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Abstract

An in-situ measurement technique to determine the rheology of a fluid based on the experimentally measured velocity
profile of a flow in a mini-channel is introduced. The velocity profiles of a Newtonian and different shear-thinning fluids
along a rectangular channel were measured using shadowgraph particle image velocimetry (PIV). Deionized water and
different concentrations of a polyacrylamide solution were used as Newtonian and shear-thinning fluids, respectively
and were studied at different Reynolds numbers. The flow indices of the fluids were determined by comparing the
experimental velocity profile measurements with developed theory that takes into account the non-Newtonian nature
of the fluids rheology. The results indicated that the non-Newtonian behavior of the shear-thinning fluid intensified at
lower Reynolds numbers and it behaved more as a Newtonian fluid as the Reynolds number increased. A comparison
between the power law index determined from experimental monitoring of the velocity profile at different Reynolds
numbers and measurements from a rheometer reflected good agreement. The results from the study validate the new
approach of the rheology measurement of Newtonian and non-Newtonian flows through straight, rectangular cross-
section channels. The proposed approach can be further utilized using other methods such as X-ray PIV to characterize

the rheology of non-transparent fluids and in general, for all non-Newtonian fluids.

Keywords Velocity profile - Mini-channel flow - Rheological properties - Non-newtonian flow - PIV

1 Introduction

In industrial applications for efficient transport of fluids
or characterizing the motion of carried materials such as
microorganisms in biological application [1] or compo-
nents in drug delivery [2], a clear understanding of the
carrying fluid's rheology is needed [3]. The rheology of the
fluid determines the flow parameters such as flow velocity
and pressure field. Knowledge of rheological properties
of the fluid flow behavior helps to obtain better under-
standing of the resultant pumping energy required for
fluid transport [4], the energy required to transport the
material [5] or the potential locations of the material depo-
sition in a flow passage [6]. Hence, the quantification of

rheological properties of the fluid in a continuous manner
would be beneficial to understand the flow phenomena
both for a single-phase flow or for flows carrying sus-
pended particles.

Ex-situ rheological measurement techniques, such as
a rotational rheometer [7] are currently the conventional
approach for quantifying the rheological properties of the
fluid. In these measurements, the bulk rheology of the
fluid is measured by variation of shear rate and the shear
stress applied on the sample collected. These methods
have their own advantage and a number of important limi-
tations need to be considered. First, these techniques usu-
ally requires general information on the rheological prop-
erties of the fluid to have a proper range of applied shear
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rate for fluids having low and high viscosities. The range
of the shear rate that can be applied to the fluid is also
limited to the type of rheometer and the exact shear rate
through the geometry of an application such as a micro-
channel cannot be provided using a classical rheometer.
In addition, the effect of geometry of the channel is not
accounted as the test fluid is needed to be removed from
the flow geometries which in some cases are difficult to
apply or they do not represent the application conditions
[8]. Using a commercial rheometer can be also challenging
and costly to study fluid flow at boundaries and where the
measurement needs to be carried out at high tempera-
tures and pressures [9].

The capability of an ex-situ rheological method can
be limited for some applications. In the case of flow
through micro and nano systems, e.g. flow in biological
systems [10], rheological measurement using a tradi-
tional rheometer is challenging as only a small amount
of the test fluid is available. The utilization of an ex-situ
measurement is also limited for applications operating
at high pressure and temperatures, e.g. the rheology of
bitumen in SAGD process [11]. The rheology of the fluid
flowing through different channels at various conditions
as per the application could therefore be identified using
a non-intrusive method for in-situ rheological measure-
ment [12-14]. These issues highlight the potential, if a
new method can be developed so that no prior knowl-
edge of the fluid’s properties is needed to determine the
rheology of the fluid.

Studies have shown that the rheology of a liquid has
a significant effect on the shape of the fully developed
velocity profile of the fluid passing through different geo-
metric channels [15-19]. The velocity gradient resulting
from the interacting effects from the fluid rheology and
flow conditions are strongly dependent on the shear rate
and shear stress in the flow domain. These result in the
velocity profile having strongly different shapes of a top-
hat, plug-like, parabolic or a sharp-pointed on the center-
line of the flow depending on the nature of the fluid and
its flow geometry [16]. Therefore, the rheology of the fluid
can be determined from a field measurement of velocity.

The rheological properties of a liquid that are deter-
mined by shear rate can be described using different rhe-
ological models including the Herschel-Bulkley, Ostwald
[20], Carreau-Yasuda [17], Bingham model [21], Kundu and
Cohen [22] and Tropea et al. [23]. Among all approaches
used to describe the rheological behaviors of Newtonian
and non-Newtonian fluids that do not exhibit a yield stress
property, Ostwald-de Waele's power law approach is the
simplified model widely being used by engineers [20, 24].
In this model, the relationship between shear rate and
shear stress is described as a function of a power law index
(n) and the flow consistency (k) of the fluid. The rheology
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can be described by the power law index to classify the
fluid as Newtonian (n=1) or non-Newtonian (n=1). This
model has its limitation for the rheological calculation. The
simplicity of the model, however, makes it more conveni-
ent to determine the rheology of a power law fluid.

