the
assumption of Newtonian behavior with viscosity ta-
ken as the high shear strain rate asymptotic value of
approximately 3.5 centipoise (cP).16,25,29 However,
blood shows marked viscosity increases at low shear
strain rates on account of red blood cell aggrega-
tion.6,10,27,48 This suggests that translation of Newto-
nian assumptions to slower recirculating flow
containing low shear strain rates may poorly represent
the true flow behavior. Given the inherent link between
viscosity and wall shear stress (WSS), the consequences
of this consideration could have important manifesta-
tions on measured hemodynamic metrics, turbulence
development and unsteady flow phenomena in critical
cardiovascular flows induced by stent implantation
and stenotic development.

However, the importance of non-Newtonian viscous
behavior remains contentious within the scientific
community. Tang et al.39 suggested that Newtonian
assumptions in computational modeling are of the
lowest order of importance, affecting measured output
by less than 10%. Charonko et al.9 neglected non-
Newtonian behavior in computational fluid dynamics
(CFD) modeling of coronary artery stent-induced flow
based on findings of Johnston et al.20 who suggested
that Newtonian assumptions provided an adequate
representation of coronary blood flow. However, the
choice of numerical modeling parameters has been
found to greatly influence the flow dynamics.33 Choi
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and Barakat12 showed that the axial extent of recir-
culation zones were 22–63% longer downstream of a
backward facing step for Newtonian fluids for specific
Re = 50–400, while the non-Newtonian fluid pre-
sented with increased spatial gradients of shear stress.
Mejia et al.25 predicted dampening of vortices and
increased WSS in stent-induced flow while Cavazutti
et al.8 predicted increased average WSS in stented
cranial aneurysms. Schirmer and Malek34 reached
similar conclusions suggesting that Newtonian
assumptions would underestimate both WSS, its gra-
dient and resulting wall forces. Molla and Paul26

computationally quantified transition-to-turbulence of
non-Newtonian stenotic induced blood flow. Interest-
ingly, the non-Newtonian model expanded the length
of post-stenotic separation while dampening turbulent
kinetic energy. This agreed with Pak et al.28 who
measured an increased recirculation length in turbulent
flow for a viscoelastic polymer. Experimentally, Gijsen
et al.16 noted an absence of flow separation at the
carotid bifurcation while Walker et al.47 measured re-
duced negative axial velocity propagation downstream
of a Gianturco stent using a non-Newtonian blood
analog of xanthan gum. In the current study, we focus
on experimental quantification of Newtonian and non-
Newtonian blood analogs in both laminar and transi-
tional flow downstream of an axisymmetric blockage
to assess the importance of non-linear viscous consid-
eration in such environments.

Similar to past experimental work,16,47 xanthan gum
will be added to aqueous glycerol to replicate whole
blood. Aqueous xanthan gum analogs have been
shown to provide a good approximation of red blood
cell viscoelastic behavior and hematocrit matching
corresponding to the concentration of polymer
added.7,16 Brookshier and Tarbell7 showed a good fit
to porcine blood flow and wall shear rate waveforms at
a number of hematocrit levels in both straight and
curved artery sections. However, evaluation was re-
stricted to laminar flow conditions (max Re = 1600)
and no bulk flow reversal was induced. Han et al.17

examined the rheology of porcine blood and concluded
that turbulence in porcine blood was delayed to
Re ~ 3000 whereas aqueous glycerol displayed transi-
tional behavior at Re ~ 2300. This suggests that red
blood cell viscoelastic behavior is responsible both for
non-Newtonian behaviors at low shear strain rates and
delayed onset of turbulence.17

Although the behavior of xanthan gum blood ana-
logs has been documented in laminar flow,7,16 to our
knowledge, evaluation of its response in transitional
flow has yet to have been established. Furthermore,
inclusion of non-Newtonian viscous assumptions has
been minimal in its application to stenotic vessels,

specifically in transitional regimes, despite associated
distal flow patterns of recirculation and vorticity.24,43

This work aims to address these shortcomings by
experimentally investigating how non-Newtonian vis-
cous behavior in the form of a xanthan gum blood
analog affects the process of transition through a
simplified stenotic geometry. We expect this work will
show that consideration of non-Newtonian behavior
will serve as a necessary parameter to be included in
stenotic flow modeling so as to accurately assess
resulting flow patterns and vascular pathologies in
both laminar and transitional regimes. Digital particle
image velocimetry (DPIV) will be used to acquire high
spatial resolution images to quantify the behavior of
circulating Newtonian and non-Newtonian analog
fluids downstream of an axisymmetric blockage in
both laminar and transitional flow. We seek to exper-
imentally quantify axial and radial turbulent intensities
and turbulent shear stresses that may assist in the
elucidation of the mechanism(s) responsible for de-
layed turbulence onset in non-Newtonian analog flu-
ids. Furthermore, measurement of post-blockage
recirculation length will assess the importance of non-
linear viscous assumptions on EC response.

