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Abstract

Rheological property is a key factor not only in how consumers choose and enjoy foods, but also
in ensuring the safe eating and swallowing for dysphagia patients. The rheological measurements
of fluid foods containing millimeter-sized ingredients, however, have been still challenging due
to the limitations of a standard torque-type rheometer. We herein examine the efficacy of a wide-
gap torque-type rheometer for evaluating shear-rate-dependent viscosity of heterogeneous fluid
foods containing millimeter-sized ingredients. In addition to numerical validation using a shear-
thinning fluid obeying the power law model, the apparent flow curves of silicone oil and
carboxymethyl cellulose aqueous solution were compared with those obtained by the standard
rheometer. It was also confirmed that the shear-thinning properties of plain, egg, and bean
porridge well match those identified by the recently developed velocity-profiling-assisted
rheometry. These results reinforce the wide-gap torque-type rheometer to be practical for probing
the rheology of the complex fluid foods.
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1 INTRODUCTION

Food texture is a key factor in how consumers choose and enjoy food products. Rheological
properties representing the texture by, for example, viscosity are not only perceived in non-oral
process such as mixing and pouring a fluid food with a spoon, but also in oral process such as
compressing a bolus between tongue and plate and swallowing it [ 1]. Rheological properties also
play an important role to assure the safe eating and swallowing process, as the recent population
aging has led a rapid increase in the number of dysphagia patients [2, 3]. In order to elucidate the
causal relationship between the swallowing process and the rheological properties, ultimately to
prepare optimal fluid foods that prevent aspiration, both in vivo and in vitro measurements have
been performed in the swallowing medical field. In aspect of the in vivo measurements,
commonly used methods include videofluorography, videoendoscopic evaluation, and ultrasonic
Doppler velocimetry for observing the bolus behavior from the nasopharynx to the hypopharynx
[4-9]. Regarding the in vitro measurements, a standard torque-type rheometer is often used to
characterize shear-rate-dependent viscosity. Based on both in vivo and in vitro measurements, it
is known that the fluids with relatively high shear-thinning are more suitable for successful
swallowing [10-11]. It is turned out recently that elongational viscosity and yield stress are also
important in the dynamics of food bolus [12-15].

The standard torque-type rheometer offers a variety of geometry options, including plate-plate,
cone-plate, and double concentric cylinders. The common principle of the rheometer is that a test
fluid is filled in a sub-millimeter gap for assuring a constant shear rate applied to the test fluid in
the gap [16]. The shear stress and shear rate are indirectly evaluated by measuring the axial torque
and rotation speed of the rod. For assuring the homogeneity of the test fluid in the gap, the
dispersion size has to be less than one tenth of the gap size [17-19], and hence the bulk-averaged
viscosity as apparent viscosity can be measured. However, most fluid foods, such as rice porridge
and yogurt with fruit pulps, are spatially heterogeneous containing millimeter-sized ingredients
from a viewpoint of the gap size of the standard rheometer. Yoshida et al. daringly measured
gelled dessert containing fruit pulps by a standard torque-type rheometer with a plate-plate
geometry, and confirmed puzzling results where the shear stress oscillates as the shear rate
increases [20]. Ohie et al. measured suspensions of solid spherical particles dispersed in silicone
oil by the standard torque-type rheometer with a plate-plate geometry. The diameter of the
particles is in several 100 pum, and the effective viscosity was overestimated in comparison with
the theory [21]. The measurement of these heterogeneous fluids has been challenging in the field
of rheology.