Based on studies on a fluid’s characteristics [25, 26],
quantification of the rheology of the fluid can be achieved
by coupling the velocity profile and corresponding theory.
This enables the identification of the rheology of (even)
an unknown fluid from the measurement of its velocity
profile. The literature contains a number of works that have
highlighted the measurement of the velocity profile for
different Newtonian and non-Newtonian flows and their
corresponding theory [15-19, 27]. One of the introduced
methods using the velocity profiles to determine rheol-
ogy of the fluid is the combination of the ultrasound-Dop-
pler velocity profiling technique and pressure difference
technology (UVP-PD) [28, 29]. A considerable amount of
literature has been published on the application of this
method discussing the capability for the rheological meas-
urement of different fluids [9, 29-31]. However, there are
certain drawbacks associated with the use of this method
such as the sensitivity of the rheological measurements
on the inclination angle of the transducers and the pulse
frequency. These methods are inline and non-intrusive,
but the measurement is limited to the location where the
transducers are mounted (flow adapter cell) and cannot
be applied for different locations along the fluid flow [29].
Therefore, to have a rheological measurement of any type
of application, a non-intrusive methodology needs to be
introduce that is capable of characterizing the rheological
properties of a power law fluid at any location along the
flow, pressure and temperature of the application.

Optical measurement techniques are the main non-
intrusive methods that can be used to determine the
velocity distribution of a fluid. Particle shadow velocimetry
(PSV) can be selected as the measuring technique which is
capable of measuring velocity profiles as well as identify-
ing flow structures [32-34]. In this technique, the velocity
of the flow within the region-of-interest is measured by
determining the displacement of tracer particles that are
added to the transparent fluid [35] such that the rheology
of the fluid is not affected. The velocity measurement can
be undertaken in wide range of flow rates and flow geom-
etry which increases the range of the rheological meas-
urement. Although the current method, PSV for velocity
measurement can be used for a transparent fluid, applica-
tion of the method could be extended for velocity meas-
urement within translucent and opaque fluids [36-41] by
using appropriate PIV techniques such as X-ray PIV.

The aim of this paper is to introduce a methodology
to evaluate the flow behavior index of Newtonian and
shear-thinning fluid based on velocity measurements. A
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mathematical model that allows the rheology of the fluid
to be determined from the velocity profile of the flow
within a mini-channel is first illustrated. The velocity dis-
tributions for both Newtonian and shear-thinning (non-
Newtonian) flows along a mini-channel are then experi-
mentally investigated using shadowgraph PIV. Measured
velocity profiles are compared with the corresponding
mathematical model to determine the rheological param-
eters of the fluid. Rheological measurements are also col-
lected using a standard rheometer to compare with the
results from the proposed technique. The work concludes
with a discussion of the results highlighting the feasible
application of the introduced measurement approach.

2 Theory of Newtonian and non-Newtonian
fluid through mini-channels

The velocity distribution and shape of the profile of
laminar flows of Newtonian and non-Newtonian flows in
mini channels has been well established [15, 16, 18]. The
velocity distribution of a flow and the shape of its profile
depend on the fluid rheology, Reynolds number and the
position along the channel. The rheology of a fluid can
be described by the measured variation in shear rate and
viscosity of the fluid as the shear stress changes. Using the
Ostwald-de Waele power law model and a definition of the
flow shown in Fig. 1, the relationship of the viscosity, shear
rate and shear stress of the fluid can be determined as a
function of characteristic indices using:

n—1
ou
v=(5) W

T =kj" ()

where T is shear stress, 7 is shear rate defined as ‘;—;, uis
viscosity, k is the flow consistency index and n is the power
law index of the fluid. The value of the power law index, n,
describes the rheology of the fluid where for Newtonian
fluids n=1 and n= 1 represents non-Newtonian fluids. The

values of the flow indices indicate that for Newtonian fluid

Fig. 1 Schematic of fully devel-
oped flow passing through a

there is a linear relationship between shear rate and shear
stress. For non-Newtonian fluids, a nonlinear relationship
could be expected. It can be also concluded that as the
applied shear rate changes, the viscosity of a Newtonian
fluid remains constant while the viscosity of a non-Newto-
nian fluid varies with shear rate.

To study the flow of Newtonian and non-Newtonian
fluids through a rectangular mini-channel, a channel
with width of h as shown in Fig. 1T was chosen as the flow
domain. The flow enters the channel with a constant veloc-
ity of u and after traversing a certain length of the channel,
the entrance length, L, it becomes fully developed. The
entrance length of a circular channel required for a laminar
flow to become fully developed can be calculated as [22]:

L, = 0.06Re - D, (3)

where Re is the Reynolds number and D, is the hydraulic
diameter of the channel. For the case of power law fluids,
the Reynolds numbers can be calculated as [42]:

2
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where p is the fluid density, u is the average velocity of
the fluid calculated in the fully developed region and a
and b are constants which depend on the cross section of
the channel. For circular pipes a= 0.25 and b= 0.75 and for
square channels a=0.2121 and b= 0.6766 [42]. For the case
of a Newtonian fluid since n=1 and k=, the Reynolds
number of the fluid can be simplified to:

pDhu
M
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The velocity distribution of Newtonian and non-New-
tonian fluids through the domain can be compared in the
fully developed region where the boundaries of the fluid
extend to the centerline of the channel. In this region, the
maximum velocity of the fluid occurs at the centerline of
the channel and the no-slip boundary condition applies at
the walls. The velocity distribution of the fully developed
region can be determined using the momentum conser-
vation equation using the flow/geometry definition given
in Fig. 1 as:

rectangular channel
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where u, v, and w are the velocity components; TenTry and
7,, are shear rates in the channel in axial directions, p is
pressure; and g is gravity. To study the velocity profile of
Newtonian and non-Newtonian fluids, power law fluids
with constant density along the channel were selected
as a case of study and the flow is assumed to be in the
x-direction only with no gravitational effects. Using these
conditions, the momentum conservation equation for the
case of steady state, fully developed and incompressible

fluids simplifies to:

dp 9 J 9 B
_EJF&(T’“) +@(rxy) +E(rxz) =0 @)

where 7,, and z,, are equal to zero since it is assumed
that for laminar flow the velocity of the fluid is only in the
x-direction. For the fluid, 7, can also be determined from
the power law model represented in Eq. (2). Applying the
values of shear rates in different directions to Eq. (7), the
velocity profile in the flow x-direction for a power law fluid

across the cross section of a channel will simplify to:

dp o ou\"\ _
F5((5) )= ®

The velocity of a power law fluid across the cross section
of a channel can be calculated by integrating Eq. (8) with
respect to y to give:

du\" dp
kl —) =y—
( dy) y dx +G 9

where ¢, is the constant of integration. At the center of the
channel (y = 0), the velocity of the fluid reaches its maxi-

mum and g—; = O which leads to ¢; = 0. The resulting equa-

tion gives the relationship between the velocity gradient of
the fluid with the pressure drop along the channel. The
velocity profile of the fluid with respect to position in y-direc-
tion can then be determined by integrating Eq. (9) to give:

u= 27 (10)

where ¢, is the constant of the second integration. The
value of ¢, can be determined from the fully developed
assumption outlined earlier. In this region the no-slip
boundary condition, u = 0 is applied at the wall of the
channel (x = h/2) which leads to:
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Upon substituting ¢, into Eq. (10) and simplifying the

equation, the velocity profile across the channel of the
flow can be written as:

__n_(1@y (= (n)7
u(y)_n+1<kdx> <y <2> ) (12)

In order to compare the results at different flow con-
ditions, Eq. (12) can be normalized using the maximum
velocity at the centerline of channel to give:

n+1

“_0’)=1_<2_y>7 (13)

u(O,max) h

Based on this equation, the normalized velocity of a
power law fluid is only a function of the rheological prop-
erty of the fluid, cross-stream position and channel geom-
etry. The velocity of a Newtonian fluid where n = 1can also
be calculated from this equation which simplifies to a para-
bolic relationship or the common Poiseuille profile [18, 22].

The normalized velocity profiles given in Eq. (13) are
plotted for a Newtonian and different non-Newtonian
flows as shown in Fig. 2. For a Newtonian fluid (n = 1),

Hax

Uu/u
=
LN

Fig.2 A comparison of the generated velocity profiles of Newto-
nian and non-Newtonian flows with different flow indices from the
developed mathematical model
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the velocity profile shows the expected parabolic/Poi-
seuille profile [22]. For shear thinning fluids (n < 1), the
velocity profile approaches a top-hat shape and this
shape intensifies as the power law index of the flow
decreases. For the case of a shear thickening fluid (n > 1),
the velocity profile has a sharp-pointed feature at the
centerline of the channel. This phenomenon intensi-
fies as the power law index of the fluid increases. The
deviations of velocity profile of non-Newtonian fluids
from the parabolic shape are due to the variation of the
viscosity of the non-Newtonian fluids in the different
shear rate regions of the flow. The velocity profiles, in
general, become closer to parabolic as the power law
index approaches Newtonian behavior (n = 1). The result
of this analysis highlights that the rheological properties
of a fluid can be determined from a well resolved veloc-
ity distribution measurement under laminar conditions
in a flow channel.

3 Experimental setup

3.1 Sample preparation and rheological
measurement of non-Newtonian fluid

To study the effect of fluid rheology on the velocity profile,
distilled water and polyacrylamide/water solutions were
used as the Newtonian and shear thinning, non-Newto-
nian fluid, respectively. Polyacrylamide solution was cho-
sen for its transparency as it is required for the velocity
measurement using PIV [43]. A shear-thinning fluid was
chosen as a representative of non-Newtonian fluid since
shear thickening fluids are typically not optically trans-
parent and such fluids commonly resist the movement of
particles within. Different concentrations of this solution
were also used to determine the effect of variation of the
shear-thinning behavior on the velocity profiles. Poly-
acrylamide solutions were prepared from a commercially
available high molecular weight anionic polyacrylamide
powder (Magnafloc 5250, BASF SE) with particle size of
1 mm and bulk density of 0.7 g/cm?3. Anionic polyacryla-
mide solution was chosen over a cationic one due to its
longer stability. Cationic solutions are only stable for a
short time (~ 10 min) while anionic solutions are stable
for several days [43].

A standard procedure [15] was followed to mix and pre-
pare the solutions. Polyacrylamide powder was gradually
added to water while it was mixed at the same time using
a magnetic stirrer. In order to have a reliable measurement
and avoid the presence of bubbles during flow experi-
ments, prepared samples were degassed using a vacuum
pump. The repeatability of the preparation procedure of
the solutions was confirmed by measuring the rheology

of different samples of the same concentration [15]. The
storage time of polyacrylamide solution were also stud-
ied. The prepared solution was kept at room temperature
for 30 days during which the rheological properties were
measured each day. The mean measured viscosity at dif-
ferent shear rates is shown Fig. 3 and the variations of
viscosity over the 30 days are shown as error bars. Based
on the results of these measurements, the maximum vari-
ation from the mean value was 2.8%. It shows that there
was not a significant change in the viscosity of the sample
with respect to time, which confirmed that the rheology of
polyacrylamide solution was stable for 30 days [15].

