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ABSTRACT: Flow prediction of complex fluids in a circular pipe
was conducted using a velocity-profiling-assisted rheometer. As
application examples, shear-rate-dependent stress and viscosity of
carboxymethyl cellulose and polyacrylamide aqueous solutions and
rice porridge were evaluated. Carboxymethyl cellulose is a well-
known thickener for foods and cosmetics; the latter two examples
represent complex fluids that are outside the scope of application
of a standard torque-type rheometer because the PAM solution
causes shear-localization problems and the porridge includes O(1
mm) size dispersions. The obtained flow curve in shear rate range
of O(10−1−101 s−1) was used to predict laminar flow in a pipe
under a steady pressure gradient, which is an industrially applicable
target. The predicted velocity profiles were in good agreement with
experimental results measured in a pilot pipeline, where the maximum relative error of flow rate was less than 10% for all test fluids.
This suggests that the application of the rheological evaluation to flow prediction has high industrial practicality to complex fluids
which are out of application of the standard rheometer.

■ INTRODUCTION
Prediction of flows of foods and chemical products plays an
important role in the optimal design and efficient control of
production lines in industrial fields. In the design process, for
example, relationships between pressure loss and flow rate
through an entire pipeline enable reasonable selections of
driving pumps and pressure sensors without relying solely on
so-called “rules of thumb” or related prior experience. The
target fluid is usually non-Newtonian. Such fluid applications
are diverse and complex, ranging from highly functional foods
to transport of coal slurries for effective utilization of fossil
resources. Simulation of non-Newtonian fluid flow requires a
constitutive equation that can properly represent its rheological
properties. In the past century of rheology history, there have
been countless constitutive equations proposed, based on both
theoretical and empirical approaches.1−3 A representation of
the former is the FENE-P model,4,5 which originates from a
spring−beads model that simulates viscoelasticity of a polymer
constituent. This is widely used for predicting flows of dilute
polymer solutions in various geometries from laminar to
turbulent conditions.6,7 Parameters included in the models are
usually identified from shear test data that are measured by a
standard torque-type rheometer.
This customary procedure, however, encounters problems in

industrially practical targets, such as foods and chemical
products. A standard torque-type rheometer assumes a
constant apparent shear rate in its narrow fluid layer, and the

corresponding shear stress is indirectly evaluated from the
integrated axial torque.8,9 In cases of some polymer solutions,
such as that of polyacrylamide, this basic assumption is faulty
owing to shear-banding within a narrow gap.10−13 Evaluated
rheological properties would then include bias errors,14,15 and
accurate flow prediction cannot be performed using a
rheological model identified with such poor data. Despite
increasing demands from industrial fields, heterogeneous
fluids, such as foods that are swallowed and coal slurries,
which contain O(1 mm) size ingredients or dispersions, are
also immediately out of scope because the fluids do not fit
within the millimeter gap at most.16 Laminar flow data truly
obtained with a standard torque-type rheometer can be used to
predict, for example, laminar behavior in a circular pipe. But its
target fluid is limited to relatively simple fluids such as dilute
polymer solutions because of the above problems.

One way to identify rheological properties is by using a
theoretical approach, which starts with modeling of internal
structures; a relationship between bulk shear stress and shear
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rate is derived based on fluid mechanics. For example,
determination of the effective viscosity of solid particle and
bubble suspensions, mainly by volcanologists, has a long
history and these parameters have almost been revealed under
steady shear conditions.17−20 From a viewpoint of industrial
application, however, the theoretical approach is not practical
for construction of constitutive equations of fluid products
with various individual characteristics. A more versatile
approach is to obtain rheological properties based on an
actual shear test in a laboratory. Owing to the applicable
limitations of the standard rheometer with respect to complex
fluids, Derakhshandeh et al. developed a novel torque-type
rheometer combined with ultrasonic velocity profiling.21−23

