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Abstract 21 
Rheological property is a key factor not only in how consumers choose and enjoy foods, but also 22 
in ensuring the safe eating and swallowing for dysphagia patients. The rheological measurements 23 
of fluid foods containing millimeter-sized ingredients, however, have been still challenging due 24 
to the limitations of a standard torque-type rheometer. We herein examine the efficacy of a wide-25 
gap torque-type rheometer for evaluating shear-rate-dependent viscosity of heterogeneous fluid 26 
foods containing millimeter-sized ingredients. In addition to numerical validation using a shear-27 
thinning fluid obeying the power law model, the apparent flow curves of silicone oil and 28 
carboxymethyl cellulose aqueous solution were compared with those obtained by the standard 29 
rheometer. It was also confirmed that the shear-thinning properties of plain, egg, and bean 30 
porridge well match those identified by the recently developed velocity-profiling-assisted 31 
rheometry. These results reinforce the wide-gap torque-type rheometer to be practical for probing 32 
the rheology of the complex fluid foods. 33 
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1 INTRODUCTION 41 

Food texture is a key factor in how consumers choose and enjoy food products. Rheological 42 
properties representing the texture by, for example, viscosity are not only perceived in non-oral 43 
process such as mixing and pouring a fluid food with a spoon, but also in oral process such as 44 
compressing a bolus between tongue and plate and swallowing it [1]. Rheological properties also 45 
play an important role to assure the safe eating and swallowing process, as the recent population 46 
aging has led a rapid increase in the number of dysphagia patients [2, 3]. In order to elucidate the 47 
causal relationship between the swallowing process and the rheological properties, ultimately to 48 
prepare optimal fluid foods that prevent aspiration, both in vivo and in vitro measurements have 49 
been performed in the swallowing medical field. In aspect of the in vivo measurements, 50 
commonly used methods include videofluorography, videoendoscopic evaluation, and ultrasonic 51 
Doppler velocimetry for observing the bolus behavior from the nasopharynx to the hypopharynx  52 
[4-9]. Regarding the in vitro measurements, a standard torque-type rheometer is often used to 53 
characterize shear-rate-dependent viscosity. Based on both in vivo and in vitro measurements, it 54 
is known that the fluids with relatively high shear-thinning are more suitable for successful 55 
swallowing [10-11]. It is turned out recently that elongational viscosity and yield stress are also 56 
important in the dynamics of food bolus [12-15]. 57 

The standard torque-type rheometer offers a variety of geometry options, including plate-plate, 58 
cone-plate, and double concentric cylinders. The common principle of the rheometer is that a test 59 
fluid is filled in a sub-millimeter gap for assuring a constant shear rate applied to the test fluid in 60 
the gap [16]. The shear stress and shear rate are indirectly evaluated by measuring the axial torque 61 
and rotation speed of the rod. For assuring the homogeneity of the test fluid in the gap, the 62 
dispersion size has to be less than one tenth of the gap size [17-19], and hence the bulk-averaged 63 
viscosity as apparent viscosity can be measured. However, most fluid foods, such as rice porridge 64 
and yogurt with fruit pulps, are spatially heterogeneous containing millimeter-sized ingredients 65 
from a viewpoint of the gap size of the standard rheometer. Yoshida et al. daringly measured 66 
gelled dessert containing fruit pulps by a standard torque-type rheometer with a plate-plate 67 
geometry, and confirmed puzzling results where the shear stress oscillates as the shear rate 68 
increases [20]. Ohie et al. measured suspensions of solid spherical particles dispersed in silicone 69 
oil by the standard torque-type rheometer with a plate-plate geometry. The diameter of the 70 
particles is in several 100 𝜇m, and the effective viscosity was overestimated in comparison with 71 
the theory [21]. The measurement of these heterogeneous fluids has been challenging in the field 72 
of rheology. 73 

For measuring the heterogeneous fluid foods containing millimeter-sized ingredients, there 74 
are some complementary methods such as ball measuring system [22, 23], single cylinder 75 
rotational viscometer (Brookfield viscometer) [24], and falling sphere viscometry. Schatzmann et 76 
al. developed a ball measuring system for fluids with particle sizes up to 10 mm [22]. The system 77 
consists of a round container, into which a test fluid is filled, and a sphere is eccentrically rotated 78 
in the fluid. By measuring both angular velocity and axial torque, the apparent shear rate and 79 
shear stress are evaluated. The Brookfield viscometer consists of double concentric cylinders, and 80 
the inner cylinder is rotated with a constant speed. Both the angular velocity and axial torque are 81 
measured, and these are converted into the apparent shear rate and shear stress. The apparent flow 82 
curve can be obtained by gradually increasing the rotation speed of the inner cylinder. The gap 83 
size is relatively wider than those of standard torque-type rheometers, it is therefore applicable 84 
for measuring spatially heterogeneous fluids such as aqueous powder slurries [24-26]. In the 85 
falling sphere viscometry, a sphere is dropped into a test fluid, and its terminal velocity is 86 
measured. In a case of Newtonian fluids, the terminal velocity is inversely proportional to the 87 
viscosity in a laminar flow [27, 28]. The falling sphere viscometer utilizes this relationship for 88 
evaluating the apparent viscosity of non-Newtonian fluids, and has been utilized to bubble 89 
suspensions and solid-liquid multi-phase fluids [29, 30]. These methods are facile and practical 90 
for evaluating the apparent rheological properties and relative evaluation of multiple samples. The 91 
rheometers introduced above were all designed with gap sizes or tank sizes sufficiently larger than 92 