For measuring the heterogeneous fluid foods containing millimeter-sized ingredients, there
are some complementary methods such as ball measuring system [22, 23], single cylinder
rotational viscometer (Brookfield viscometer) [24], and falling sphere viscometry. Schatzmann et
al. developed a ball measuring system for fluids with particle sizes up to 10 mm [22]. The system
consists of a round container, into which a test fluid is filled, and a sphere is eccentrically rotated
in the fluid. By measuring both angular velocity and axial torque, the apparent shear rate and
shear stress are evaluated. The Brookfield viscometer consists of double concentric cylinders, and
the inner cylinder is rotated with a constant speed. Both the angular velocity and axial torque are
measured, and these are converted into the apparent shear rate and shear stress. The apparent flow
curve can be obtained by gradually increasing the rotation speed of the inner cylinder. The gap
size is relatively wider than those of standard torque-type rheometers, it is therefore applicable
for measuring spatially heterogeneous fluids such as aqueous powder slurries [24-26]. In the
falling sphere viscometry, a sphere is dropped into a test fluid, and its terminal velocity is
measured. In a case of Newtonian fluids, the terminal velocity is inversely proportional to the
viscosity in a laminar flow [27, 28]. The falling sphere viscometer utilizes this relationship for
evaluating the apparent viscosity of non-Newtonian fluids, and has been utilized to bubble
suspensions and solid-liquid multi-phase fluids [29, 30]. These methods are facile and practical
for evaluating the apparent rheological properties and relative evaluation of multiple samples. The
rheometers introduced above were all designed with gap sizes or tank sizes sufficiently larger than
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the dispersed particles to ensure that fluid foods could be regarded as continuous body at that
scale. However, the theoretical framework used to evaluate the rheological properties from the
controlled rotational speed and the measured axial torque assumes a Newtonian fluid. This
framework is then directly applied to non-Newtonian fluids. Consequently, the extent to which
these rheometers accurately assess the non-Newtonian behavior of fluid foods has not been
thoroughly validated, which serves as a major motivation for this research. Although there are
some previous work comparing the Brookfield viscometer with a standard torque-type rheometer
and also investigating effects of the geometry [24, 31, 32], efficacy of the wide-gap torque-type
rheometer for evaluating heterogeneous fluids is still unclear due to the lack of reliable
measurement methods to be referenced with.

For accurately evaluating these heterogeneous fluids, velocity-profiling-assisted rheometry
(VPAR) was developed [33-37]. The usual experimental setup consists of double concentric
cylinders, where the outer cylinder is rotated with a constant angular velocity and the inner
cylinder is fixed to an axial torque sensor for measuring the wall shear stress. There is a one-
directional azimuthal shear flow realized, and the resulting non-linear velocity profile is measured
by ultrasonic velocity profiling [38-40]. The shear rate profile is obtained by spatial derivative of
the velocity profile. The stress profile is obtained from the Cauchy's equation of motion, that is,
conservation of angular momentum by substituting the measured wall shear stress. The
measurement examples are emulsions [33, 34], carbopol microgels [35], concentrated pulp fiber
suspensions [36], and wormlike micellar solutions [37]. Recently, Ohie et al. [41] improved the
experimental setup of VPAR for more accurate rheological evaluation. They applied it for
measuring rice porridge, which contains millimeter-sized rice grains. With the obtained flow
curve, they predicted pipe flows and the velocity profiles were in good agreement with those
measured in a pilot pipeline system. Ohie et al. [42] further measured plain, egg, and bean porridge,
and it was revealed that the flow curves of rice porridge are well characterized by the power low
model. Using the rheology data, they showed that the spreading behavior on a horizontal plane
and descending flow after a contraction part on an inclined plane, which are fundamental flows
in the eating and swallowing process, are well rationalized by the rheology data. VPAR is thus a
promising method for measuring rheology of fluid foods containing millimeter-sized ingredients.
However, as VPAR is used in combination with velocity profile measurement such as the
ultrasonic velocity profiling or high-speed camera [43], it is more expensive to implement than
the wide-gap torque-type rheometer, and requires technical knowledge and experience. Cost
effectiveness is a key factor required for rheometry to be widely applied in many fields such as
not only food, but also chemical, civil and geological science fields. In addition, the ultrasonic
velocity profiling has weaknesses such as difficulty in measuring highly concentrated suspensions
due to the attenuation of the ultrasonic waves [21, 44].