Compared with other velocimetries such as particle imaging
velocimetry (PIV), UVP has prominent advantage for opaque
fluids and multiphase fluids like rice porridge examined in the
present study. Specifications of comparison with other
techniques such as magnetic resonance imaging (MRI)
velocimetry are summarized in our previous paper.24 The
velocity-profiling-assisted rheometer allows for spatial varia-
tions of shear stress and shear rate within the gap between
double concentric cylinders, so shear-localization problems are
not encountered. Spatial profiles of shear stress and shear rate
are determined by measuring velocity distributions and axial
torque acting on the inner cylinder. Local evaluation of
rheology of complex fluids within the vessel itself has high
potential: this instrument is considered pioneering technology
for velocity-profiling-assisted rheometers.
The purpose of this study was to predict laminar shear flows

of complex fluids using shear viscosity data obtained by the
velocity-profiling-assisted rheometer. It is shown that intro-
duction of this rheometer greatly expands the range of fluid
targets for which flow prediction is possible. To explore
applicability of the method to industrially practical targets in
chemical and food engineering, demonstrations were con-
ducted with representative complex fluids, such as a
polyacrylamide aqueous solution and a porridge containing
O(1 mm) size rice grains. The obtained rheological properties
were utilized to predict one-directional fluid flows in a circular

pipe under a constant pressure gradient. This is a basic
geometry but of most industrial importance. The predictions
are compared with experimental results measured in a pilot
pipeline system. Validity of the extrapolation from rheological
characterization to flow prediction is examined.

■ RHEOLOGICAL EVALUATION
Velocity-Profiling-Assisted Rheometer. Schematics and

a photograph of the rheometer combined with an ultrasonic
velocity profiler (UVP) are shown in Figure 1. The instrument
consists of a fixed inner cylinder of Rin = 50 mm connected to
an axial torque sensor (UTMIII, 0.5 N m, Unipulse Co., Ltd.,
Japan) and an outer cylinder of Rout = 105 mm driven by a
stepper motor with a constant rotation speed. Under this
configuration, azimuthal one-directional flow is realized
between the double concentric cylinders, as schematically
shown in Figure 1b. The maximum shear rate realized in this
prototype is O(101 s−1) with assumptions of a Newtonian fluid
and maximum rotation speed of 50 rpm. This is lower than
that of a standard torque-type rheometer because of the wide
gap between the double cylinders. Expansion of the shear rate
range is possible to O(102 s−1) by narrowing the gap and
increasing the maximum rotation speed of the stepping motor.
Note that it was mainly focused on obtaining shear-rate-
dependent stress for predicting pipe flows. The rheological
evaluation in the wide range is therefore not necessary for the
prediction, where the maximum shear rate is O(101 s−1) at
most in a pilot pipeline appearing in a later section. A stepped
cylinder is suspended by three stainless rods from the base and
placed under the inner cylinder to insulate the influence of
secondary flow, that is, end effects induced by the bottom of
the outer cylinder. Neither the stepped cylinder nor rods are in
contact with the inner cylinder, so the torque sensor measures
axial torque that is caused solely by simple shear stress acting
on the inner cylinder wall. This is an improvement over the
velocity profiling-assisted rheometer described in previous
studies,21,25,26 which simply consisted of inner and outer
cylinders. This experimental apparatus is, nevertheless, a
prototype and therefore has some shortcomings, such as its

Figure 1. Schematics of a rheometer combined with ultrasonic velocity profiling for evaluating shear-rate-dependent rheological properties of
complex fluids: (a) vertical cross-sectional view, (b) horizontal cross-sectional view at the height of the ultrasonic probe, and (c) photograph of
rheometer taken from the side, in which the test fluid and surrounding water are not present for better visibility. Unit of length: mm.
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large size and the fact that the inner cylinder is also filled with
the test fluid. A large amount of test sample is required
compared with a standard torque-type rheometer. This size
problem can be solved by minimizing the height and gap-size;
the amount of a test fluid will be reduced to 500 mL, which
will be improved in the next version.
The ultrasonic probe of an UVP (UVP Duo monitor,