the dispersed particles to ensure that fluid foods could be regarded as continuous body at that 93 
scale. However, the theoretical framework used to evaluate the rheological properties from the 94 
controlled rotational speed and the measured axial torque assumes a Newtonian fluid. This 95 
framework is then directly applied to non-Newtonian fluids. Consequently, the extent to which 96 
these rheometers accurately assess the non-Newtonian behavior of fluid foods has not been 97 
thoroughly validated, which serves as a major motivation for this research. Although there are 98 
some previous work comparing the Brookfield viscometer with a standard torque-type rheometer 99 
and also investigating effects of the geometry [24, 31, 32], efficacy of the wide-gap torque-type 100 
rheometer for evaluating heterogeneous fluids is still unclear due to the lack of reliable 101 
measurement methods to be referenced with. 102 

  For accurately evaluating these heterogeneous fluids, velocity-profiling-assisted rheometry 103 
(VPAR) was developed [33-37]. The usual experimental setup consists of double concentric 104 
cylinders, where the outer cylinder is rotated with a constant angular velocity and the inner 105 
cylinder is fixed to an axial torque sensor for measuring the wall shear stress. There is a one-106 
directional azimuthal shear flow realized, and the resulting non-linear velocity profile is measured 107 
by ultrasonic velocity profiling [38-40]. The shear rate profile is obtained by spatial derivative of 108 
the velocity profile. The stress profile is obtained from the Cauchy's equation of motion, that is, 109 
conservation of angular momentum by substituting the measured wall shear stress. The 110 
measurement examples are emulsions [33, 34], carbopol microgels [35], concentrated pulp fiber 111 
suspensions [36], and wormlike micellar solutions [37]. Recently, Ohie et al. [41] improved the 112 
experimental setup of VPAR for more accurate rheological evaluation. They applied it for 113 
measuring rice porridge, which contains millimeter-sized rice grains. With the obtained flow 114 
curve, they predicted pipe flows and the velocity profiles were in good agreement with those 115 
measured in a pilot pipeline system. Ohie et al. [42] further measured plain, egg, and bean porridge, 116 
and it was revealed that the flow curves of rice porridge are well characterized by the power low 117 
model. Using the rheology data, they showed that the spreading behavior on a horizontal plane 118 
and descending flow after a contraction part on an inclined plane, which are fundamental flows 119 
in the eating and swallowing process, are well rationalized by the rheology data. VPAR is thus a 120 
promising method for measuring rheology of fluid foods containing millimeter-sized ingredients. 121 
However, as VPAR is used in combination with velocity profile measurement such as the 122 
ultrasonic velocity profiling or high-speed camera [43], it is more expensive to implement than 123 
the wide-gap torque-type rheometer, and requires technical knowledge and experience. Cost 124 
effectiveness is a key factor required for rheometry to be widely applied in many fields such as 125 
not only food, but also chemical, civil and geological science fields. In addition, the ultrasonic 126 
velocity profiling has weaknesses such as difficulty in measuring highly concentrated suspensions 127 
due to the attenuation of the ultrasonic waves [21, 44]. 128 

   In this paper, we revisit the wide-gap torque-type rheometer and examine its efficacy for 129 
evaluating shear-rate-dependent viscosity of the heterogeneous fluids. The recent development of 130 
VPAR has made it possible to measure the rheology of complex fluids, which provides reliable 131 
reference data to verify the wide-gap torque-type rheometer to the heterogeneous fluids. In the 132 
following Sec. 2, theoretical background of the wide-gap torque-type rheometer is denoted. The 133 
validity of the rheometer is examined in both numerical and experimental aspects. As most of the 134 
fluid foods have shear-thinning properties following the power law model, the axial torque of the 135 
shear-thinning fluid is theoretically derived and the analytical procedure of the rheometry is 136 
demonstrated in Sec. 3. The evaluated rheological parameters are compared with the original 137 
values. In Sec. 4, the experimental validation is conducted using silicone oil, carboxymethyl 138 
cellulose aqueous solution, and rice porridge, which are typical Newtonian, shear-thinning, and 139 
spatially heterogeneous non-Newtonian fluids, respectively. Limitations of the rheometer are 140 
summarized in Sec. 5, and summary is finally given in Sec. 6. 141 