MATERIALS AND METHODS

Blood Analog Fluids

The non-Newtonian behavior of blood is brought
upon by shear thinning and viscoelasticity of red blood
cells through aggregation and deformation.16 Solu-
tions of aqueous xanthan gum proposed by Brookshier
and Tarbell7 have been shown to replicate these non-
Newtonian properties and serve as an appropriate
analog fluid. An aqueous solution of (0.025 wt.%)
xanthan gum (Planet Organic, Edmonton, AB, Can-
ada) and glycerol (30% by weight) (reagent, >99%
glycerol, Caledon Laboratories Ltd., Georgetown,
ON, Canada) was used to replicate non-Newtonian
viscous behavior while the Newtonian control fluid
was a mixture of glycerol (40% by weight) and
deionized water. The viscous behavior of the analog
fluids was characterized by steady state pressure drop
measurements acquired using a Validyne model P305D
differential pressure transducer (Northridge, CA,
USA) in an acrylic tube arranged horizontally to ex-
clude the influence of gravity with a 0.3175 cm radius
(R) across a range of shear strain rates (Fig. 1).

On account of increased shear strain rate in prox-
imity to the wall, the Weissenberg-Rabinowitsch cor-
rection for the Poiseuille equation, as shown in Eq. (1),
was applied to the non-Newtonian analog fluid35,40:
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cc ¼
4Q

pR3

� �
1

4
3þ d ln ca

d ln s

� �� �
ð1Þ

where cc is the corrected shear strain rate, Q is the flow
rate, R is tube radius, ca is the apparent shear strain
rate and s is the stress at the wall. Apparent shear
strain rate (ca) and s were calculated as shown in Eqs.
(2) and (3):

ca ¼
4Q

pR3
ð2Þ

s ¼ DPR
2L

ð3Þ

where, DP is the pressure drop, R is the radius and L is
the distance between pressure taps. Apparent shear
strain rates ranged from 40 to 950 s21 corresponding
to flow rates of 1.0 and 24.0 mL/s respectively. Final
viscosities presented were derived through division of
calculated stress at the wall and corrected non-New-
tonian shear strain rate shown in Eq. (4):

lc ¼
s
cc

ð4Þ

where lc is the corrected viscosity and cc is the cor-
rected shear strain rate. The Newtonian analog had an
average viscosity (l) of 3.8 cP and the non-Newtonian
fluid also demonstrated an appropriate shear thinning
behavior representative of whole blood (Fig. 2).14 Wall
shear strain rates presented for the viscous behavior of
the non-Newtonian analog fluid (Fig. 2) represent
corrected values based on the Weissenberg-Rabi-
nowitsch equation (Eq. 1).

To our knowledge, the response of xanthan gum
blood analogs in transitional flow has not yet been
characterized in the literature. Using the closed flow
loop setup in Fig. 1 both fluids were circulated through
the loop at Re, defined in Eq. (5), ranging from
Re ~ 1000–3400 based on the viscosity of the Newto-

nian fluid whereupon pressure drop measurements
were acquired. Both fluids were subjected to matching
inlet flow rates:

Re ¼ qVD
l

ð5Þ

where q is the density, V is the average velocity cal-
culated through division of the flow rate by the cross-
sectional area, D is the diameter and l is the Newto-
nian dynamic viscosity.

Experimental Setup

A closed flow loop permitting optical access was
constructed to mimic the arterial circulation (Fig. 3).
The test section consisted of a 0.635 cm R extruded
acrylic tube (Laird Plastics, Calgary, AB, Canada)
arranged horizontally that was contained in an acrylic
flow chamber filled with deionized water. Analog fluids
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FIGURE 1. Schematic of flow loop for steady flow pressure drop measurements. An entrance length of 230 tube radii (R) where
R is equal to 0.3175 cm ensured fully developed flow at all inlet Reynolds numbers (Re).
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FIGURE 2. The dynamic viscosity of Newtonian and non-
Newtonian analog fluids across a range of wall shear strain
rates normalized to the average Newtonian viscosity. Wall
shear strain rates presented for the non-Newtonian analog
have been corrected using the Weissenberg–Rabinowitsch
(Eq. (1)).
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contained in an open reservoir were circulated through
the loop by an ISMATEC Reglo-Z digital gear pump
(Cole Parmer, Montreal, QC, Canada) using a GJN-25
Micropump pump head (Cole Parmer). An entrance
length of 144 R from the proximal end of the acrylic
tube to the area of flow interrogation ensured fully
developed flow.