The rheological parameters of the solutions shown in
Fig. 3 were directly measured using a standard double gap
cylinder rheometer (RheolabQC, Anton Paar) with a meas-
uring system (DG42, Anton Paar) having a measuring gap
of 0.5 mm. A water bath was connected to the rheometer
to maintain constant temperature of the rheological meas-
urements. These measurements were undertaken within
the shear rate () range of 10 to 1000 s™' and 360 measure-
ments were recorded for every sample at a rate of 0.1 Hz.
The variation of shear rate and shear stress obtained from
this measurement were used to determine the rheological
properties of the different fluid samples.

Studies on the rheological characteristics of polymer
solutions indicated that the viscosity has three different
regions of low shear rate plateau, a shear thinning region,
and a high shear rate plateau [24]. The measurement of
viscosity in the low shear rate plateau region provides the
characteristics of the fluid in near-equilibrium conditions.
In this region, the calculated viscosity of the fluid is called
the zero shear rate viscosity which represents the highest
viscosity of the fluid. As the applied shear rate increases,
the fluid enters the shear thinning region and the flow
shows a power law decrease in the viscosity. The shear
thinning region can be described using different models
[24]. In engineering applications due to its simplicity, a

0.1

T =

Viscosity z [Pa-s]
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o
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Shear Rate 7 [1/s]

Fig.3 Rheological measurement of 0.2 wt% polyacrylamide solu-
tion using rheometer for 30 measurements collected over the
30 days at25°C
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power law model is usually used where the viscosity is a
function of shear rate and constant values of flow index
and consistency. In the high shear rate plateau region, the
lowest viscosity can be observed as the polymer chains
become disentangled. The viscosity in the high shear rate
region is called infinite shear rate viscosity, which is a value
close to the solvent viscosity. These three regions can be
determined using rheological measurements over a high
range of shear rates [24].

Figure 4 shows a sample set of rheological measure-
ment of 0.1 wt% polyacrylamide solution. A linear relation-
ship between the logarithmic scale of viscosity, log(u) and
shear rate, log(y) was observed as expected for a power
law fluid in the shear thinning region. The rheological

O Measurement using Rheometer
Fitted Line - entire region

- = ~Fitted Line - low shear rate region
== Fitted Line - high shear rate region

0.01 ‘
10 10 10°
o

Fig.4 The variation in viscosity of 0.1 wt% polyacrylamide solution
with the change in the shear rate measured using rheometer and
fitted curve
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parameters of the fluid in the logarithmic scale can be
calculated using:

log(u) = (n — Dlog(y) + log(k) (14)

log(z) = nlog(y) + log(k) (15)

The power law index (n) and flow consistency (k) can be
determined by curve fitting the rheometer measurements
with Egs. (14) and (15). It can be seen in Fig. 4 there is a
variation in slope of the graph with respect to shear rate
which represents the deviation of power law index of the
fluid in different regions of the measurement. The power
law index can be used to classify and divide the rheologi-
cal measurements into three regions ranges of low shear
rate (1-80 s™'), mid shear rate (80-160 s™"), and high shear
rate (160-1000 s™'), where each range has different flow
indices. The slope of the entire region of the shear rate
was chosen as a representative of the power law index of
the fluid. The same approach was used to calculate the
rheological parameters of the different concentrations of
polyacrylamide solutions studied.

3.2 Optical velocity measurement setup

Shadowgraph PIV was used to measure the velocity dis-
tributions of the optically transparent fluid as it flowed
in a rectangular mini-channel. The setup used for the
flow experiments is shown in Fig. 5. The main flow loop
included in the setup was made up of a flow chip, a syringe
pump and connection tubes. The optical components
were a camera, microscopic objective lens, a high current

b

Fig. 5 Experimental setup to study the velocity profile of flow through straight mini-channel: a schematic of the setup, and b photograph of

the setup
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LED and a function generator for controlling the timing
of events.

In order to study the flow in the desired flow channel,
a flow cell was designed as shown in Fig. 6a. This flow
cell was made of 3 transparent sheets of PMMA having
a thickness of 3.175 mm (Optix; Plaskolit Inc.). Two layers
were used as windows for optical measurements while
the middle layer was used as the flow channel of a con-
trolled geometry. The rectangular channel was designed
to have a 0.69x3.175 mm cross section area and length
of 180 mm. To make the required features for all compo-
nents, a commercial laser cutter (VersalLaser VLS Version
3.50; Universal Laser Systems) was used. The rectangular
cross section of the flow channel can be seen in Fig. 6b
which shows a closer view of a sectioned assembly.

A syringe pump (PHD 2000; Harvard Apparatus Inc.)
was used to inject the fluid to the channel at the required
flowrates. The channel was filled from the bottom to
prevent the formation of bubbles that would generate
extra blockage and interfere with the development of
the flow velocity profile. Once a steady flow was attained,
measurements were taken from a region in the middle
of the channel at a distance beyond the entrance length,
which was determined using the Eq. (3). Using the dimen-
sions of the rectangular cross section of the channel, the
hydraulic diameter of the channel was 1.14 mm. Since the
maximum Reynolds number of this experiment was 10, the
longest entrance length needed for the fluid to become
fully developed for this channel was 0.62 mm. The region
of velocity measurement was selected at 95 mm from the

#10-24 hex socket cap head Outlet

Inlet O-Ring

Flow
channel

entrance of the channel to ensure measurement in the
fully developed region.