 142 

2 WIDE-GAP TORQUE-TYPE RHEOMETER 143 



Theoretical background of the rheometry is described here. The experimental setup is shown in 144 
Fig. 1. The outer cylinder with the radius of 𝑅୭ = 77 mm is rotated by a stepping motor. At an 145 
angular rotation speed of Ω, the azimuthal wall velocity is 𝑈୵ୟ୪୪  =  𝑅୭Ω. The inner cylinder 146 
with the radius of 𝑅୧ = 50 mm and the height of 𝐻 =  206 mm is connected to an axial torque 147 
sensor (UTM III, 0.5 Nm, Unipulse Co., Ltd., Japan). One-directional azimuthal flow is induced 148 
between the double concentric cylinders. In this steady flow, the shear stress satisfies the Cauchy's 149 
equation of motion [45], 150 

𝑑𝜏

𝑑𝑟
+

2𝜏

𝑟
= 0. (1) 

Assuming a Newtonian fluid with the viscosity coefficient of 𝜇, the shear stress is given as 𝜏 =151 
𝜇𝛾̇, where 𝛾̇ is the shear rate defined as [45] 152 

𝛾̇(𝑟) =
𝑑𝑢

𝑑𝑟
−

𝑢

𝑟
. (2) 

The Newtonian fluid therefore satisfies the following equation, 153 

𝑑ଶ𝑢

𝑑𝑟ଶ
+

1

𝑟

𝑑𝑢

𝑑𝑟
−

𝑢

𝑟ଶ
= 0. (3) 

Non-slip conditions are assumed to be satisfied on the inner and outer cylinder surfaces, that is, 154 
𝑢 = 0  at 𝑟 = 𝑅୧  and 𝑢 = 𝑈୵ୟ୪୪  at 𝑟 = 𝑅୭ . With these boundary conditions, the velocity 155 
profile is derived as 156 

𝑢(𝑟) =
𝑈୵ୟ୪୪

𝑅୭/𝑅୧ − 𝑅୧/𝑅୭
൬

𝑟

𝑅୧
−

𝑅୧

𝑟
൰. (4) 

Substituting this velocity profile into Eq. 2, the shear rate profile is 157 

 

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 (c) schematic of the 
horizontal cross-sectional view. 

 



𝛾̇(𝑟) =
2𝑅୧𝑅୭Ω

(𝑅୭/𝑅୧ − 𝑅୧/𝑅୭)𝑟ଶ
. (5) 

The bulk-averaged shear rate is here defined as 158 
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The shear stress profile is derived from Eq. 1 as 159 

𝜏(𝑟) = 𝜏୵ୟ୪୪ ൬
𝑅୧

𝑟
൰

ଶ

, (7) 

where 𝜏୵ୟ୪୪ is the wall shear stress acting on the inner cylinder surface given as 𝜏୵ୟ୪୪ = 𝜇𝛾̇(𝑟 =160 
𝑅୧). The bulk-averaged shear stress is here defined as 161 
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1
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ଶ)
න 2𝜋𝑟𝜏𝑑𝑟

ோ౥

ோ౟

=
𝑇

𝑘𝜋(𝑅୭
ଶ − 𝑅୧

ଶ)𝐻
ln ൬

𝑅୭

𝑅୧
൰. (8) 

where 𝑇 is the axial torque acting on the inner cylinder, 𝑇 = 2𝜋𝑅୧
ଶ𝐻𝜏୵ୟ୪୪. The correction factor 162 

𝑘 is for taking the additional axial torque induced by the shear acting on the bottom of the inner 163 
cylinder into account. Assuming infinite height of the inner cylinder gives 𝑘 = 1, and usually 164 
𝑘 > 1 for finite cylinder height. Fundamentally, this additional torque becomes negligible if the 165 
distance between the bottom surfaces of the inner and outer cylinders is sufficiently large [42]. 166 
With Eqs. 6 and 8, the flow curve 𝜏̅(𝛾̅̇) is obtained by controlling the angular rotation speed Ω 167 
and measuring the corresponding axial torque 𝑇. Even in the case of non-Newtonian fluids, the 168 
wide-gap torque-type rhometry evaluates the apparent flow curve based on Eqs. 6 and 8 by 169 
gradually varying Ω and measuring the corresponding 𝑇. 170 

 171 

3 NUMERICAL VALIDATION 172 

Despite doubtless derivation of the apparent flow curve in Sec. 2, it is still unclear how accurately 173 
the apparent flow curve reflects non-Newtonian properties. Efficacy assessment of the wide-gap 174 
torque-type rheometer for evaluating shear-rate-dependent viscosity is examined in both 175 
numerical and experimental aspects. The numerical validation is first examined. As a 176 
representative rheology model for characterizing fluid foods, a shear-thinning fluid following the 177 
power law model is used here. The model describes the shear stress and the shear rate as 178 