A 50% by area axisymmetric stainless steel blockage
was introduced into the acrylic tube at a distance of
144 R from the proximal end (Fig. 4). The inlet of the
blockage was beveled to reduce upstream flow effects
and prolong flow separation until the expansion region
immediately downstream (Fig. 4). Particle image ve-
locimetry (PIV) was used to acquire images of the
velocity field immediately downstream of the blockage
(Table 1). Images were acquired using a Fastcam SA-4
camera (Photron, San Diego, CA, USA, 1024 9 1024
full pixel resolution) resulting in a final field of view
(FOV) of 21.6 mm 9 6.35 mm. The circulating fluids
were seeded with 15 lm silver coated hollow glass
sphere tracer particles (Potters Industries Inc., Carls-
tadt, NJ, USA) that were illuminated with a continu-
ous wave 532 nm 1 W laser (Dragon Lasers,
Changchun, Jilin, China). Measurements were
acquired in steady flow conditions at inlet Re ~ 520
(flow rate = 17.8 mL/s, shear strain rate (c) ~ 90 s21)
and inlet Re ~ 1250 (flow rate = 42.3 mL/s,
c ~ 215 s21) that allowed for the approximate match-
ing of inlet c to that of Gijsen et al.16 and the initiation
of transition based on blockage geometry respec-
tively.15 At an inlet Re ~ 1250, assuming conservation
of mass whereupon a diameter reduction of 30%
would double velocity, local Re using Eq. (5) at the
stenosis outlet was 1750. All Re were derived using the
Newtonian analog viscosity of 3.8 cP.

Initial measurements were obtained prior to block-
age introduction, which allowed for direct comparison
to theory. Both fluids were subjected to matching inlet
flow rate conditions. Two thousand snapshots in single
frame mode were acquired at frame rates (FR) of

3600 Hz and 6000 Hz at Re ~ 520 and Re ~ 1250
respectively. Pulsatile conditions at matching Re were
simulated using a ~0.27 Hz sinusoidal flow waveform
generated using a custom designed program in NI
LabVIEW 2011 (National Instruments, Austin, TX,
USA) (Fig. 5) equating to a Womersley number
(a) ~4.4 (assuming average Newtonian l = 3.8 cP).
One hundred PIV paired single frame snapshots were
acquired and ensemble averaged at five time points
between 0 £ t/T £ 1.0 where T is the period of pulsa-
tion spaced equally throughout the pulse cycle (Fig. 5).
Fastcam SA-4 firing and image pair acquisition was
synchronized using the peak of the flow waveform
measured using an ultrasonic flow sensor (Transonic
In., Ithaca, NY, USA) and read in LabVIEW 2011.

Acquired images were then imported to DaVis 8.1.3
(LaVision GmbH, Goettingen, Germany) for PIV
quantification using a multi-pass, iterative cross-cor-
relation algorithm with 75% window overlap and a
final interrogation window size of 32 9 32 pixels.
Images were masked to restrict analysis from the cen-
terline to the far wall resulting in 31 radially spaced
vectors (see Fig. 4). Smoothing was not applied to the

CPU Pump Control 

Reservoir Pump Acrylic Tube (0.635 cm R) 

144 R Inlet Length 

Flow Probe 

Flow Meter 
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50 mm FL Lens  

-12.5 mm FL Lens  

FIGURE 3. Closed flow loop schematic of particle image velocity (PIV) setup. An entrance length of 144 tube radii (R) where R is
equal to 0.635 cm ensured fully developed flow at all inlet Reynolds numbers (Re).

FOV 
  x/R = 3.4 x/R = 1.25 

Tube Centerline Axis (r/R = 0) 

13.3° 

FIGURE 4. Schematic representation of the PIV interrogated
flow field. The field of view (FOV) extended immediately
downstream from the 30% R blockage to a distance of x/
R 5 3.4. The FOV for PIV measurement was restricted from
the tube centerline axis to the far wall represented by the grey
shaded region.
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vector fields. All instantaneous vector fields and final
time averaged vector fields were exported to MATLAB
R2011a (Mathworks, Natick, MA, USA) for post-
processing.

Bias error at the wall necessitated the removal of the
first measurement point radially from the wall.19,22,31

Furthermore, air bubble deposition immediately
downstream of the blockage required the removal of
measurement points between the blockage and
x/R = 0.15. Flow metrics including negative axial
velocity, axial (Ia) and radial turbulent intensities (Ir)
(Eqs. (6), (7); see Trip et al.42) and turbulent shear
stresses (Tss) (Eq. (8)) were quantified. These properties
have been associated with adverse vascular patholo-
gies:

Ia ¼
1

n

ffiffiffiffiffiffi
u02
p

ð6Þ

Ir ¼
1

n

ffiffiffiffiffi
v02
p

ð7Þ

Tss ¼
1

n

ffiffiffiffiffiffiffiffiffiffiffi
u02v02
p

ð8Þ

where n is the number of acquired images and u02 and
v02 are the time-average axial and radial velocity fluc-
tuations.

RESULTS

The characterization of transitional flow behavior
of the two analog fluids is presented first showing the
variation in measured pressure drop as a function of
Re (Fig. 6). Quantified flow parameters of the New-
tonian and non-Newtonian analog fluids are presented
in steady state (Figs. 7, 8, 9, 10, and 11) and pulsatile
flow sections (Figs. 12, 13, 14, 15). Presented pulsatile
flow measurements were focused at P2, P1 and P3
corresponding to the peak of the sinusoidal waveform
and the acceleration and deceleration phases respec-
tively (see Fig. 5). All presented values with the
exception of pressure drop have been normalized to the
pre-blockage centerline Poiseuille estimated velocity
(Up) at each respective Re.