The flow in the channel was determined by tracking the
motion of particles seeded into the flow. These seeding
particles were made from polystyrene with a mean diam-
eter of 1.0 um (R0100; Thermo Fisher Scientific Company)
and were chosen for their uniform size distribution with
the bulk density of 1.05 g/cm? which matched closely
with the densities of water and polyacrylamide solutions.
A CMOS camera (SP-5000 M-PMCL-CX; JAl Inc.) with a reso-
lution of 2560 x 2048 pixels collected images at 90 fps to
capture the movement of the seed particles. To have clear
images of the particles, a microscopic objective lens with
ten times magnification (x 10 MPLN; Olympus Corpora-
tion) was used to focus on the width of the mini-channel.
The field-of-view of the camera was determined using a
target and found to be 1.92 x 1.55 mm. In this field-of-view,
the seeding particles had an average diameter of around
4-5 pixels. This objective lens had a 10.5 mm working dis-
tance, depth-of-field of 8.5 um and numerical aperture of
0.25. To insure that the camera was in focus on the mid-
plane of the channel, a mechanical dial indicator was used
to first determine the extent of the channel and then to
control the movement and location of the plane-of-focus.

The particles and flow cell were illuminated using
a green high current LED light source (SL112-520 nm;
Advanced lllumination Inc.). To correct the uneven distri-
bution of light from the LED, it was coupled with a Kéhler
illumination [44] configuration shown in Fig. 5a. The cam-
era and LED were operated in a pulse mode in order to
freeze the motion of the seeding particles and they were

b

Fig.6 Flow cell used for analyzing the flow field across the microchannel a design of three layers of cell and b section view of the channel

after assembling
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triggered synchronously using continuous square waves
from a function generator (AFG3201B; Tektronix Inc.) at a
frequency of 90 Hz. At this frequency, the particles in each
images moved around 3-4 times of their mean diameter,
which confirms that the time interval between images was
short enough to freeze the motion of the particles.

3.3 PIV processing of images to velocity fields

Raw images collected via the imaging system were pro-
cessed using commercial PIV software (DaVis 8.1.4, LaVi-
sion GmbH). A preprocessing algorithm was applied to
improve image contrast and to normalize the intensity of
the raw images. The images were inverted during preproc-
essing and a non-linear filter and geometric mask were
applied to decrease the background noise. After preproc-
essing, the tracer particles had an average diameter of
2-3 pixels in the images and the displacement between
sequential images was between 4 and 5 pixels. A multi-
pass sequential cross-correlation algorithm with decreas-
ing window size was then used to determine the velocity
vectors from preprocessed images. Square interrogation
windows sizes of 64 x 64 pixels and 32 x 32 pixels with 87%
overlap were used for the first and second passes, respec-
tively. Statistical tools within the software was used for
averaging the processed vector fields.

The velocity profiles obtained in this experiment were
an average of 200 processed images. In order to plot and
compare the results of different conditions, further post pro-
cessing was applied to the vector field using in-house code
(MATLAB, Mathworks Inc.). At this stage the velocity of the
fluid and the position along the channel were normalized
using the maximum velocity and the entrance width of the
channel respectively. Using this data, the velocity profiles
and the average velocity vector maps of the fluid at differ-
ent conditions were plotted in non-dimensional scale. The
average velocity vector fields for different solutions at Reyn-
olds number of 1 are shown in Fig. 7. The velocity profiles of

=
—
—=

u/u,

Newtonian fluid as shown in Fig. 7a had a distinct parabolic
shape while a top-hat flow profile was found for the shear-
thinning fluids as shown in Fig. 7b. When the fluid was shear-
thinning the shape of the flow profile showed an increased
region of maximum velocity along the width of the channel,
approaching a top-hat profile.

3.4 Uncertainty in velocity measurement

Sources of error in PIV experiments have been identified and
reported by different studies [44]. Among the sources, distri-
bution of illumination, settling velocity and concentration of
tracer particles in the carrying fluid, number of images and
PIV processing algorithm have the maximum effect on the
PIV measured velocity results. These sources of error need
to be addressed and considered to have consistent results.
One of the fundamental assumptions of PIV measure-
ment is that tracer particles faithfully follow the flow of the
fluid elements [45]. In order to confirm this fact, the Stokes
number can be calculated. Stokes number (St) is a charac-
teristic parameter describing the behavior of suspended
particles in a fluid flow. It is defined as the ratio of the relaxa-
tion time of a particle (z,) to a characteristic time of the flow

(%)

where u, is the fluid velocity and /, is the characteristic
length scale and in this case the width of channel. In case
of spherical particles in a viscous laminar flow, the relaxa-
tion time is:

2
__ 125
* 18 p,

where p, and D, are density and diameter of the particle
respectively.
Resulting in:

0.8
06 3

Moy
04 =

0

Fig. 7 Average velocity profile vector plot with a background color map of velocity magnitude for a water, and b 0.4 wt% polyacrylamide,

through mini-channel at Re=1
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p,D?u
St= PP
18 pply

Therefore, the Stokes number in this study of tracer par-
ticles (Dp =2%x10"%m, Pp= 1.05x 106 kg/m3) suspended
in water (u; = 0.000891 kg/m s) with the average velocity
of the fluid (u,~ 7 mm/s) was calculated to be 1.83 X 1073,
As St < 1, it can be concluded that the motion of the flow
can be determined from the movement of the tracer par-
ticles [35].