MetFlow SA, Switzerland) is horizontally inserted into the
inner cylinder at an off-axis position of Δy = 20 mm to capture
the azimuthal velocity profile uθ(r, t). Frequency of the
ultrasonic wave was 4 MHz and the active diameter of the
probe was 5 mm. As shown in Figure 1b, the UVP captured
spatiotemporal distribution of velocity components in the
propagation direction of the ultrasonic waves. Spatial
resolution of the UVP was approximately 1 mm in the
propagation direction, and its temporal resolution was O(10
ms). The UVP measurement volume was therefore a cylinder
with a diameter of 5 mm and height of 1 mm. The higher the
emission frequency is, the better spacial resolution UVP has,
but the ultrasonic pulse is attenuated more. For example, clay
suspensions with volume fraction of 30 wt % can be measured
by a low emission frequency 2 MHz transducer: application
range of the velocity-profiling-assisted rheometer is wide.
Assuming that flow in the gap is axisymmetric and dominates
in the azimuthal direction, uξ(ξ, t) is uniquely converted to
uθ(r, t) = (r/Δy)uξ(ξ, t). When the outer cylinder rotates with
a constant azimuthal velocity Uwall, spatial distributions of
simple shear rate are obtained from the averaged velocity
profile as

(1)

Synchronously with the UVP measurement, the torque
sensor measures the temporal profile of the axial torque T(t)
acting on the inner cylinder. Shear stress acting on the inner
cylinder is therefore obtained from the time-averaged axial
torque T as

(2)

where H is height of the inner cylinder, as shown in Figure 1a.
Considering conservation of angular momentum, the spatial
profile of shear stress is derived as

(3)

Shear-rate-dependence of shear stress generally called a
flow curve, was obtained by combining eqs 1 and 3. For
improving precision of the evaluation, dozens of flow curves
are obtained by increasing rotation speed of the outer cylinder
gradually. Average shear stress at each γ̇ is evaluated in the
range from to with s−1, and
corresponding standard deviations are also evaluated, which
therefore also reflects precision of the shear rate calculated
from the velocity data obtained by the UVP measurement.
A standard torque-type rheometer assumes a constant shear

rate in its narrow gap. In cases of some polymer solutions, the
evaluated rheological properties include bias errors caused by
shear-localization problems. The velocity-profiling-assisted
rheometer mitigates these problems and enables robust
evaluation of complex fluids, including high-molecular-weight

polymer solutions and heterogeneous materials, as explained in
the following section.
Preparation of Test Fluids. As application examples, four

test fluids were examined using the velocity-profiling-assisted
rheometer (see photographs in Figure 2). The first represented

a Newtonian fluid: silicon oil (Shin-Etsu Chemical Co., Ltd.,
Japan) with a viscosity of 0.29 Pa·s. The second was
carboxymethyl cellulose (CMC), as 0.8 wt % aqueous solution
(CMC1190, Daicel Miraizu Ltd., Japan; Figure 2a) with
molecular weight of 8.2 × 105. It has weak shear-thinning
properties27−29 and is used as a thickener for foods and
cosmetics. The third test fluid was polyacrylamide (PAM),
used as 0.8 wt % aqueous solution (Accofloc N-100S, MT
AquaPolymer Co., Ltd., Japan; Figure 2b) with molecular
weight of 1.3 × 107. The PAM solution has strong
viscoelasticity and shear-thinning properties.30−32 These
characteristics make it unsuitable for standard torque-type
rheometer measurements because of shear-localization prob-
lems, so the PAM solution is a challenging target for
demonstrating applicability of the velocity-profiling-assisted
rheometer. The fourth test fluid was rice porridge, as shown in
Figure 2c. This is a well-known commercial item (TableMark
Co., Ltd., Japan) in Japan. The original porridge with 300 mL
of pure water added per liter was used in the experiments. The
shape of the rice grains is almost an ellipsoid body having short
axis of 5 mm and long axis of 10 mm at most, and they are wet
as shown in Figure 2d. These rice grains were not separated, so
this example represents a complex fluid that may not be
measured correctly by a standard rheometer but for which
there is high demand from the food and chemical industries.