Xanthan Gum Characterization

Pressure drop displayed a linear trend to Re ~ 2200
for both fluids (Fig. 6). At Re ~ 2300, the Newtonian
case displayed a pressure drop that deviated from the
laminar relationship through Re ~ 3400 (Fig. 6). Onset
of transitional behavior of the non-Newtonian analog
fluid was delayed to Re ~ 2900 (Fig. 6).
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FIGURE 5. Measured pulsatile waveform (~0.27 Hz, a ~ 4.4)
by the ultrasonic flow sensor generated by the digital gear
pump using a custom designed program in NI LabVIEW 2011
and the locations of PIV measurement acquisition. The pre-
sented flow waveform represents the mean and standard
deviation (SD) of ten consecutive waveforms as measured by
the ultrasonic flow sensor.

TABLE 1. PIV imaging parameters.

Parameter Description

Laser Dragon lasers solid state 1-W CW

laser, 532 nm

Output power: >1000 mW

Width at FOV: 1.5 mm

Laser sheet optics 212.5 mm FL cylindrical lens

50 mm FL cylindrical lens

Camera Photron SA-4

Single frames per second:

3600 Hz full resolution

Pixel (hxv): 1024 9 1024

Pixel size (hxv): 20 lm 9 20 lm

Active area (hxv):

20.48 mm 9 20.48 mm

Camera lens Nikon AF Micro Nikkor 60 mm

f/2.8D

Tracer particles Silver coated hollow glass

spheres (15 lm, 1600 kg/m3)

Stokes number (StPIV)a Re ~ 520 = 0.019,

Re ~ 1250 = 0.046

F# 32

Diffraction limited diameter 73.5 lm

Minimum possible image size 74.4 lm

Image size in pixels 3.7

Image separation time 277 ls at Re ~ 520, 166 ls at

Re ~ 1250

Correlation algorithm Adaptive multipass, final interro-

gation window size 32 9 32 with

75% window overlap

aStPIV ¼ ss

sPIV
where ss is the particle relaxation time equal to

ss ¼ qp2 dp2

18l where qp2 is the density of the particles, dp2 is the

diameter of the particles and l is the viscosity of the circulating

Newtonian fluid. sPIV is the finite time separation between two

observations (separation time between image snapshots).
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Steady State

Newtonian and non-Newtonian inlet radial velocity
profiles prior to blockage introduction are presented in
Fig. 7. The Newtonian velocity profile showed a good
fit with the Poiseuille estimation confirming fully
developed parabolic flow (Fig. 7). The largest differ-
ence between PIV measurements and Poiseuille was
<5% while near wall velocities showed close agree-
ment (Fig. 7). As expected, the non-Newtonian fluid
displayed a flattened velocity profile in the core of the
tube and an elevated near wall velocity gradient
(Fig. 7). Non-Newtonian centerline velocities were
~7.5% lower than Newtonian centerline velocities at
both Re (Fig. 7).

At Re ~ 520, propagation of Newtonian negative
axial velocities extended downstream to x/R = 2.1
with a maximum negative velocity of u/UP = 20.07
(Fig. 8a). Non-Newtonian negative axial velocity
propagation and maximum negative velocity was re-
stricted to x/R = 1.2 and u/UP = 20.026 (Fig. 8b).
Newtonian negative axial velocity propagated down-
stream through the FOV at Re ~ 1250 with a maxi-
mum negative axial velocity of u/UP = 20.104
(Fig. 8c). Non-Newtonian propagation extended to x/
R = 3.3 with a maximum negative velocity of u/
UP = 20.083 (Fig. 8d).

Maximum Newtonian axial turbulent intensity (Ia)
at Re ~ 1250 was 0.1 at x/R = 0.35 but then decreased
to 0.089 for the non-Newtonian analog. Highest radial
turbulent intensity (Ir) at Re ~ 1250 for both fluids
extended between 1.0 £ x/R £ 2.5 with maximum val-
ues of 0.095 and 0.087 for Newtonian and non-New-
tonian fluids respectively. Peak turbulent shear stress
(Tss) measured along r/R = 0 was dampened in the
non-Newtonian fluid near the blockage outlet (Fig. 9).
From x/R = 0.7 through the FOV, Tss of the two
fluids fluctuated about each other (Fig. 9). Similar

patterns were measured for Ia and Ir that were damp-
ened by the non-Newtonian fluid in proximity to the
blockage outlet (Fig. 10). Radial profiles showed that
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FIGURE 6. Measured pressure drop as a function of Rey-
nolds number (Re) for the Newtonian and non-Newtonian
analogs in laminar and transitional flow.
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the non-Newtonian fluid reduced Tss in the core of the
flow at x/R = 0.3 (Fig. 11). Turbulent shear stress
magnitude became comparable moving from the shear
layer towards the wall (Fig. 11).