𝜏 = 𝐾𝛾̇௡, (9) 
where 𝐾 is the consistency, and 𝑛 is the power law exponent. For a Newtonian fluid, 𝑛 = 1, 179 
shear-thinning property appears as 𝑛 decreases, and shear-thickening property is intensified as 180 
𝑛 increases beyond unity. For a certain combination of 𝐾 and 𝑛, the exact velocity profile can 181 
be derived, and the wall shear stress on the inner cylinder surface is obtained as well as the shear 182 
stress profile between the double concentric cylinders. From the standpoint of the wide-gap 183 
torque-type rheometer, only the angular rotation speed Ω and the axial torque 𝑇 are measured, 184 
and the apparent flow curve is evaluated from Eqs. 6 and 8 with Ω and 𝑇. Herein, it is examined 185 
how the apparent flow curve can capture the original parameters, 𝐾 and 𝑛. 186 

   The velocity profile is first derived mathematically. Substituting the power law model (Eq. 9) 187 
into the Cauchy's equation of motion (Eq. 1), it is transformed to 188 

𝑑ଶ𝑢

𝑑𝑟ଶ
+ 𝛼

1

𝑟

𝑑𝑢

𝑑𝑟
− 𝛼

𝑢

𝑟ଶ
= 0, (10) 

with 𝛼 = 2/𝑛 − 1. Non-slip conditions are assumed on the inner and outer cylinder surfaces, that 189 



is, 𝑢 = 0 at 𝑟 = 𝑅୧ and 𝑢 = 𝑈୵ୟ୪୪ at 𝑟 = 𝑅୭, the velocity profile is derived as 190 

𝑢(𝑟) =
𝑈୵ୟ୪୪

𝑅୭/𝑅୧
ఈ − 𝑅୧/𝑅୭

ఈ ቆ
𝑟

𝑅୧
ఈ −

𝑅୧

𝑟ఈቇ. (11) 

The derivation of velocity distributions for fluids following the power-law model, although for a 191 
different type of flow, has been analytically conducted previously for the axial flow within a pipe 192 
[46, 47], where the resulting velocity distribution is similar in form to Eq. 11. Substituting this 193 
velocity profile Eq, 11 into Eq. 2, the shear rate profile is 194 

𝛾̇(𝑟) =
(𝛼 + 1)𝑅୧𝑅୭Ω

(𝑅୭/𝑅୧
ఈ − 𝑅୧/𝑅୭

ఈ)𝑟ఈାଵ
. (12) 

The wall shear stress is 𝜏୵ୟ୪୪ = 𝐾|𝛾̇(𝑟 = 𝑅୧)|௡, and the axial torque is derived as 195 

𝑇 = 2𝜋𝑅୧
ଶ𝐻𝐾 ቈ

(𝛼 + 1)Ω

1 − (𝑅୧/𝑅୭)ఈାଵ
቉

௡

. (13) 

 196 

   From the standpoint of the wide-gap torque-type rheometry, the angular rotation speed Ω is 197 
increased from 0 rpm to 60 rpm by 1 rpm increment, the corresponding axial torque is calculated 198 
by Eq. 13, and the apparent flow curve is obtained by Eqs. 6 and 8. The consistency 𝐾 and the 199 
power law exponent 𝑛 are varied from 10−2 Pa sn to 102 Pa sn, and from 0.1 to 1.6, respectively. 200 
All the apparent flow curves are confirmed to be linear in the log-log scale (not shown in figures), 201 
and fitted with the following power law function, 202 

 

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 𝑛ො evaluated 
from the apparent flow curves in comparison with the original power law exponent 𝑛. The 
dashed lines show where 𝐾෡ = 𝐾  and 𝑛ො = 𝑛 . The graph dawn inside Fig. 2(a) shows the 
ratio, 𝐾෡/𝐾, under different 𝑛 and the radius of the outer cylinder, 𝑅୭. 

 



𝜏̅ = 𝐾෡𝛾̅̇௡ො . (14) 
The obtained parameters 𝐾෡  and 𝑛ො  determined based on the least squares method are 203 
summarized in Fig. 2 in comparison with the original parameters, 𝐾 and 𝑛. The dashed lines 204 
show where exactly 𝐾෡ = 𝐾 and 𝑛ො = 𝑛. All the plots are closely arranged on the diagonal lines, 205 
particularly, 𝑛ො perfectly matches the original 𝑛 independent of the set value of 𝐾. Regarding 206 
the consistency 𝐾෡, it is underestimated in comparison with the original 𝐾 as the degree of shear 207 
thinning increases. At 𝑛 = 0.1, the consistency is evaluated at about half of the original value as 208 
𝐾෡/𝐾 = 0.55 (see the graph drawn inside Fig. 2(a)). This deviation is suppressed as the radius of 209 
the outer cylinder decreases, that is, the gap size becomes narrower. The gap size is generally 210 
required to be at least ten times larger than the dispersion [17-19]. The numerical experiment here 211 
shows that shear-thinning property can be more accurately captured by reducing the gap size as 212 
much as possible while satisfying this requirement. 213 