In this paper, we revisit the wide-gap torque-type rheometer and examine its efficacy for
evaluating shear-rate-dependent viscosity of the heterogeneous fluids. The recent development of
VPAR has made it possible to measure the rheology of complex fluids, which provides reliable
reference data to verify the wide-gap torque-type rheometer to the heterogeneous fluids. In the
following Sec. 2, theoretical background of the wide-gap torque-type rheometer is denoted. The
validity of the theometer is examined in both numerical and experimental aspects. As most of the
fluid foods have shear-thinning properties following the power law model, the axial torque of the
shear-thinning fluid is theoretically derived and the analytical procedure of the rheometry is
demonstrated in Sec. 3. The evaluated rheological parameters are compared with the original
values. In Sec. 4, the experimental validation is conducted using silicone oil, carboxymethyl
cellulose aqueous solution, and rice porridge, which are typical Newtonian, shear-thinning, and
spatially heterogeneous non-Newtonian fluids, respectively. Limitations of the rheometer are
summarized in Sec. 5, and summary is finally given in Sec. 6.

2 WIDE-GAP TORQUE-TYPE RHEOMETER
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FIGURE 1 Experimental setup of the wide-gap torque-type rheometer: (a) photograph of the
setup taken from the top, where the plain porridge is filled between the double concentric
cylinders, (b) schematic of the vertical cross-sectional view, and (¢) schematic of the
horizontal cross-sectional view.

Theoretical background of the rheometry is described here. The experimental setup is shown in
Fig. 1. The outer cylinder with the radius of R, = 77 mm is rotated by a stepping motor. At an
angular rotation speed of (), the azimuthal wall velocity is Uy, = Ro{. The inner cylinder
with the radius of R; = 50 mm and the heightof H = 206 mm is connected to an axial torque
sensor (UTM 111, 0.5 Nm, Unipulse Co., Ltd., Japan). One-directional azimuthal flow is induced
between the double concentric cylinders. In this steady flow, the shear stress satisfies the Cauchy's
equation of motion [45],

dr 27
—+—=0. 1
dr r M

Assuming a Newtonian fluid with the viscosity coefficient of u, the shear stress is given as 7 =
uy, where y is the shear rate defined as [45]

y(r) = Z—;‘—g @

The Newtonian fluid therefore satisfies the following equation,

d’u ldu u
Z Ty 3
dr? + rdr r2 0. @)

Non-slip conditions are assumed to be satisfied on the inner and outer cylinder surfaces, that is,
u=0 at r=R; and u = Uy, at r = R,. With these boundary conditions, the velocity
profile is derived as

Uwall (1 B &)
Ro/Ri — Ri/Ro\R;y T

Substituting this velocity profile into Eq. 2, the shear rate profile is

4

u(r) =
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2RiR,Q

/(r) = - (%)
P Ro/Ri = RifR)?
The bulk-averaged shear rate is here defined as
) Roz o 4R?RZQ (RO) ©
7(Q) = ————< nrydr = ———==In|—|.
m(R§ — RY) Jp, (R§—RH?* \R;
The shear stress profile is derived from Eq. | as
Ri\?
7(r) = Twan (71) , ()

where Ty,4 is the wall shear stress acting on the inner cylinder surface given as Ty, = uy(r =
R;). The bulk-averaged shear stress is here defined as

Q) = 1 fRoz i = T | (Ro) o
YT RRI-RD Sy, T Tk —RDH \R) ®

where T is the axial torque acting on the inner cylinder, T = 2mRZHt,;. The correction factor
k 1is for taking the additional axial torque induced by the shear acting on the bottom of the inner
cylinder into account. Assuming infinite height of the inner cylinder gives k = 1, and usually
k > 1 for finite cylinder height. Fundamentally, this additional torque becomes negligible if the
distance between the bottom surfaces of the inner and outer cylinders is sufficiently large [42].
With Egs. 6 and 8, the flow curve T(y) is obtained by controlling the angular rotation speed ()
and measuring the corresponding axial torque T. Even in the case of non-Newtonian fluids, the
wide-gap torque-type rhometry evaluates the apparent flow curve based on Egs. 6 and & by
gradually varying Q and measuring the corresponding T.