Pulsatile Flow

Presented pulsatile flow quantification was focused
at P1–P3 (see Fig. 5). Measured Newtonian negative
axial velocities at P2 extended to x/R = 3.1 with a
maximum value of u/UP = 20.111 at Re ~ 520
(Fig. 12a). Non-Newtonian negative axial velocities
were restricted to a maximum extent of x/R = 1.8 and
a maximum velocity of u/UP = 20.062 (Fig. 12b). At
P2 at Re ~ 1250, peak inlet Re was ~1800 that corre-

sponded to a stenotic peak Re ~ 2500 based on con-
servation of mass. Downstream propagation of
negative Newtonian axial velocities extended to x/
R = 2.75 (Fig. 12c). Non-Newtonian negative axial
velocities extended through the FOV (Fig. 12d).
Newtonian Tss was found to increase at sites down-
stream from the blockage peaking at 74% of UP. When
looking along the streamwise portion of r/R = 0.7,
corresponding to the extent of the blockage radius, at
the cross section x/R = 0.3, Tss was found to be 0.027
and increased to 0.74 at x/R = 3.4 (Fig. 13a). Low
values of Tss between the shear layer and the wall
progressively increased from the blockage outlet
through the FOV (Fig. 13a). Peak non-Newtonian Tss

was 40% of UP (Fig. 13b). Turbulent shear stress
between r/R = 0.7 and the wall remained below 0.13
from the blockage through the FOV (Fig. 13b).

At P1, both Newtonian and non-Newtonian neg-
ative axial velocities extended through the FOV with
maximum values of u/Up = 20.131 and 20.139
respectively at a Re ~ 1250 (Figs 14a, 14b). Radial
extent of downstream negative axial velocities was
reduced from r/R = 0.8 to r/R = 0.83 for the non-
Newtonian analog (Figs 14a, 14b). Peak Newtonian
Tss when looking spanwise across the radial extent at
x/R = 0.3 was 0.47 (Fig. 15). The corresponding
peak non-Newtonian value was 0.3 (Fig. 15). The Tss

of both fluids at x/R = 0.3 became comparable
between 0.5 £ r/R £ 1.0 (Fig. 15). At P3, maximum
Newtonian and non-Newtonian negative axial veloc-
ities were u/Up = 20.113 and 20.097 respectively
(Figs 14c, 14d). Peak spanwise Newtonian and non-
Newtonian Tss at x/R = 0.3 were 0.55 and 0.27
respectively (Fig. 15). Similar to measurements at P1,
Tss of the two fluids was comparable between 0.5 £ r/
R £ 1.0 (Fig. 15).

DISCUSSION

We have presented the experimental quantification
of post-stenotic flow, incorporating transitional and
non-Newtonian flow environments through the use of
a blood analog of aqueous xanthan gum and glycerol.
The findings of this work are noteworthy as to our
knowledge this represents the first detailed flowfield
characterization of the behavior of an often-used
blood analog fluid in the transition flow regime. Fur-
thermore, this work addressed how non-Newtonian
viscous effects alter the process of transition in a gen-
eralized stenotic geometry and its resulting effect on
vascular pathologies. Based on initial steady flow
pressure drop measurements, aqueous xanthan gum
was found to closely represent macroscale whole blood
behavior in transitional flow. Application of the
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non-Newtonian analog to stenotic flow provided
insight into the physics of the underlying flow through
the evaluation of turbulent intensities and shear stres-
ses. Measured flow patterns showed dampened nega-
tive axial velocities at low shear strain rate (Re ~ 520)
that became comparable to Newtonian behavior at
Re ~ 1250. The non-Newtonian fluid reduced peak
turbulent shear stresses at Re ~ 1250 that would have
important consequences on resulting vascular pathol-
ogies.

Xanthan Gum Characterization

Blood demonstrates shear-thinning, viscoelastic
properties resulting from red blood cell deforma-
tion.6,10,27,48 Although consideration of this viscous
behavior can largely be ignored in large, healthy arteries,
non-Newtonian effects become important in separated
flows associated with local low shear strain rates.25

Ideally, blood would be circulated in an in vitro setup
that replicates such flow environments. However,
obtaining large quantities is difficult while proper safety
and handling procedures must be considered. Further-
more, blood is opaque, which precludes the use of
optical measurement techniques, supporting the use of a
transparent analog fluid that mimics the viscoelastic
behavior.7 Mann and Tarbell24 reported on the use of
aqueous xanthan gum and polyacrylamide. The poly-
acrylamide fluid was found to exhibit highly elevated
normal stresses that produced abnormal WSS wave-
forms compared to xanthan gum and bovine blood.7,24

Conversely, xanthan gum displayed reduced elasticity
suggesting its use as a more suitable analog fluid.7,24

However, to our knowledge, characterization of aque-
ous xanthan gum has been restricted to laminar flow.