 214 

4 EXPERIMENTAL VALIDATION 215 

In experimental aspect, three kinds of test fluids are examined. The first one is silicone oil, a 216 
typical Newtonian fluid. The viscosity evaluated by the wide-gap torque-type rheometer is 217 
compared with the catalog value of the silicone oil in Sec. 4.1. The second one is carboxymethyl 218 
cellulose (CMC) aqueous solution, a typical shear-thinning fluid. The measurement result is 219 
compared with a standard torque-type rheometer with a cone-plate geometry. Applicability of the 220 
wide-gap torque-type rheometer to evaluate homogeneous shear-thinning fluid is experimentally 221 
examined in Sec. 4.2. The last one is rice porridge. Three kinds of porridge are examined; plain, 222 
egg, and bean porridge. They contain rice grains, egg flowers, and red beans, which are 223 
millimeter-sized dispersions. The measured flow curves are compared with the recently developed 224 
velocity-profiling-assisted rheometry (VPAR) [41, 42]. The efficacy assessment of the wide-gap 225 
torque-type rheometer for evaluating shear-rate-dependent viscosity of the heterogeneous fluids 226 
is discussed in Sec. 4.3. 227 

4.1 Silicone oil 228 

 

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 Ω, and (b) flow curve evaluated 
from 𝑇 and Ω with Eqs. 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. 

 



A silicone oil (KF-96-5,000cs, Shin-Etsu Chemical Co., Ltd., Japan) was filled in the gap of the 229 
experimental setup as shown in Fig. 1. The original data of the silicone oil is from the previous 230 
research [19]. The kinematic viscosity is 5000 mm2/s at 25oC and the density is 972 kg/m3. The 231 
experiment was conducted at 20oC. The angular rotation speed of the outer cylinder was increased 232 
from Ω = 0 rpm  to 30 rpm by 5 rpm increment. For each rotational speed condition, the 233 
measurement duration was 30 s. Additionally, to ensure that the flow within the gap reached 234 
equilibrium, an interval of 60 s was set before each measurement. Defining that the characteristic 235 
length scale as 𝐿 and the characteristic kinematic viscosity as 𝜈, the viscous diffusion time is 236 
estimated as 𝐿ଶ/𝜈. Given that the outer cylinder radius is 𝑅୭୳୲ = 77 mm and the inner cylinder 237 
radius is 𝑅௜୬ = 35 mm, the characteristic length scale is 𝐿 = 𝑅୭୳୲ − 𝑅୧୬ = 42 mm. Assuming 238 
a conservatively low estimation for the kinematic viscosity also considering the CMC solution 239 
and rice porridge denoted later, 𝜈 = 10ଷ mmଶ/s, the viscous diffusion time is on the order of 240 
𝑂(1) s. Thus, the interval set mentioned above is considered sufficient. The time-averaged axial 241 
torque is shown in Fig. 3(a). The toque is confirmed to linearly increase asΩ increases. The solid 242 
line in Fig. 3(a) is the linear fitting result based on the least squares method. The gradient is 243 
evaluated to be 𝑑𝑇/𝑑Ω = 2.6 × 10ିଷ Nm/rpm . Assuming 𝑘 = 1  tentatively, the 244 
corresponding viscosity is 6.24 Pa s. The viscosity coefficient evaluated by a standard torque-type 245 
rheometer (MCR702e, Anton-Paar, Austria) with a cone-plate geometry is 5.41 Pa s. The 246 
correction factor 𝑘  is therefore 𝑘 = 1.15  in this experimental setup. Regarding the 247 
measurement by the standard torque-type rheometer, the diameter of the cone-shaped fixture used 248 
was 50 mm, with an angle of 1̊. Additionally, multiple measurements under identical conditions 249 
were conducted, and all the resulting flow curves overlapped, suggesting that the precision is 250 
sufficient for comparison with the wide-gap torque-type rheometer. The axial torque and the 251 
angular rotation speed measured in the experimental setup are then converted to the bulk-averaged 252 
shear stress 𝜏̅ and shear rate 𝛾̅̇ as shown in Fig. 3(b). The dashed line behind the plots is the 253 
flow curve with the viscosity coefficient of 5.41 Pa s. The flow curve evaluated by the wide-gap 254 
torque-type rheometer is confirmed to match the reference line. 255 

4.2 Carboxymethyl cellulose solution 256 

A carboxymethyl cellulose (CMC) aqueous solution is well known to exhibit shear-thinning 257 