3 NUMERICAL VALIDATION

Despite doubtless derivation of the apparent flow curve in Sec. 2, it is still unclear how accurately
the apparent flow curve reflects non-Newtonian properties. Efficacy assessment of the wide-gap
torque-type rheometer for evaluating shear-rate-dependent viscosity is examined in both
numerical and experimental aspects. The numerical validation is first examined. As a
representative rheology model for characterizing fluid foods, a shear-thinning fluid following the
power law model is used here. The model describes the shear stress and the shear rate as

T=Ky", ©)

where K is the consistency, and n is the power law exponent. For a Newtonian fluid, n = 1,
shear-thinning property appears as n decreases, and shear-thickening property is intensified as
n increases beyond unity. For a certain combination of K and n, the exact velocity profile can
be derived, and the wall shear stress on the inner cylinder surface is obtained as well as the shear
stress profile between the double concentric cylinders. From the standpoint of the wide-gap
torque-type rtheometer, only the angular rotation speed () and the axial torque T are measured,
and the apparent flow curve is evaluated from Eqgs. 6 and 8 with Q and T. Herein, it is examined
how the apparent flow curve can capture the original parameters, K and n.

The velocity profile is first derived mathematically. Substituting the power law model (Eq. 9)
into the Cauchy's equation of motion (Eq. 1), it is transformed to

d?u 1du u

= — =0 (10)
dr2+ardr arz ’

with @ = 2/n — 1. Non-slip conditions are assumed on the inner and outer cylinder surfaces, that
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FIGURE 2 Numerical validation of the wide-gap torque-type rheometry: (a) the consistency
K evaluated from the apparent flow curves obtained by the wide-gap torque-type rheometry
in comparison with the original consistency K, and (b) the power law exponent 7 evaluated
from the apparent flow curves in comparison with the original power law exponent n. The
dashed lines show where K = K and A = n. The graph dawn inside Fig. 2(a) shows the
ratio, K/K, under different n and the radius of the outer cylinder, R,.

is, u=0 at r =R; and u = Uy, at r = R,, the velocity profile is derived as

Uwan r R
= — ) 1
“0) = R JRT— Ri/RE \RE 7 (0

The derivation of velocity distributions for fluids following the power-law model, although for a
different type of flow, has been analytically conducted previously for the axial flow within a pipe

[46, 47], where the resulting velocity distribution is similar in form to Eq. 11. Substituting this
velocity profile Eq, 11 into Eq. 2, the shear rate profile is

(a + 1)R;R,Q

y = . 12
V0 = Rl RT = Ry/RDr (12
The wall shear stress is Tyay = K|y (r = R;)|"™, and the axial torque is derived as
(@+DO |
T = 2nR{HK 13
i L—MWM“l )

From the standpoint of the wide-gap torque-type rheometry, the angular rotation speed Q is
increased from O rpm to 60 rpm by 1 rpm increment, the corresponding axial torque is calculated
by Eq. 13, and the apparent flow curve is obtained by Egs. 6 and 8. The consistency K and the
power law exponent n are varied from 1072 Pa s” to 10?> Pa s”, and from 0.1 to 1.6, respectively.
All the apparent flow curves are confirmed to be linear in the log-log scale (not shown in figures),
and fitted with the following power law function,
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FIGURE 3 Measurement results of the silicone oil: (a) Time-averaged axial torque T as a
function of the angular rotation speed of the outer cylinder , and (b) flow curve evaluated
from T and Q with Egs. 6 and 8. The solid line in the left figure shows the linear fitting
result based on the least squares method. The dashed line in the right figure shows the flow
curve of the viscosity coefficient of 5.41 Pa s measured by a standard torque-type rheometer.

7= Ky™ (14)

The obtained parameters K and 7 determined based on the least squares method are
summarized in Fig. 2 in comparison with the original parameters, K and n. The dashed lines
show where exactly K = K and A = n. All the plots are closely arranged on the diagonal lines,
particularly, A perfectly matches the original n independent of the set value of K. Regarding
the consistency K, it is underestimated in comparison with the original K as the degree of shear
thinning increases. At n = 0.1, the consistency is evaluated at about half of the original value as
K/K = 0.55 (see the graph drawn inside Fig. 2(a)). This deviation is suppressed as the radius of
the outer cylinder decreases, that is, the gap size becomes narrower. The gap size is generally
required to be at least ten times larger than the dispersion [17-19]. The numerical experiment here
shows that shear-thinning property can be more accurately captured by reducing the gap size as
much as possible while satisfying this requirement.