To identify the required number of images to have a
consistent result, a convergence plot of the flow of water
at the highest Reynolds number (Re=10) was generated.
Based on these results, the average velocity becomes a
constant value for the average after 100 images. This indi-
cates that the number of images collected was sufficient to
describe the velocity of the fluid. It is reported that an esti-
mate for the overall uncertainty of the velocity measure-
ments using PIV is between 0.05 to 0.1 pixels [46, 47]. Con-
verting this variation from pixel space to physical space
and using the frame rate of the camera, the maximum vari-
ation is 6.75 x 107> mm/s. The uncertainty of the velocity
is approximately within the range of 0.1% with respect to
average velocity of the fluid (~7 mm/s) at Re=10.

4 Results and discussion

4.1 Standard measurement of rheological
properties

The variation in the viscosity and shear stress with respect
to changes in the applied shear rate measured using a

o
o0

-=--0.1 wt.% Polyacrylamide
-<--0.2 wt.% Polyacrylamide
-==0.3 wt.% Polyacrylamide
-<--0.4 wt.% Polyacrylamide

0.5 wt.% Polyacrylamide

e
foN

Viscosity p [Pa-s]
S
=

o
&}

1000

200 400 600 800
Shear Rate  [1/s]
a

rheometer for different concentrations of polyacrylamide
solution are shown in Fig. 8. The results indicated that the
viscosity of the polyacrylamide solutions decreased as the
shear rate increased which reflected the shear-thinning
behavior of the fluid for the range of the shear rate con-
sidered. It is also observed that the viscosity of polyacryla-
mide solutions increased as the concertation of the sample
increased. Shear thinning behavior was observed for all
concentrations of polyacrylamide solutions. The variation
of the viscosity with respect to shear rate became more
significant as the concentration of polyacrylamide solu-
tion increased. This represents the dominance of the shear
thinning behavior of the fluid. Measurements of the vis-
cosity distributions were triplicated in order to check the
repeatability of the measurements. Only 1% variation in
the viscosity of the fluid was seen in the results of rheologi-
cal measurements.

Figure 9 shows the variation of the viscosity with
respect to shear rate on a log-log scale for the different
polyacrylamide solutions. Based on Eq. (13), the power
law index of the fluid can be calculated using the slope
of this graph. It can also be seen in the figure that there is
a variation in the slope of the graph with respect to shear
rate for some solutions. The slope of the graph is smaller
at low shear rates and it increases at high shear rates,
which indicates the variation of the power law index of
the fluid as the shear rate changes. In order to generally
compare the results, the slope of the rheological meas-
urement curves in Fig. 9 within the shear rate (y) range
of 10-1000 s~" were used to determine the power law
index, n, of the fluid. The flow indices of the polyacryla-
mide solutions of different concentrations were calcu-
lated using a power law model of Eq. (1) and the results
are summarized in Table 1. The plots corresponding to

W
(=]

'S]
— [ o]
W () W

Shear Stress 7 [Pa
S

0 200 400 600 800 1000
Shear Rate + [1/s]

b

Fig. 8 Rheological measurements of polyacrylamide solution using a rheometer at 25 °C a variations in the viscosity, and b shear stress with
respect to change in the shear rate for different concentration of solution
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O |

Fig.9 Viscosity measurements 10°
of polyacrylamide solution
using a rheometer at 25 °C at
different shear rates
o
= 10
=]
2
§
Z02EF | —#-0.1 wt.% Polyacrylamide
> —7--0.2 wt.% Polyacrylamide
—=-0.3 wt.% Polyacrylamide
— - 0.4 wt.% Polyacrylamide
0.5 wt.% Polyacrylamide
107 : —
10"

Table 1 Rheological parameters for different concentrations of pol-
yacrylamide solution using Ostwald de Waele power law model

Solution concentration Power law index Flow con-
(n) sistency (k)

0.1 wt% polyacrylamide 0.47 0.054

0.2 wt% polyacrylamide 0.38 0.813

0.3 wt% polyacrylamide 0.33 3.115

0.4 wt% polyacrylamide 0.32 7.112

0.5 wt% polyacrylamide 0.26 11.61

these results are shown in Fig. 10 to give better clarity for
comparison along with minimum and maximum shear
rates using the approach shown in Fig. 4 to give a range
of expected values. The power law index, n, decreased
as the concentration of the polyacrylamide solution
increased. The decrement of the power law index of the
fluid indicated that the shear thinning behavior of the

107 10°
Shear Rate 4 [1/s]

fluid intensified as the concentration of polyacrylamide
in the fluid increased.

The relation between the power law index, n, and
flow consistency, k, with respect to the concentration of
polyacrylamide solution in the range of measurement
were determined using the rheological measurements
represented in Fig. 10. These are listed in Table 2 where
Cis the concentration of the polyacrylamide solution in
wt% of the water solution.