 

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 
Ω, and (b) flow curve evaluated from 𝑇 and Ω with Eqs. 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. 



viscosity [48, 49]. The CMC used in this experiment (CMC1190, Daicel Miraizu Ltd., Japan) has 258 
the weight-averaged molecular weight of 8.2 × 10ହ g/mol. The degree of etherification is 0.63 259 
and the sodium chloride content is 0.14%. The CMC powder was added to pure water so that the 260 
concentration becomes 1.2 wt.% the day before the experiment and stirred overnight using an 261 
impeller. During the experiment with the CMC solution, due to laboratory circumstances, the 262 
experimental setup shown in Fig. 1 was not available, different double concentric cylinders was 263 
instead used, where the radii of the inner and outer cylinders are 𝑅୧ = 50 mm  and 𝑅୭ =264 
105 mm , and the height of the inner cylinder is 𝐻 = 160 mm . This experimental setup is 265 
specifically explained elsewhere [21]. What is essentially different from the setup in Fig. 1 is that 266 
a stepped disk is independently installed closely below the inner cylinder to suppress the shear 267 
applied to the bottom of the inner cylinder, hence the correlation coefficient is 𝑘 = 1 . The 268 
measurement was conducted under the temperature of 25oC. 269 

   The angular rotation speed of the outer cylinder was increased from Ω = 0 rpm to 20 rpm 270 
by 5 rpm inclement, and from Ω = 20 rpm to 60 rpm by 10 rpm inclement. The time-averaged 271 
axial torque is shown in Fig. 4(a). In contrast to the silicone oil, 𝑇 increases with the gradient 272 
decreasing. These are converted to the flow curve as shown in Fig. 4(b). The diamond symbols 273 
show the results obtained by the wide-gap torque-type rheometer. The gradient is smaller than the 274 
unity in the log-log scale, the CMC therefore has a shear-thinning property. The circles behind 275 
are the results of the same sample measured by the standard torque-type rheometer with the cone-276 
plate geometry (CP50) also used for the silicon oil in Sec. 4-2. The stress evaluated by the wide-277 
gap torque-type rheometer is slightly lower than that evaluated by the torque-type rheometer, but 278 
totally the shear-thinning property is confirmed to be well captured. This result experimentally 279 
reinforces the validity of the wide-gap torque-type rheometer for evaluating the shear-rate-280 
dependent viscosity even in fluids that do not perfectly obey power law model.  281 

4.3 Rice porridge 282 

Three kinds of commercial rice porridge (Ajinomoto Co., Inc., Japan) are examined. The plain 283 
porridge is the most standard type and it contains oval-shaped millimeter-sized rice grains. The 284 
second one is egg porridge, which contains not only rice grains but also egg flowers. The last one 285 

 

FIGURE 5 Measurement results of the rice porridge: (a) Bulk-averaged shear stress 𝜏̅ as a 
function of the bulk-averaged shear rate 𝛾̅̇, (b) and (c) comparison of the consistency 𝐾෡ and 
the power law exponent 𝑛ො 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 𝑛ො = 𝑛. The horizontal error bars indicate three times the standard deviations in the VPAR 
evaluation. 

 



is bean porridge, which contains red beans as ingredients with a volume fraction of several percent. 286 
The porridge was filled in the experimental setup as shown in Fig. 1(a) with the temperature kept 287 
at 25oC. The outer cylinder was rotated from Ω = 2 rpm, 5 rpm to 30 rpm by 5 rpm increment, 288 
and from Ω = 30 rpm  to 50 rpm by 10 rpm increment. The flow curves of the porridge 289 
evaluated by the wide-gap torque-type rheometer are shown in Fig. 5(a). The correction factor 290 
𝑘 = 1.15 identified in Sec. 4.1 was used for the analysis. The solid lines show the power law 291 
fitting results based on the least squares method. The flow curves of the porridge are confirmed 292 
to follow the power law model. The plain porridge is the most viscous, the bean porridge is the 293 
second, and the egg porridge has the lowest viscosity. 294 