4 EXPERIMENTAL VALIDATION

In experimental aspect, three kinds of test fluids are examined. The first one is silicone oil, a
typical Newtonian fluid. The viscosity evaluated by the wide-gap torque-type rheometer is
compared with the catalog value of the silicone oil in Sec. 4.1. The second one is carboxymethyl
cellulose (CMC) aqueous solution, a typical shear-thinning fluid. The measurement result is
compared with a standard torque-type rheometer with a cone-plate geometry. Applicability of the
wide-gap torque-type rheometer to evaluate homogeneous shear-thinning fluid is experimentally
examined in Sec. 4.2. The last one is rice porridge. Three kinds of porridge are examined; plain,
egg, and bean porridge. They contain rice grains, egg flowers, and red beans, which are
millimeter-sized dispersions. The measured flow curves are compared with the recently developed
velocity-profiling-assisted rheometry (VPAR) [41, 42]. The efficacy assessment of the wide-gap
torque-type rheometer for evaluating shear-rate-dependent viscosity of the heterogeneous fluids
is discussed in Sec. 4.3.

4 1 Silicone oil
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FIGURE 4 Measurement results of the carboxymethyl cellulose (CMC) aqueous solution: (a)
Time-averaged axial torque T as a function of the angular rotation speed of the outer cylinder
Q, and (b) flow curve evaluated from T and Q with Egs. 6 and 8. The diamond and circles
show the flow curves evaluated by the wide-gap torque-type rheometer and a standard torque-
type rheometer with a cone-plate geometry. To facilitate comparison between the results
obtained with the standard torque-type rheometer (CP50) and those from the wide-gap torque-
type rheometer, the CP50 data points have been connected by solid lines.

A silicone oil (KF-96-5,000cs, Shin-Etsu Chemical Co., Ltd., Japan) was filled in the gap of the
experimental setup as shown in Fig. 1. The original data of the silicone oil is from the previous
research [19]. The kinematic viscosity is 5000 mm?/s at 25°C and the density is 972 kg/m>. The
experiment was conducted at 20°C. The angular rotation speed of the outer cylinder was increased
from Q=0rpm to 30rpm by 5rpm increment. For each rotational speed condition, the
measurement duration was 30 s. Additionally, to ensure that the flow within the gap reached
equilibrium, an interval of 60 s was set before each measurement. Defining that the characteristic
length scale as L and the characteristic kinematic viscosity as v, the viscous diffusion time is
estimated as L?/v. Given that the outer cylinder radius is R,y = 77 mm and the inner cylinder
radius is R;;, = 35 mm, the characteristic length scale is L = Ryt — Rjn = 42 mm. Assuming
a conservatively low estimation for the kinematic viscosity also considering the CMC solution
and rice porridge denoted later, v = 103 mm? /s, the viscous diffusion time is on the order of
0(1) s. Thus, the interval set mentioned above is considered sufficient. The time-averaged axial
torque is shown in Fig. 3(a). The toque is confirmed to linearly increase as{) increases. The solid
line in Fig. 3(a) is the linear fitting result based on the least squares method. The gradient is
evaluated to be dT/dQ =2.6x10"3Nm/rpm . Assuming k =1 tentatively, the
corresponding viscosity is 6.24 Pa s. The viscosity coefficient evaluated by a standard torque-type
rheometer (MCR702e, Anton-Paar, Austria) with a cone-plate geometry is 5.41 Pas. The
correction factor k 1is therefore k = 1.15 in this experimental setup. Regarding the
measurement by the standard torque-type rheometer, the diameter of the cone-shaped fixture used
was 50 mm, with an angle of 1°. Additionally, multiple measurements under identical conditions
were conducted, and all the resulting flow curves overlapped, suggesting that the precision is
sufficient for comparison with the wide-gap torque-type rheometer. The axial torque and the
angular rotation speed measured in the experimental setup are then converted to the bulk-averaged
shear stress T and shear rate y as shown in Fig. 3(b). The dashed line behind the plots is the
flow curve with the viscosity coefficient of 5.41 Pa s. The flow curve evaluated by the wide-gap
torque-type rheometer is confirmed to match the reference line.