A small amount of tracer particles (CL-2507, Sumitomo
Seika Chemicals Co., Ltd., Japan) of 0.92 g/mL density and
180 μm mean diameter was added to the silicon oil to serve as
ultrasonic reflectors for the UVP measurements. For the CMC
and PAM solutions, different particles (CHP20/P120,
Mitsubishi Chemical Co. Ltd., Japan) of 1.01 g/mL density
and 75−150 μm mean diameter were used to satisfy the
neutrally buoyant condition. As in the case of the silicon oil, 5
g of the tracer particles was added per 1 L of each solution.
There was no need to add particles to the porridge because the
rice grains themselves acted as ultrasonic reflectors. The
temperature of the test fluids was kept at 25.0 ± 0.5 °C in all

Figure 2. Photographs of (a) carboxymethyl cellulose (CMC) and
(b) polyacrylamide (PAM) aqueous solutions, (c) rice porridge, and
(d) photomicrographs of a rice grain in the porridge.
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experiments by use of a thermostatic chamber and air
conditioning.
Shear-Rate-Dependent Rheological Properties. Rheo-

logical properties of the four test fluids were examined using
the velocity-profiling-assisted rheometer. Rotation speed of the
outer cylinder was gradually increased by 2 rpm from 0 to 40
rpm for the CMC and PAM solutions and from 0 to 50 rpm
for the porridge. In each condition, axial torque and velocity
measurements were conducted a minute after the rotation
speed increased for ensuring the flow fully developed. The
obtained flow curves were statistically analyzed as mentioned
previously. Regarding instability limitation of the azimuthal
flow between the double cylinders, the maximum Reynolds
numbers of the outer and inner cylinders are Reout = O(100)
and Rein = 0. The flow is therefore ensured as laminar Couette
flow according to the flow regime map.33

Flow curves of the silicon oil and CMC and PAM solutions
are summarized in Figure 3a. The solid line represents the flow
curve of a Newtonian fluid with a viscosity of 0.29 Pa·s, which
corresponds to the catalog value of the silicon oil. The flow
curve of the silicon oil is consistent with the solid line, which
validates measurements using this rheometer. The error bars of
the silicon oil were shorter than those of other test fluids. As
mentioned previously, the standard deviations also reflect
precision of the shear rates calculated from the velocity
distribution measured by the UVP. The quality of the velocity
data of the silicon oil was better than others because the
acoustic impedance difference of the solvent and tracer
particles for the UVP measurement was the highest in all the
test fluids.
In contrast to the silicon oil, the CMC and PAM solutions

seemed to have finite values at the lowest shear rate, of 0.20 ±

0.02 (standard deviation) Pa and 1.16 ± 0.13 Pa, respectively.
These are attributed to yield stresses; therefore, these fluids do
not flow until a certain shear stress is applied. These flow
curves were converted to viscosity curves, as shown in Figure
3b using the relationship of μ = τ/γ̇. Viscosity of the solutions
decreased as shear rate increased; i.e., these fluids exhibited
shear-thinning properties. The PAM solution showed remark-
able shear thinning because its molecular weight is much
higher than that of the CMC solution. Shear-rate-dependent
stress and viscosity of the porridge are shown in Figure 3c and
Figure 3d, respectively. Yield stress and shear thinning
properties are confirmed. The yield stress of 2.83 ± 0.09
(standard deviation) Pa and viscosity were, however, much
higher than those of the CMC and PAM solutions because the
porridge contained rice grains at a volume fraction close to the
packing limit. Flow curves were also obtained by decreasing
rotation speed of the outer cylinder, but they matched with
those in Figure 3: there are no thixotropic effects in the time
scale of O(10 min).