As an initial characterization approach, steady
pressure drop measurements of the non-Newtonian
analog showed prolonged laminar behavior (see
Fig. 6). The delay of this transition from a laminar
relationship at a Re ~ 2900 is in good agreement with
the findings of Han et al.17 who suggested a critical Re
of ~3000 in porcine blood. Han et al.17 attribute this
dampening behavior to the viscoelastic nature of
erythrocytes that likely reduce turbulent drag. Xan-
than gum has been reported to display comparable
viscous and elastic responses to porcine blood across a
range of shear strain rates in laminar flow while
exhibiting turbulent drag reduction when mixed with
water.3,7 Friction factor (f, Eq. (9)) plotted as a func-
tion of Re confirmed drag reduction and prolonged
laminar behavior compared to the Newtonian analog
(Fig. 16):

f ¼ 2DPD
qLV2

ð9Þ

where f is the friction factor, Dp is the pressure drop,
D is the diameter, q is the density L is the length and
V is the average velocity. This would suggest that the
viscous losses in turbulent flows are dampened by the
addition of the deformable, viscoelastic polymer.

Flow Behavior in Steady and Pulsatile Flow

Transitional/turbulent flow in the arterial circula-
tion is an abnormal flow condition, which has been
associated with several vascular disorders and
increases in pressure loss and shear stress.15 To assess if
the non-Newtonian fluid reduced turbulent fluctua-
tions, axial and radial turbulent intensities and turbu-
lent shear stresses were measured to provide insight
into the physics of the measured non-Newtonian flow
patterns of the xanthan gum fluid. In steady flow at
Re ~ 1250, measured turbulent intensities and shear
stress were reduced by the non-Newtonian analog in
close proximity to the blockage outlet along r/R = 0
(Figs. 9, 10). These findings agree with that of Molla
and Paul26 who showed elevated Newtonian turbulent
kinetic energy in the immediate post-stenotic region
compared to dampened non-Newtonian values. The
behavior response of xanthan gum attributable to
centerline dampening is likely comparable to red blood
cells that show migration towards the freestream. The
blunt velocity profile between the centerline and the
shear layer is associated with low shear strain rates and
likely a greater accumulation of xanthan gum than
found closer to the wall. Indeed, Agarwal et al.1 noted
past work that showed an expansion of the near wall
xanthan gum depletion layer in relation to the shear
strain rate with associated viscosities that were lower
than bulk values. The exact degree to which xanthan
gum radial migration mimics that of red blood cells is
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FIGURE 16. Friction factor (f) as a function of Reynolds
number (Re). The laminar relationship for the Darcy friction
factor and Re has been plotted for reference (f 5 Re/64).

The Response of a Blood Analog in Pulsatile Flow 105



not immediately known, but does present an interest-
ing question moving forward. Given the differences in
molecule shape, it is suggested that the behavioral
responses will not be identical.45

Radial profiles of turbulent shear stress at x/
R = 0.3 displayed non-Newtonian reductions from the
centerline to the shear layer at r/R ~ 0.6 which further
suggests that the dampening behavior of xanthan gum
in the core of the flow serves to reduce high velocity
fluctuations. In the shear layer, however, turbulent
shear stresses between the two fluids are comparable as
the higher shear strain rates diminish the low shear
strain rate influence on the rheological behavior of
xanthan. These findings agree with Chung et al.13 who
measured decreased non-Newtonian axial turbulent
intensities in polyacrylamide in the freestream that
became comparable to water in closer proximity to the
tube wall. However, polyacrylamide has a higher
elasticity than xanthan24,37 that restricts direct trans-
lation to findings presented here.

Amplification of Newtonian turbulent shear stresses
at downstream sites from the blockage at peak pulsa-
tile flow (P2) is in agreement with the CFD findings of
Varghese et al.44 Varghese et al.44 noted that peak
streamwise root mean square error (RMS) was 40% of
the mean inlet velocity beyond x = 8R downstream of
a 75% by area stenotic blockage. Our measurements
resulted in a peak turbulent shear stress of 74% of
peak inlet velocity at the distal end of the FOV. Given
that turbulent shear stress was increasing with axial
distance from the blockage, highest values would likely
be found beyond the FOV. Highest turbulent shear
stresses immediately post blockage were found in the
jet flow with low values confined between the shear
layer and the wall (see Fig. 13). At downstream sites,
the radial expansion of elevated Newtonian turbulent
shear stress towards the wall was likely the result of
shear layer breakup leading to fluid entrainment from
the jet flow in the core of the tube towards the wall,
shortening recirculation length. The presence of ele-
vated non-Newtonian turbulent shear stress in the
shear layer was expected given the reduced contribu-
tion of viscosity damping at increased shear strain
rates. The reduction of turbulent shear stress in the
freestream jet flow near the blockage outlet corre-
sponded to steady flow findings and the turbulent drag
reducing behavior of xanthan. Similarly, peak turbu-
lent shear stresses were dampened by the non-Newto-
nian fluid in close proximity to the blockage outlet (x/
R = 0.3) compared to the Newtonian analog during
acceleration (P1) and deceleration (P3). Although
Newtonian turbulent shear stresses at P1 and P3 were
comparable between 0.5 £ r/R £ 1.0, increased turbu-
lent shear stresses were measured at P3 between 0 £ r/
R £ 0.5. The measured increase in turbulent shear

stress at P3 was expected on account of the heightened
instability of decelerating flows.42 In contrast to
numerical simulation results of RMS by Varghese
et al.,45 turbulent shear stresses measured here were
greater at P2 than P3. However, RMS predicted by
Varghese et al.45 were associated with a 75% eccentric
stenosis with peak values between ~8 £ x/R £ 14
downstream of the stenosis. These findings advocate
for the both the use of a more severe stenotic con-
striction and an expanded FOV in future studies.