4.2 Velocity profile of Newtonian
and non-Newtonian fluid through narrow
straight channel

The effect of the shear-thinning behavior of the poly-
acrylamide solution as compared to the Newtonian
behavior of water on the shape of velocity profile was
identified by plotting the velocity profiles of all solutions
at the same Re and location along the channel as shown

Fig. 10 Variation in power law L6r
index (n) and flow consistency

O Average flow index measured from rheometer
- - - Fitted Curve of flow index for entire range of the shear rates

1.6

index (k) determined using the 1.4 |- |—— Fitted Curve of flow index at high and low shear rates 914 —
. . O Average flow consistency measured from rheometer . “»
rheometer.WIth the Change n 1.2 | [ Fitted Curve of flow consistency for entire range of the shear rates Q 412 éj
concentration of P0|yacry|a‘ Fitted Curve of flow consistency at high and low shearrates |~ _~" . :
mide solution s L e D
L 1 5]
x ok e -]
T o £
Eosk ~_ T H108 2
5 N T g
o iz
— 0.6~ 0.6 -
= 2
(=]
----- o
04 000 T T T Tl B-mmmmme e 04
e - R m 9
S5
02 20.2
0oc 1 1 1 1 1 1 1 0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Table 2 Curve fitted equation of the power law index and flow con-
sistency with respect to concentration of polyacrylamide solution
at different ranges of shear rate

Low shear rate Entire range of shear

rate

High shear rate

n = 1-0.7964(C)*3*
k = 3.021(C)%%%

n=1-0933(0)**? n=1-0831(0)*'*
k = 2.282(C)%% k = 2.955(C)°71%2

in Fig. 11. The velocity is normalized by the maximum
velocity through the channel and the position is normal-
ized by the width of the channel to compare results from
different flow conditions. The graphs indicated that water
has a parabolic velocity profile and the velocity profile
approaches a top-hat shape as the concentration of the
polyacrylamide solution increases. This result shows that
the shear thinning behavior of the fluid intensifies as the
concentration of the polyacrylamide increases. Increase
in the concentration of polyacrylamide powder in a solu-
tion will result in the increase of the dominance of the
intermolecular forces that bring about the non-Newto-
nian properties. This phenomenon was observed at all
Re values considered in this study.

To find the power law index of the fluid, the average
of normalized velocity profiles were fitted to the power
law model:

max

u

This equation can represent the variables in Eq. (13)
only if c = 1Tand a and b are defined as:
a n+1

= (=2)™" (17)

max

_n+1
b= - (18)

The power law index could thus be found by compar-
ing the non-linear fitted data using commercial software
(MATLAB, Mathworks Inc.) with corresponding theory.

The validity of the above model can be seen in the
example result in Fig. 12 which shows a case where the
velocity profile of 0.2 wt% polyacrylamide solution at
Re=1 is fitted to the power law model given by Eq. (17).
The calculated power law index for this solution confirms
the non-Newtonian behavior of the flow (n =0.36) which
has a good agreement with the rheometer measurements
(n =0.38). The same approach was used to calculate the
flow indices for different concentrations of polyacryla-
mide solution at different Reynolds numbers. Three sets
of data were considered for each condition and an average
of all flow indices was determined with a standard devia-
tion of 0.015 is presented in Table 3. The power law index
decreased as the concentration of polyacrylamide solution
increased which shows the increase in non-Newtonian
behavior of the fluid. The power law index also increased
as Reincreased.

In order to validate the results of the PIV measurements,
the flow indices from velocity profile measurement results
were compared with rheological properties of the fluid
determined from the rheometer. Due to the strong effect
of temperature on the rheological properties of the fluid,
the rheological measurements were taken at the same
temperature of the flow study (T=20 °C). The flow indices
of the fluid given by the fitted functions of the rheometer
measurements in Table 2 and experimentally determined
values using shadow PIV in Table 3 are plotted in Fig. 13 for
comparison. The solid lines represent the range of the flow
indices measured from the rheometer. The average of the
entire range of measurements using the rheometer is also

—&— water
0.2 wt.% Polyarcylamide
—©—0.4 wt.% Polyarcylamide

—©— water

0.2 wt.% Polyarcylamide
—©—0.4 wt.% Polyarcylamide

—©— water

0.2 wt.% Polyarcylamide

—©—0.4 wt.% Polyarcylamide

0 0.1 0.2 0.3 0.4 0 0.1
yw

a

0
0.3 0.4 0.5 0 0.1 0.2 03 04

yiw y/w

C

Fig. 11 Measured velocity profiles showing the effect of Newtonian and non-Newtonian behavior of a fluid on the shape of velocity profile

ataRe=0.1,bRe=1and cRe=10
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Fig. 12 A plot of curve-fitted 1 1
data showing the validity of
the model developed in the 0.8 0.8
present study a water and b
N .
0.2 wt% Polyacrylamide at 506 5056
Re=1 g B
= =
> 04 D 04—
O  Water at Re =1 'ama ‘- 2
. 5 —Fitted curve (R™=0.997)
02 Fitted curve (R"=0.998) 0.2
(o]
0 0
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 04 0.5
x/w x/w
a b

Table 3 The average of power law index for different concentra-
tions of Newtonian and shear-thinning solution determined from
three measured velocity profiles for each case

Fluid Re Power law index Power law
(n) PIV measure- index (n)
ment Rheometer
Water 0.1 0.99 1
1 1
10 1

0.2 wt% polyacrylamide 0.1 0.36 0.38
1 037
10 0.40

0.4 wt% polyacrylamide 0.1 0.30 0.32
1 034
10 0.39

Fig. 13 Comaprison of power
law index of polyacrylamide

solution determined from PIV
and rheometer measurement
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shown for comparison. Results indicate that, at all Reyn-
olds numbers, flow indices for polyacrylamide solutions
from PIV measurements and from rheometer measure-
ments lie in the same range. The power law index at Re=1
and the average power law index calculated using the
rheometer are in good agreement. It should be noted that
the average of the power law index of the fluid reported
from rheometer measurements was found based on the
slope of the entire range of the shear rate measurements.
The power law index calculated from velocity profiles of
the polyacrylamide solution is higher at higher Re num-
bers and the same trend was observed from measure-
ments from the rheometer. This plot indicates that the
highest variation exists for higher Re numbers and concen-
trations of polyacrylamide were the shear thinning behav-
jior of the fluid increases. Based on these measurements, it
can be concluded that the shear thinning behavior of the
fluid is more dominant at lower Re numbers.