■ FLOW PREDICTION IN A CIRCULAR PIPE
Prediction Protocol. A methodology for predicting a shear

flow velocity profile in a circular pipe under a steady pressure
gradient is briefly introduced. Assuming the flow is axially
symmetric and dominates in one direction, as shown in Figure
4a, axial velocity u, shear stress τ, and pressure gradient in the
axial direction α(t) = −∂p/∂x satisfy the following
equation:34−36

(4)

Figure 3. Rheological properties of test fluids examined by the velocity-profiling-assisted rheometer. (a) Flow curves of silicon oil and CMC and
PAM solutions, where the solid line represents the flow curve of a Newtonian fluid with a viscosity coefficient of 0.29 Pa·s. Error bars represent
standard deviations. (b) Viscosity curves of CMC and PAM solutions converted from the flow curves. (c) Flow curve and (d) converted viscosity
curve of rice porridge.
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where ρ is fluid density. Under a steady-state condition, i.e.,
∂/∂t = 0 and α is constant, the spatial profile of the shear stress
τ(r) is determined from eq 4 independent of whether the fluid
is Newtonian or non-Newtonian:37,38

(5)

The velocity-profiling-assisted rheometer provided the flow
curves, as shown in Figure 3a and Figure 3c, so τ(r) is uniquely
converted to a spatial profile of shear rate γ̇(r). In axial flow,
shear rate is defined as

(6)

Therefore, u(r) is obtained by integrating eq 6 under the
boundary conditions of u(r = R) = 0, which reflects a nonslip
condition on the pipe wall. This assumption is adopted
because slip flow was not confirmed in all the velocity data
measured in the velocity-profiling-assisted rheometer. In the
case that slip condition at the wall is detected by the
rheometer, the boundary condition has to be changed. The
prediction protocol above assumes laminar shear flow and that
the flow curve of the target fluid is unique with respect to
applied shear rate.
Experimental Setup for Validation. A pilot pipeline was

built in the laboratory for validation of this proposed
prediction protocol. The experimental setup was a circulation
circuit that connected a storage tank and rotary lobe pump
with stainless pipes with an inner diameter of 2R = 50 mm. A
test fluid in the tank was drawn to the pump through the pipe
and returned to the tank through another pipe. Flow rate is
roughly correlated with rotation speed of the pump. A
photograph of a measuring unit attached to the returning
pipe is shown in Figure 4b. The measuring unit was located
more than 1.5 m apart from the rotary pump for ensuring that
the flow is fully developed. Because one of the test fluids was
opaque, UVP was suitable for measuring the spatial profile of
the axial velocity u(r, t). The ultrasonic transducer was
installed at an angle of θ = 30° with respect to the direction

Figure 4. Pilot pipeline used for verification experiments: (a)
schematic of a measurement section attached in pilot pipeline and
geometric conditions for UVP measurement and (b) photograph of
measuring unit in the pipeline, showing flow of the porridge as fluid.

Figure 5. Comparison of predicted and measured results for (a) CMC, (b) PAM, and (c) porridge. Symbols are measured results obtained by
UVP, where the error bars indicate standard deviations. Solid lines are predictions based on the rheological properties evaluated by the velocity-
profiling-assisted rheometer. In the graph (b), radial range, where the velocity profile was predicted with the extrapolated flow curve, is shown with
gray solid line. The numbers in white on each line indicate the pressure-gradient conditions.
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perpendicular to the axial flow, as shown in Figure 4a. With
assumptions of axial symmetry and one-directional flow, the
velocity distribution uζ(ζ, t) captured by the UVP was
converted to u(r, t) using the relationship of u = uζ/sin θ.
Synchronously with the velocity measurement, two pressure
sensors (DMK351P, BD Sensors GmbH, Germany), installed
on each side of the UVP section, were used to measure the
pressure gradient. Predictions were compared with exper-
imental results under the same pressure-gradient conditions.
Comparison of Predicted and Experimental Results.

