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The rheological characterization of mineral slurries is a complex task, 
especially in the presence of coarse particles with high specific gravity, 
such as hematite. In laboratory rotational rheometers (LRRs), entrance 
effects, particle settling, and Taylor vortices can jeopardize the accuracy 
of the results. This paper presents a new methodology for the 
rheological characterization of mineral slurries in tubular devices and 
the Principle of Maximum Entropy (PME) supports this new approach. 
Iron ore slurries were prepared at mass concentrations of 36.8 % and 
43.6 % solids and subjected to rheological characterization in LRR and 
a pumping loop tubular device (PLTD). The results from LRR revealed 
shear-thickening behavior for the slurries; whereas the results from 
PLTD, associated with entropic equations for the friction factor and shear rate, revealed shear-thinning behavior (at low shear rates) and 
shear-thickening behavior (at high rates). The results from LRR plus PLTD were plotted in a single rheogram, and curve fitting was 
accomplished by the power law model (R2 = 0.995), indicating an overall shear-thickening behavior. PME proved to be capable of 
supporting the rheological characterization of mineral slurries at shear rates above 1500 s–1 in PLTD, complementing the results obtained 
by LRR.
Keywords: rheometry, mineral slurries, the principle of maximum entropy

1. Introduction
Ores are often beneficiated in the form of slurries, which 

are subjected to different unit operations of mineral pro-
cessing. Consequently, concentrates and tailings are also 
yielded as particulate suspensions, which are classified as 
pseudo-homogeneous fluids and exhibit complex rheologi-
cal behavior (Kawatra and Bakshi, 1995). Thus, the rheol-
ogy of mineral slurries is of vital importance for determining 
the operating conditions of flow (flow velocity and head 
loss), for the design and selection of pipelines and pumps, 
and for estimating energy consumption (Whiten et al., 
1993).

The rheological characterization of mineral slurries pres-
ents many challenges, especially when performed in rota-
tional rheometers and in the presence of coarse particles 
with high specific gravity. Under these conditions, wall 
slipping effects (Mooney, 1931; Senapati and Mishra, 
2014), particle settling (Kawatra and Bakshi, 1996; Klein 

and Laskowski, 2000), centrifugal force (Mezger, 2020), 
and Taylor vortices (Pereira and Soares, 2012; Shi, 2016) 
recur. Such effects isolated or associated, can significantly 
jeopardize the accuracy of measurements. Therefore, an 
alternative to rotational and tube-capillary devices would 
be a tubular apparatus (test-loop experimental facility) that 
reproduces real flow conditions, i.e., turbulent flows, with 
high shear rates in rough pipes of larger diameters.

From an experimental perspective, previously existing 
challenges can be overcome with tubular devices of the 
pumping loop type. However, there is a gap in the literature 
regarding the determination of shear rate for turbulent  
flow of non-Newtonian fluids, since the established  
Rabinowitsch–Mooney model was developed for the lami-
nar regime (Chilton and Stainsby, 1998; Chhabra and 
Richardson, 1999). Thus, the objective of this work is to 
present and propose a new methodology, based on the 
Principle of Maximum Entropy (PME), for shear rate and 
apparent viscosity determination of mineral slurries in 
pumping loop tubular devices (PLTD) because they can 
operate under experimental conditions that are closer to the 
reality of flow in pipes. The model used in this work for 
shear rate was obtained from the entropic velocity distribu-
tion maintained by Chiu et al. (1993) and developed for 
flow in tubes, which is applicable to Newtonian and 
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non-Newtonian fluids in laminar and turbulent regimes, 
regardless of tube roughness (Louzada et al., 2021).

1.2 Theoretical background
Rheology is classically defined as the science that stud-

ies the flow and deformation of matter under the action of 
external forces (Slatter, 2000). The rheological behavior of 
a fluid is described by the functional relationships between 
shear stress and shear rate or between viscosity and shear 
rate, which are governed by constitutive rheological equa-
tions (Peker and Helvaci, 2007).