   The same porridge was also measured by VPAR previously [42], and they were also well 295 
characterized by the power law model. The consistency 𝐾෡  and the power law exponent 𝑛ො 296 
identified from the flow curves in Fig. 5(a) with Eq. 14 are summarized in Fig. 5(b) and (c) in 297 
comparison with those obtained from the flow curves measured by VPAR, 𝐾 and 𝑛. The solid 298 
lines indicate where 𝐾෡ = 𝐾 and 𝑛ො = 𝑛, and all the plots are confirmed to be closely arranged 299 
on these lines. The porridge has the shear-thinning property of 𝑛 = 0.3 − 0.4, the consistency 𝐾෡ 300 
is evaluated to be smaller than 𝐾 as described in Sec. 3. The maximum deviation is 𝐾෡/𝐾 = 0.66 301 
in the egg porridge. This error may be not negligible when an objective of the rheological 302 
measurement is to accurately predict, for example, industrial pipeline flows, but it is considered 303 
to be within an acceptable range when an objective is to categorize fluid foods into several groups, 304 
for example into 3 or 4 groups regarding each 𝐾 and 𝑛 . When conducting rheological 305 
measurements of suspensions, it is crucial to address the spatial uniformity of the solid particle 306 
distribution. In the measurement by VPAR, it is generally possible to obtain a flow curve under a 307 
given condition of the outer cylinder’s rotational speed Ω. This is because VPAR allows for a 308 
spatial distribution of shear rates within the gap and enables the local evaluation of shear stress at 309 
each radial position. In the previous study, VPAR was applied under different rotational speed Ω 310 
conditions and confirmed that the obtained multiple flow curves overlapped [42]. Consequently, 311 
this indicates the presence of a fluid with identical rheological properties across the radial 312 
direction, implying that the rice grains are uniformly dispersed within the gap. As the densities of 313 
the rice grains and the continuous phase are expected to differ slightly, prolonged measurements 314 
would likely cause the rice grains to move toward either the inner or outer cylinder due to 315 
additional forces even the densities are the same. However, as mentioned above, the rice grains 316 
are considered to be uniformly dispersed in the gap during the present measurements. This is 317 
likely because the starch solution, which serves as the continuous phase, exhibits extremely high 318 
viscosity, generating sufficient viscous stress to suppress the radial movement of the rice grains. 319 

Finally, a brief discussion on the obtained rheological parameters is provided. The porridge 320 
can be regarded as a suspension in which rice grains, considered as ellipsoidal solid particles, are 321 
dispersed in a shear-thinning starch solution. In the present study, the degree of shear-thinning 322 
behavior of the porridge was evaluated approximately 𝑛 = 0.3 − 0.4 , which is significantly 323 
smaller than the value typically observed for starch solutions alone [50]. It is known that 324 
suspensions of dispersed ellipsoidal particles can exhibit additional shear-thinning behavior even 325 
when the continuous phase is a Newtonian fluid [51, 52]. The presence of dispersed rice grains is 326 
therefore considered to enhance the effective shear-thinning behavior synergistically with the 327 
inherent shear-thinning nature of the starch solution. There still remain many unresolved aspects 328 
regarding the suspension rheology of ellipsoidal particles in non-Newtonian fluids, making this 329 
an important future research direction. 330 

 331 

5 LIMITATIONS OF THE RHEOMETRY 332 

Limitations and precautions in use of the wide-gap torque-type rheometer are finally denoted in 333 
aspects of a slip property, dispersion size, and measurable range of the shear stress and shear rate. 334 
Regarding the slip property firstly, the non-slip boundary conditions are assumed in the derivation 335 
of Eq. 4. If a slip flow occurs on the inner or outer cylinder surface, the actual deformation applied 336 



to the test fluid is smaller than that estimated by Eq. 6, which leads to inaccuracy of the obtained 337 
apparent flow curve. Occurrence of wall slip causes a relative velocity between the cylinder 338 
surface and the test fluid around it, and it is relatively easy to know whether the slip occurs or not. 339 
For example, as the cylindrical vessel is made of acrylic resin, the porridge adhering to the wall 340 
can be observed from outside the cylinder. By making a point or a line on the outer cylinder wall 341 
in advance, it can be evaluated whether the relative motion occurs between the porridge and the 342 
outer cylinder wall when it is rotated. If the slip occurs, it is effective to make the cylinder surface 343 
rough as is often done in standard torque-type rheometers. Regarding the dispersion size, it needs 344 
to be one-tenth or less of the gap size in order to evaluate the effective viscosity of the test fluid 345 
as a bulk. If the dispersion size is larger than this limitation, the friction between the dispersion 346 
and the cylinder surface becomes dominant, and the abnormal viscosity is detected as is also 347 
observed in the measurement by a standard torque-type rheometer [20, 21]. Making the gap size 348 
too large, on the other hand, lead to uncertainty for evaluating a shear-thinning fluid, as pointed 349 
out in Sec. 3. It is therefore required to narrow the gap size while fully satisfying the one-tenth 350 
limitation. The gap size also affects the measurable range of the shear stress and shear rate. 351 
Assuming the minimum and maximum angular rotation speed of the outer cylinder are Ω୫୧୬ and 352 
Ω୫ୟ୶, the measurable shear rate range is given as 353 
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4𝑅୧

ଶ𝑅୭
ଶΩ୫୧୬

(𝑅୭
ଶ − 𝑅୧

ଶ)ଶ
ln ൬

𝑅୭

𝑅୧
൰, (15) 

𝛾̅̇୫ୟ୶ =
4𝑅୧

ଶ𝑅୭
ଶΩ୫ୟ୶

(𝑅୭
ଶ − 𝑅୧

ଶ)ଶ
ln ൬

𝑅୭

𝑅୧
൰. (16) 