Comparison of downstream recirculation propaga-
tion at Re ~ 520 (steady flow) showed a 42% reduction
in the non-Newtonian fluid. This aligned closely with
the findings of Choi and Barakat12 at comparable inlet
shear strain rates. Increase in Re to ~1250 extended
recirculation through the FOV and to x/R = 3.3 for
the Newtonian and non-Newtonian fluids respectively.
Choi and Barakat12 show a decreasing percentage
difference in recirculation zone length between New-
tonian and non-Newtonian fluids as a function of Re.
Although FOV restrictions prevent a definitive con-
clusion, based on the findings of Choi and Barakat12

we can induce that recirculation length differences
between the two fluids are substantially reduced to that
measured at Re ~ 520. The finding of reduced New-
tonian negative axial velocity propagation at peak
pulsatile flow (Re ~ 1250) to that of the non-Newto-
nian fluid is supported by the findings of Molla and
Paul,26 Pak et al.28 and Ahmed and Giddens.2 Pak
et al.28 commented that the elasticity of polyacryl-
amide was suggested to suppress radial eddy motion in
turbulent flow that led to a near tripling of recircula-
tion length compared to water. Despite the reduced
elasticity of xanthan, comparable behavior is suggested
here where enhanced entrainment shortens recircula-
tion length while the deformable xanthan acts to
dampen viscous losses and maintain a laminar shear
layer.28 The exact mechanism that expands the laminar
shear layer is not immediately known, but it is sug-
gested that this may not be a viscous response as the
high shear strain rates in the shear layer would corre-
spond to negligible viscosity differences between the
two fluids.

Physiological Implications

Blood can often be treated as a Newtonian fluid at
shear strain rates above 100 s21 that are associated
with the large arteries of the vascular system.29 How-
ever, results presented here have demonstrated the
importance of non-linear viscous consideration in
flows of low shear strain rate and transitional behavior
typical of stenotic flows. Extension of Newtonian
negative axial velocities at peak flow for Re ~ 520 (low
shear strain rate) suggests an increased area of
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endothelium exposed to oscillating shear stress gradi-
ents. Furthermore, the inverse relationship between
shear strain rate and viscosity for shear-thinning fluids
suggests that Newtonian models likely underestimate
WSS, which potentially has a far-reaching consequence
on endothelial phenotype expression and homeostatic
mechanisms.47 Low and oscillating shear is associated
with altered EC morphology and decreased nitric oxide
production that compromises important homeostatic
mechanisms.18,23 This suggests past work that has
relied on Newtonian assumptions in laminar-separated
flows may have overestimated the extent of detrimental
flow patterns on downstream endothelium.

The elevation of Newtonian turbulent shear stress at
peak pulsatile flow and resulting expansion towards
the vessel wall has important consequences on platelet
activation and deposition. Platelets can be activated
through mechanical stimulation by high shearing
stresses leading to a shape change that permits binding
with other platelets.4 In a separated flow environment,
activated platelets would be radially transported to the
vessel wall where they may adhere to the endothelial
surface. High Newtonian turbulent shear stresses at
downstream locations suggests breakdown of the shear
layer and radial transport of fluid from the core of the
flow to the wall. This flow pattern would enhance
movement of activated platelets towards the endothe-
lium promoting elevated risks of thrombus develop-
ment. The dampened turbulent shear stress of the
non-Newtonian fluid may serve to mitigate potential
activation and resulting consequences on downstream
vascular pathology that would be predicted by New-
tonian models.

Limitations

Owing to the complexity of blood rheology, xan-
than gum does not provide a complete replication of
all rheological properties such as relaxation time of the
fluid and particle aggregation.37,46 However, based on
findings presented here and previously, xanthan gum
does provide a good macroscale representation dis-
playing appropriate shear thinning and viscoelastic
behavior while reducing turbulent drag.7,16,24 The goal
of the xanthan gum characterization for this work was
not to understand its microscale structure, but to
evaluate macroscopic flow behavior to ensure suit-
ability in replicating transitional blood flow. We feel
that our initial findings support the use of aqueous
xanthan gum to replicate transition flow through noted
reductions in transitional drag and prolonged agree-
ment with the Darcy friction factor for laminar flow. A
more comprehensive evaluation of xanthan gum in
transitional flow is currently being undertaken to
understand its behavior in pulsatile flows as a function

of Re and pulse frequency. Concern has also been
raised in the past regarding the onset of polymer deg-
radation. Chung et al.13 noted a substantial decrease in
the critical Re of polymer solutions resting longer than
one day. Brookshier and Tarbell7 commented that no
degradation of the viscous or elastic component of
aqueous xanthan gum was noted after 280 h of con-
tinual pipe flow. However, no mention is made as to
whether the solution was used immediately after
preparation. To account for possible degradation, our
non-Newtonian measurements were acquired immedi-
ately after analog preparation.