—— Power law index range (Rheometer measurement)
= = = Average of Power law index (Rheometer measurement)

# Re=0.1(PIV measurements)
© Re=1 (PIV measurements)
0 Re=10(PIVmeasurements)

0.1

0.15 0.2 0.25 0.3

Polyacrylamide concentration (wt. %)
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The velocity profiles at different Re were compared
with Newtonian and non-Newtonian theories to study
the effect of rheology on the shape of the resultant veloc-
ity profiles. The plots of the velocity profiles at different
flow rates and respective theories using the measured flow
indices are shown in Fig. 14. As it is shown in Fig. 14a, Re
had no effect on the shape of the Newtonian velocity pro-
file due the constant power law index of the Newtonian
fluid as shown in Table 1. For shear-thinning fluids, how-
ever, the top-hat shape in the velocity profile became less
visible as Re increased and this condition was confirmed
by the increment of power law index seen in Table 1. These
results implied that at low Re, where the shear rate is lower,
the non-Newtonian behavior intensifies while at higher
shear rate the Newtonian behavior of the fluid is more
dominant.

5 Conclusion

The velocity profiles of Newtonian and shear-thinning flu-
ids were obtained using shadowgraph PIV. For the case
of Newtonian fluid, a parabolic profile was observed as
expected following the theory of Poiseuille flows. The
velocity profile of shear-thinning fluids had a top-hat
shape and as the non-Newtonian behavior of the fluid
became dominate with increasing shear, the top-hat
profile became more visible. By curve fitting the velocity
profile obtained from experiments to the corresponding
theory, the power law index of the fluid could be deter-
mined for different concentrations of polyacrylamide solu-
tion and different Reynolds numbers.

The comparison of the results of Newtonian and
non-Newtonian fluids reflected that the shear thinning
behavior of the fluid leads to a top-hat velocity profile.

0.8

Increase in Reynolds number resulted in the change in the
rhological behavior of the fluid. The shear thinning behav-
ior of the fluid intensified at lower Reynolds numbers
where lower shear rates prevailed at the walls. Increasing
the Reynolds number also increased the power law index
of the fluid resulting in a weaker non-Newtonian behav-
ior of the fluid. The result of the increment of the power
law index showed the same trend that was expected from
rheological measurements.

The study presented in this paper showed that the flow
index of a Newtonian and shear-thinning fluid can be
identified using experimentally obtained velocity profile
data. The key to the approach introduced here was fitting
experimental data to the developed model for Newtonian
and non-Newtonian flows through mini-channels to deter-
mine the power law index. Utilizing a PIV flow measure-
ment technique ensured non-intrusive and in-situ meas-
urement of a fluid’s rheology. This method will enable the
fluid’s viscosity variation as per change in shear rate can
be done for any flowrate within the creeping and laminar
flow regions.

Although the current study is based on the flow index
of Newtonian and shear thinning fluids, the findings sug-
gest that the application can be used in any range of
temperature and pressure that are specific to the flow
scenarios found in the application. This capability ensures
that the flow properties are more representative of the real
application. Whereas in the case of using a conventional
rheometer, it can be unclear whether the applied shear
rate during the rheometer measurement actually corre-
sponds to the conditions that the fluid maybe experienc-
ing in the actual flow situation. The non-intrusive nature
of the measurement also enables the measurement the
flow behavior index of any fluid despite their chemistry
and physical properties. Taken together, this method can

D
~
204
Re=0.1 Re=0.1
—©— Re=1 —©— Re=1
0.2 —©— Re=10 02 —©— Re=10
Newtonian Theory Non-Newtonian Theory Non-Newtonian Theory
0 0 0
0 0.1 0.2 0.3 04 0 0.1 02 03 04 0 0.1 0.2 0.3 04
yhw yw yw
a b c

Fig. 14 Velocity profiles of a water, b 0.2 wt% polyacrylamide and ¢ 0.4 wt% polyacrylamide at different Re numbers with their correspond-

ing theory
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be used as an in-situ rheological measurement where the
rheological behavior of the fluid can be determined with-
out any previous knowledge of the fluid and its behavior
in real case scenario.

The findings in this paper have focused on the specific
conditions of a transparent Newtonian and non- Newto-
nian passing through a mini-channel. The application of
the method can be extended to future applications. First,
the PIV approach used in this study requires a transparent
fluid which is not exist in all applications. The introduced
methodology can be used to study an opaque fluid by
utilizing methods such as X-ray PIV. Future studies on the
current topic are therefore recommended. Secondly, the
flow index of the fluid was determined in mini-channels.
The application of this study can be also extended to micro
and macro scale applications. Thirdly, the study did not
evaluate the rheology of shear thickening fluids. Further
research should be done to investigate the validity of the
application for these fluids.
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