4.2 Carboxymethyl cellulose solution

A carboxymethyl cellulose (CMC) aqueous solution is well known to exhibit shear-thinning
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FIGURE 5 Measurement results of the rice porridge: (a) Bulk-averaged shear stress 7 as a
function of the bulk-averaged shear rate ¥, (b) and (c) comparison of the consistency K and
the power law exponent 7 determined from the flow curves in comparison with K and n
determined from those evaluated by VPAR. The shape of the symbols corresponds to the
porridge type. The solid lines in the left figure show the power law fitting results based on the
least squares method. The dashed lines in the middle and right figures show where K = K
and i = n. The horizontal error bars indicate three times the standard deviations in the VPAR
evaluation.

viscosity [48, 49]. The CMC used in this experiment (CMC1190, Daicel Miraizu Ltd., Japan) has
the weight-averaged molecular weight of 8.2 x 10° g/mol. The degree of etherification is 0.63
and the sodium chloride content is 0.14%. The CMC powder was added to pure water so that the
concentration becomes 1.2 wt.% the day before the experiment and stirred overnight using an
impeller. During the experiment with the CMC solution, due to laboratory circumstances, the
experimental setup shown in Fig. 1 was not available, different double concentric cylinders was
instead used, where the radii of the inner and outer cylinders are R; =50 mm and R, =
105 mm, and the height of the inner cylinder is H = 160 mm. This experimental setup is
specifically explained elsewhere [21]. What is essentially different from the setup in Fig. 1 is that
a stepped disk is independently installed closely below the inner cylinder to suppress the shear
applied to the bottom of the inner cylinder, hence the correlation coefficient is k = 1. The
measurement was conducted under the temperature of 25°C.

The angular rotation speed of the outer cylinder was increased from Q = 0 rpm to 20 rpm
by 5 rpm inclement, and from Q = 20 rpm to 60 rpm by 10 rpm inclement. The time-averaged
axial torque is shown in Fig. 4(a). In contrast to the silicone oil, T increases with the gradient
decreasing. These are converted to the flow curve as shown in Fig. 4(b). The diamond symbols
show the results obtained by the wide-gap torque-type rheometer. The gradient is smaller than the
unity in the log-log scale, the CMC therefore has a shear-thinning property. The circles behind
are the results of the same sample measured by the standard torque-type rheometer with the cone-
plate geometry (CP50) also used for the silicon oil in Sec. 4-2. The stress evaluated by the wide-
gap torque-type rheometer is slightly lower than that evaluated by the torque-type rheometer, but
totally the shear-thinning property is confirmed to be well captured. This result experimentally
reinforces the validity of the wide-gap torque-type rheometer for evaluating the shear-rate-
dependent viscosity even in fluids that do not perfectly obey power law model.

4.3 Rice porridge

Three kinds of commercial rice porridge (Ajinomoto Co., Inc., Japan) are examined. The plain
porridge is the most standard type and it contains oval-shaped millimeter-sized rice grains. The
second one is egg porridge, which contains not only rice grains but also egg flowers. The last one
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is bean porridge, which contains red beans as ingredients with a volume fraction of several percent.
The porridge was filled in the experimental setup as shown in Fig. 1(a) with the temperature kept
at 25°C. The outer cylinder was rotated from Q = 2 rpm, 5 rpm to 30 rpm by 5 rpm increment,
and from Q =30rpm to 50 rpm by 10 rpm increment. The flow curves of the porridge
evaluated by the wide-gap torque-type rheometer are shown in Fig. 5(a). The correction factor
k = 1.15 identified in Sec. 4.1 was used for the analysis. The solid lines show the power law
fitting results based on the least squares method. The flow curves of the porridge are confirmed
to follow the power law model. The plain porridge is the most viscous, the bean porridge is the
second, and the egg porridge has the lowest viscosity.