Spatial profiles of the axial velocity were predicted under
different pressure-gradient conditions based on the rheological
properties obtained using the velocity-profiling-assisted rhe-
ometer as shown in Figure 5a−c with solid lines. As shown in
Figure 3a,c, the maximum shear stresses are 5.1 Pa for the
CMC solution, 4.2 Pa for the PAM solution, and 19.0 Pa for
the porridge, and these correspond to the maximum pressure
gradients obtained by eq 5, 408 Pa/m for the CMC solution,
336 Pa/m for the PAM solution, and 1520 Pa/m for the
porridge. For the PAM solution, the flow curve was linearly
extrapolated with a constant gradient identified in shear rate
range of 6−12 s−1 for predicting flows in higher pressure
gradient conditions tentatively. The radial range, where the
velocity profile was predicted with the extrapolated informa-
tion, is shown with gray solid line in Figure 5b.
Corresponding experimental results are shown by symbols

and error bars in Figure 5. The UVP measurement was
conducted for each test fluid with time resolution of 25 ms for
3000 profiles. Average values and standard deviations were
calculated at each radial position, which are shown by the
symbols and error bars in Figure 5. Velocity information is lost
close to the cylinder wall, r/R = 1.0, because this region
includes the so-called near field, where the ultrasonic beam is
not fully formed. Measurement precision of the porridge was
statistically worse than that of the CMC and PAM solutions in
the flow curves and velocity profiles in the circular pipe. This is
attributed to precision of the UVP measurement. Acoustic
impedance difference of solvent and tracer particles is higher in
the case of the CMC and PAM solutions; quality of the
velocity measurement data obtained by UVP was therefore
better than those of the porridge. In addition, quality of the
UVP measurement was blurred because of the attenuation of
the ultrasonic pulses by the rice grains with a volume fraction
close to the packing limit.

The lowest viscosity of the target fluids was O(0.1 Pa·s), as
shown in Figure 3b, the corresponding velocity intensity in the
pipe was O(100 mm/s), as shown in Figure 5, and the pipe
diameter, which is a representative length scale, was O(10
mm), so the Reynolds number was O(10). Therefore, use of eq
4, which assumes laminar flow, holds well. In addition, inlet
length estimated with a well-known formula 0.065 ReD was
O(0.1 m) at most, where D represents diameter 2R = 50 mm.
The flow in the measuring unit was therefore fully developed.

Considering the measurement precision of the experiments,
as shown by the error bars in Figure 5, the predictions are in
good agreement with the measurement results for all cases of
the three test fluids. The CMC solution had the lowest yield
stress and weak shear thinning, so the velocity profiles are
similar to parabolic shapes as shown in Figure 5a, i.e.,
Poiseuille flows. The PAM solution had relatively higher yield
stress and strong shear thinning, so the profiles are flat near the
center of the axis as shown in Figure 5b. These characteristic
flow shapes were well reproduced by the predictions. More
surprisingly, the predictions also worked well for the case of
the rice porridge: similar to the PAM solution, this fluid had
relatively high yield stress and strong shear thinning, so the
velocity profiles were flat around the axis as shown in Figure
5c.