Discussion on the accuracy of our experimental
setup is warranted. Pressure drop measurements to
characterize analog viscosities were associated with an
error of 0.01 volts (V) across a measurement range of
±5 V. On account of low measured pressure drops and
the pressure diaphragm range (0–8600 Pascal), this
error becomes appreciable at the lower limit of our
shear strain rate measurements (~40 s21 for the New-
tonian fluid) ranging from ~5% to ~10% for non-
Newtonian and Newtonian fluids respectively (see
Fig. 2). At a Re ~ 1100, this error reduces to ~0.5%
for both fluids.

A number of simplifications were made in the rep-
resentation of an in vivo flow environment. Our in vitro
artery was represented in the most simplified form by a
straight rigid pipe, when in vivo, arteries display com-
pliant behavior. Although past work has commented
on the resulting differences between flow patterns in
compliant and rigid vessels (see Perktold et al.30), we
feel that the use of a rigid acrylic tube does not
diminish the validity or importance of our results.
Furthermore, it would be expected that stenotic
pathologies would be associated with the elderly that
show reduced arterial compliance while the calcified
plaque would serve to dampen vessel wall
motion.5,31,38 A sinusoidal profile provided the inlet
pulsatile flow waveform. Although not physiologically
representative of arterial flow, this simplification re-
duced the added parameter space of complex flow that
improved understanding on the direct contribution of
non-Newtonian considerations in a transitional envi-
ronment (see Trip et al.42)

Stenoses in vivo are rarely present with an axisym-
metric, sudden expansion geometry as presented here.
Although we can only speculate, it is suggested that the
length of flow separation downstream of a sudden
expansion geometry would be elongated compared to a
smooth, tapering stenotic geometry such as that pre-
sented by Ahmed and Giddens.2 It is worth reiterating
that although stenotic induced flow patterns were of
interest, the main purpose of this work was to better
understand non-Newtonian influences whereupon the
blockage served to initiate transitional flow. The
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consideration of eccentric geometries and surface
roughness in accordance with non-Newtonian flow
regimes certainly warrants consideration based on the
work of Stroud et al.38 and Varghese et al.44 who
showed noteworthy differences in flow patterns
between models with different geometries.

PIV algorithms assume a homogenous particle dis-
placement within interrogation windows. This becomes
problematic in the post-stenotic shear layer where
interrogation windows would envelop high velocity
gradients leading to correlation peak broadening and
elevated correlation errors. The use of adaptive, multi-
grid algorithms as was used here does serve to limit the
resulting measurement bias.32 Interrogation window
size could be reduced further, but the maintenance of
an adequate number of matching particle pairs must be
considered.19 Kähler et al.21 also noted that PIV
overestimates near-wall displacements that are within
one-half the interrogation window width in the wall-
normal direction. To account for this inherent bias, the
first vector column in the wall-normal direction was
removed during post-processing.

CONCLUSIONS

Our findings have served to provide insight into the
suitability of aqueous xanthan gum solutions as an
appropriate blood analog in transitional flow envi-
ronments. To our knowledge, this work represented
the first characterization of such analogs for transi-
tional flow conditions. Steady flow pressure drop
measurements demonstrated an extension of laminar
behavior to Re ~ 2900 that closely agreed with previ-
ous work on porcine blood transitional flow behavior.
The addition of xanthan gum reduced turbulent drag
as a consequence of the added elastic polymer that
likely simulates the damping behavior of red blood
cells. Based on our initial macroscale characterizations,
results suggest that aqueous xanthan gum solutions
serve as an appropriate whole blood mimicking fluid in
transitional environments.

In steady flow, xanthan gum dampened peak tur-
bulent shear stresses in the freestream with comparable
values to the Newtonian analog in the shear layer. The
added polymer reduces high velocity fluctuations in the
core of the flow where shear strain rates are low in
contrast to the shear layer where high shear strain rates
would suggest comparable viscosities. Past work using
xanthan gum has demonstrated a near wall depletion
layer with reduced viscosities to that of the bulk flow.
Whether xanthan displays comparable radial migra-
tion behavior to that of red blood cells is not imme-
diately known, but does present an interesting question
moving forward.

At peak pulsatile flow, Newtonian turbulent shear
stresses increased moving axially downstream from the
blockage, peaking near the distal end of the FOV.
High turbulent shear stresses were also found to ex-
pand radially towards the wall suggesting shear layer
fragmentation that was absent in the non-Newtonian
fluid. Although the Newtonian recirculation length
was reduced at peak pulsatile flow, measured turbulent
statistics imply an enhanced radial transport that
would move activated platelets by high turbulent shear
stress to the endothelium.
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