The same porridge was also measured by VPAR previously [42], and they were also well
characterized by the power law model. The consistency K and the power law exponent 7
identified from the flow curves in Fig. 5(a) with Eq. 14 are summarized in Fig. 5(b) and (c) in
comparison with those obtained from the flow curves measured by VPAR, K and n. The solid
lines indicate where K = K and 7 = n, and all the plots are confirmed to be closely arranged
on these lines. The porridge has the shear-thinning property of n = 0.3 — 0.4, the consistency K
is evaluated to be smaller than K as described in Sec. 3. The maximum deviationis K/K = 0.66
in the egg porridge. This error may be not negligible when an objective of the rheological
measurement is to accurately predict, for example, industrial pipeline flows, but it is considered
to be within an acceptable range when an objective is to categorize fluid foods into several groups,
for example into 3 or 4 groups regarding each K and n. When conducting rheological
measurements of suspensions, it is crucial to address the spatial uniformity of the solid particle
distribution. In the measurement by VPAR, it is generally possible to obtain a flow curve under a
given condition of the outer cylinder’s rotational speed (. This is because VPAR allows for a
spatial distribution of shear rates within the gap and enables the local evaluation of shear stress at
each radial position. In the previous study, VPAR was applied under different rotational speed
conditions and confirmed that the obtained multiple flow curves overlapped [42]. Consequently,
this indicates the presence of a fluid with identical rheological properties across the radial
direction, implying that the rice grains are uniformly dispersed within the gap. As the densities of
the rice grains and the continuous phase are expected to differ slightly, prolonged measurements
would likely cause the rice grains to move toward either the inner or outer cylinder due to
additional forces even the densities are the same. However, as mentioned above, the rice grains
are considered to be uniformly dispersed in the gap during the present measurements. This is
likely because the starch solution, which serves as the continuous phase, exhibits extremely high
viscosity, generating sufficient viscous stress to suppress the radial movement of the rice grains.

Finally, a brief discussion on the obtained rheological parameters is provided. The porridge
can be regarded as a suspension in which rice grains, considered as ellipsoidal solid particles, are
dispersed in a shear-thinning starch solution. In the present study, the degree of shear-thinning
behavior of the porridge was evaluated approximately n = 0.3 — 0.4, which is significantly
smaller than the value typically observed for starch solutions alone [50]. It is known that
suspensions of dispersed ellipsoidal particles can exhibit additional shear-thinning behavior even
when the continuous phase is a Newtonian fluid [51, 52]. The presence of dispersed rice grains is
therefore considered to enhance the effective shear-thinning behavior synergistically with the
inherent shear-thinning nature of the starch solution. There still remain many unresolved aspects
regarding the suspension rheology of ellipsoidal particles in non-Newtonian fluids, making this
an important future research direction.

5 LIMITATIONS OF THE RHEOMETRY

Limitations and precautions in use of the wide-gap torque-type rheometer are finally denoted in
aspects of a slip property, dispersion size, and measurable range of the shear stress and shear rate.
Regarding the slip property firstly, the non-slip boundary conditions are assumed in the derivation
of Eq. 4. If a slip flow occurs on the inner or outer cylinder surface, the actual deformation applied
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to the test fluid is smaller than that estimated by Eq. 6, which leads to inaccuracy of the obtained
apparent flow curve. Occurrence of wall slip causes a relative velocity between the cylinder
surface and the test fluid around it, and it is relatively easy to know whether the slip occurs or not.
For example, as the cylindrical vessel is made of acrylic resin, the porridge adhering to the wall
can be observed from outside the cylinder. By making a point or a line on the outer cylinder wall
in advance, it can be evaluated whether the relative motion occurs between the porridge and the
outer cylinder wall when it is rotated. If the slip occurs, it is effective to make the cylinder surface
rough as is often done in standard torque-type rheometers. Regarding the dispersion size, it needs
to be one-tenth or less of the gap size in order to evaluate the effective viscosity of the test fluid
as a bulk. If the dispersion size is larger than this limitation, the friction between the dispersion
and the cylinder surface becomes dominant, and the abnormal viscosity is detected as is also
observed in the measurement by a standard torque-type rheometer [20, 21]. Making the gap size
too large, on the other hand, lead to uncertainty for evaluating a shear-thinning fluid, as pointed
out in Sec. 3. It is therefore required to narrow the gap size while fully satisfying the one-tenth
limitation. The gap size also affects the measurable range of the shear stress and shear rate.
Assuming the minimum and maximum angular rotation speed of the outer cylinder are Q,;,, and
Qmax, the measurable shear rate range is given as