From the viewpoint of industrial application, it may be more
attractive to estimate the relationship between pressure loss
and flow rate. The flow rate Q was obtained from the velocity
profiles in Figure 5 using the following integral operation:

(7)

Velocity profiles were lost near the wall in the experiments
because of the near field, so they were extrapolated in the radial
direction using a nonslip assumption. The relationships
between pressure gradient and flow rate are shown in Figure
6a for the CMC and PAM solutions, where the solid lines and
symbols are the predicted and experimental results, respec-
tively. In addition to the four conditions displayed in Figure
5a,b, the experimental results for another three pressure
gradients were added, giving a total of seven conditions plotted
in Figure 6a for each solution. Based on these performance
curves, the CMC and PAM solutions seem to need a certain
pressure gradient to initiate flow because they have yield
stresses. In particular, the PAM solution needs a higher
pressure gradient for flow to start, but the flow rate rapidly

Figure 6. Pressure loss−flow rate relationships for (a) CMC and PAM solutions and (b) porridge. Solid lines and symbols are the respective
predicted and experimental results obtained by integration of the velocity profiles shown in Figure 5. Error bars indicate 3 times the standard
deviation.
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increases because this solution has remarkable shear-thinning
properties, as shown in Figure 3b. The performance curve of
the porridge is shown in Figure 6b. Similar to the CMC and
PAM solutions, this fluid needed a certain pressure gradient for
flow to start, following which the flow rate increased
nonlinearly with the pressure gradient because of shear
thinning. Relative error was calculated at each pressure-
gradient condition (see Table 1 in Appendix). The relative

error here is defined as ϵR = [(Qp − Qe)/Qe]× 100%, where Qp
and Qe represent flow rates evaluated in the prediction and
experiment, respectively. The maximum relative errors are
5.3% at α = 219 Pa/m for the CMC solution and −9.3% at α =
229 Pa/m for the PAM solution. In the case of the porridge,
the maximum relative error is −9.4% at α = 876 Pa/m.
Considering that the velocity profiles in the verification
experiments were measured by UVP, the precision of which
is shown by the error bars in Figure 6, all predictions are
considered to fall within acceptable ranges.
Noteworthy here is robustness of the rheological character-

ization and flow prediction scheme and its high applicability to
complex fluids. Multiphase fluids containing O(1 mm) size
dispersion, such as the porridge, which can be treated as a
continuum approximation for the scale of the UVP measure-
ment volume, are included in the application of this rheological
characterization and flow prediction. This proposed method-
ology does not assume any rheological models based on
constitutive equations, so the same protocol can immediately
be applied to other complex fluids. Engineers involved in
numerical simulations of non-Newtonian fluids may have
experienced difficulties in selection of rheological models: flow
prediction by utilizing the velocity-profiling-assisted rheometer
will be a practical tool for use in industrial fields.

■ CONCLUSION
Applicability of a velocity-profiling-assisted rheometer was
examined. Silicon oil, a Newtonian fluid, was first measured to
validate the rheometer: the result matched the catalog value.
Demonstrations of the rheometer were then conducted using
carboxymethyl cellulose and polyacrylamide aqueous solutions
and rice porridge. The latter two represent complex fluids,
which are difficult to evaluate using a standard rheometer
because the PAM solution causes shear-localization problems
and the porridge includes O(1 mm) size dispersions. Both
fluids were evaluated to have a yield stress and remarkable
shear-thinning properties. The obtained rheological properties
were then applied to predict velocity profiles of the fluids in a
circular pipe under a steady pressure gradient. The predictions
were in good agreement with experimental results in a pilot
pipeline under a range of pressure-gradient conditions. The

velocity profiles were converted to flow rates via an integral
operation, and performance curves, which describe the
relationship between pressure gradient and flow rate, were
obtained for each fluid. The maximum relative error was less
than 10% for all test fluids. From the experimental validation, it
is concluded that extrapolation from rheological character-
ization to flow prediction is valid. This velocity-profiling-
assisted rheometer has high applicability to complex fluids,
such as high-molecular-weight polymer solutions and suspen-
sions containing O(1 mm) size dispersions. This character-
ization and prediction ability will therefore provide an
industrially practical tool.

■ APPENDIX
The relative error calculated at each pressure-gradient
condition is shown in Table 1 for the CMC and PAM
solutions and the rice porridge, respectively.
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