Tentatively substituting Ω୫୧୬ = 2 rpm and Ω୫୧୬ = 60 rpm, which are determined by the spec 354 
of the stepping motor used in the current setup, the shear rate range is from 𝛾̅̇୫୧୬ = 0.2 sିଵ to 355 
𝛾̅̇୫ୟ୶ = 6.5 sିଵ. The range with this rheometry is at most one order of magnitude, which is much 356 
narrower than a standard torque-type rheometer. Note that the ratio of Eqs. 15 and 16 is 357 
Ω୫୧୬/Ω୫ୟ୶, which does not depend on the geometry. The range of the measurable shear rates is 358 
therefore determined by the minimum and maximum rotation speed of the motor. The measurable 359 
range of the shear stress is determined by the minimum torque 𝑇୫୧୬ and the maximum torque 360 
𝑇୫ୟ୶ measured by the axial torque sensor, 361 
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Substituting 𝑇୫୧୬ = 0.5 × 10ିସ Nm and 𝑇୫ୟ୶ = 0.5 Nm, which is determined by the spec of 362 
the torque sensor, the measurable shear stress range is from 𝜏̅୫୧୬ = 1.3 × 10ିଶ Pa to 𝜏̅୫ୟ୶ =363 
1.3 × 10ଶ Pa. The geometry and spec of the used torque sensor have to be chosen so that the 364 
measurable range of the shear stress and shear rate can cover the target measurement range. 365 
Finally, attention is also required regarding the correction factor 𝑘 . In this study, it was 366 
determined using a Newtonian fluid, specifically silicone oil. In the analysis of the wide-gap 367 
torque-type rheometer, the velocity distribution within the gap is first derived under the 368 
assumption of a Newtonian fluid. The effective viscosity of a non-Newtonian fluid is then 369 
evaluated using the relationship between the controlled rotational speed and the measured axial 370 
torque as mentioned in Sec. 2. Therefore, the correction factor is strictly valid only for Newtonian 371 
fluids. Even considering this issue, Sec. 4.3 demonstrates that the wide-gap torque-type rheometer 372 
is effective in evaluating the shear-rate-dependent viscosity of fluid foods containing millimeter-373 
sized ingredients. However, it is more effective to mount a stepped disk independent of the inner 374 
cylinder to block the shear flow propagating from the bottom surface of the outer cylinder to that 375 
of the inner cylinder [42], which was employed for the measurement of the CMC solution in 376 
Sec. 4.2. 377 



 378 

6 SUMMARY 379 

In this paper, efficacy of the wide-gap torque-type rheometer for evaluating shear-rate-dependent 380 
viscosity of heterogeneous fluid foods was examined in both numerical and experimental aspects. 381 
Based on the velocity profile of a Newtonian fluid in the double concentric cylinders, the bulk-382 
averaged shear stress 𝜏̅ and shear rate 𝛾̅̇ are evaluated from the axial torque acting on the inner 383 
cylinder 𝑇 and the angular rotation speed of the outer cylinder Ω. Gradually increasing Ω and 384 
measuring 𝑇, the apparent flow curve 𝜏̅(𝛾̅̇) is obtained. In the numerical validation, the wide-385 
gap rheometry was applied to a shear-thinning fluid, which obeys the power law model. The 386 
obtained apparent flow curves under different combinations of the consistency and the power law 387 
exponent are confirmed to be linear in the log-log scale graph. The evaluated power law exponents 388 
of the apparent flow curves show good correspondence with the original values, while the 389 
consistencies evaluated from the apparent flow curves are estimated lower than the original values 390 
as the degree of shear-thinning increases. This deviation can be suppressed by decreasing the 391 
radius of the outer cylinder, it is therefore important to optimize the geometry while satisfying the 392 
gap size is at least ten times larger than the dispersion size to ensure the fluid is homogeneous at 393 
that scale. In experimental aspects, three kinds of test fluids were examined; silicone oil as a 394 
Newtonian fluid, carboxymethyl cellulose (CMC) aqueous solution as a typical shear-thinning 395 
fluid, and rice porridge as spatially heterogeneous non-Newtonian fluids. The flow curves of the 396 
silicone oil and the CMC solution are confirmed to well match those evaluated by a standard 397 
torque-type rheometer. In addition, the consistency and the power law exponent of the porridge 398 
evaluated by the wide-gap torque-type rheometer also have good agreements with those obtained 399 
by the velocity-profiling-assisted rheometry. Through these numerical and experimental 400 
validations, it was reinforced that the wide-gap torque-type rheometer is a practical method to 401 
evaluate shear-rate-dependent viscosity of heterogeneous fluids, as long as the non-slip condition 402 
and the dispersion size restriction are satisfied. 403 
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