_ 4R?RZQmin . (R

i = o Rl (o) 1
_ 4R?RZQmax (RO)

y o= L oTmaxy, (Z0) 16

Tentatively substituting Qi = 2 rpm and Qi = 60 rpm, which are determined by the spec
of the stepping motor used in the current setup, the shear rate range is from Y, = 0.2s71 to
Ymax = 6.5 s71. The range with this rheometry is at most one order of magnitude, which is much
narrower than a standard torque-type rheometer. Note that the ratio of Egs. 15 and 16 is
Qmin/Qmax, Which does not depend on the geometry. The range of the measurable shear rates is
therefore determined by the minimum and maximum rotation speed of the motor. The measurable
range of the shear stress is determined by the minimum torque T,;, and the maximum torque
Tmax measured by the axial torque sensor,

_ Tmin Ro
fmin = T (RZ—RHH " \R; an
— TmaX RO

= max (—) 1
fmax = T (RZ_RHH " \R; (18)

Substituting Tpin = 0.5 X 107* Nm and Tp,ax = 0.5 Nm, which is determined by the spec of
the torque sensor, the measurable shear stress range is from Tpip = 1.3 X 1072 Pa to Tmax =
1.3 X 102 Pa. The geometry and spec of the used torque sensor have to be chosen so that the
measurable range of the shear stress and shear rate can cover the target measurement range.
Finally, attention is also required regarding the correction factor k. In this study, it was
determined using a Newtonian fluid, specifically silicone oil. In the analysis of the wide-gap
torque-type rheometer, the velocity distribution within the gap is first derived under the
assumption of a Newtonian fluid. The effective viscosity of a non-Newtonian fluid is then
evaluated using the relationship between the controlled rotational speed and the measured axial
torque as mentioned in Sec. 2. Therefore, the correction factor is strictly valid only for Newtonian
fluids. Even considering this issue, Sec. 4.3 demonstrates that the wide-gap torque-type rheometer
is effective in evaluating the shear-rate-dependent viscosity of fluid foods containing millimeter-
sized ingredients. However, it is more effective to mount a stepped disk independent of the inner
cylinder to block the shear flow propagating from the bottom surface of the outer cylinder to that
of the inner cylinder [42], which was employed for the measurement of the CMC solution in
Sec. 4.2.
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6 SUMMARY

In this paper, efficacy of the wide-gap torque-type rheometer for evaluating shear-rate-dependent
viscosity of heterogeneous fluid foods was examined in both numerical and experimental aspects.
Based on the velocity profile of a Newtonian fluid in the double concentric cylinders, the bulk-
averaged shear stress 7 and shear rate ¥ are evaluated from the axial torque acting on the inner
cylinder T and the angular rotation speed of the outer cylinder (). Gradually increasing ) and
measuring T, the apparent flow curve T(y) is obtained. In the numerical validation, the wide-
gap rheometry was applied to a shear-thinning fluid, which obeys the power law model. The
obtained apparent flow curves under different combinations of the consistency and the power law
exponent are confirmed to be linear in the log-log scale graph. The evaluated power law exponents
of the apparent flow curves show good correspondence with the original values, while the
consistencies evaluated from the apparent flow curves are estimated lower than the original values
as the degree of shear-thinning increases. This deviation can be suppressed by decreasing the
radius of the outer cylinder, it is therefore important to optimize the geometry while satisfying the
gap size is at least ten times larger than the dispersion size to ensure the fluid is homogeneous at
that scale. In experimental aspects, three kinds of test fluids were examined; silicone oil as a
Newtonian fluid, carboxymethyl cellulose (CMC) aqueous solution as a typical shear-thinning
fluid, and rice porridge as spatially heterogeneous non-Newtonian fluids. The flow curves of the
silicone oil and the CMC solution are confirmed to well match those evaluated by a standard
torque-type rheometer. In addition, the consistency and the power law exponent of the porridge
evaluated by the wide-gap torque-type rheometer also have good agreements with those obtained
by the wvelocity-profiling-assisted rheometry. Through these numerical and experimental
validations, it was reinforced that the wide-gap torque-type rheometer is a practical method to
evaluate shear-rate-dependent viscosity of heterogeneous fluids, as long as the non-slip condition
and the dispersion size restriction are satisfied.
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