Laboratory rotational rheometers (LRRs) were designed 
based on the dynamics of circular movements. In these de-
vices, the torque is determined as a function of the angular 
velocity applied to the sensor in contact with the fluid. 
Stress and shear rate are calculated from the torque and 
angular velocity, respectively, through specific correlations 
for each sensor. LRR are classified according to sensor ge-
ometry into concentric cylinders, cone plates, parallel 
plates, vanes, and Mooney–Ewart (Barnes et al., 1989; 
Boger, 2009; Kelessidis and Maglione, 2008).

The most widely used rotational device is the concentric 
cylinder type, in which the fluid is confined in the annular 
space between the inner and outer cylinders. In the Searle 
system, the outer cylinder remains at rest, while the inner 
cylinder rotates. High rotational speeds can cause centrifu-
gal force effects, secondary flows, and Taylor vortices, 
which can jeopardize the accuracy of the measurements 
(Mezger, 2020; Shi, 2016). Eqns. (1) and (2) allow the 
calculation of the shear rate (γ�   
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The flow conditions in a concentric cylinder-type device 
operating in the Searle system can be determined from the 
Taylor number (Ta), defined according to Eqn. (3) (Shi, 
2016). Therefore, according to the magnitude of the Taylor 
number, the following flow regimes are defined (Shi, 
2016): i) laminar if Ta < 41.3; ii) laminar as vortices begin 
to appear when 41.3 < Ta < 400; iii) Turbulent for Ta > 400.
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Tubular rheometers are devices of simple design, essen-
tially built with circular tubes and equipped with a pump-
ing system, flow, and pressure meters (Fangary et al., 1997; 
Giguère et al., 2009). The rheological characterization 
performed in these devices is called an inverse problem in 
rheology, in which the shear stress (τw) and shear rate (
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are determined from the pressure gradient (ΔP/L) and mean 

velocity of fluid flow (u   
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), according to Eqns. (4) and (5), 
respectively (Boger, 2009; Ma et al., 2012).
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Eqn. (4) is used for any type of fluid regardless of the 
flow regime. On the other hand, Eqn. (5) is applied only to 
fluids with Newtonian behavior and laminar flow regime. 
For fluids with non-Newtonian behavior and laminar flows, 
the shear rate can be determined from the Rabinowitsch–
Mooney model, as expressed by Eqn. (6). In this model, 
the correction factor n’ is determined from the shear stress, 
mean velocity flow, and pipe diameter, according to 
Eqn. (7) (Chhabra and Richardson, 1999; Kitanovski et al., 
2005; Lu and Zhang, 2002; Metzner and Reed, 1955).
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1.2.1 The principle of maximum entropy (PME)
The term entropy is not restricted to the thermodynamic 

state function. In the context of information theory, entropy 
is a measure of information or uncertainty about a given 
variable (Singh et al., 2017). For continuous random vari-
ables, Claude Shannon defined the entropy of a variable (u) 
according to Eqn. (8) (Chiu, 1989), where f(u) is the prob-
ability density function of u.
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In his work, Chiu (1987) applied PME to hydraulic engi-
neering, developing physically consistent models for ve-
locity distributions, shear stress, and sediment concentration 
in open channels. The application of PME to fluid flow es-
sentially consists of determining velocity entropy from 
Eqn. (8) and maximizing it based on Lagrange multipliers 
(Singh, 2014). PME and the maximization technique were 
applied by Chiu et al. (1993) to obtain velocity distribu-
tions for flows in tubes, defined by Eqn. (9) and applicable 
to fluids with Newtonian and non-Newtonian behaviors, 
regardless of the flow regime and roughness of the tube.
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Eqn. (10) correlates the entropic shear rate, w(E)
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as the velocity gradient in the wall, with the entropic pa-
rameter (M), mean flow velocity (u   
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), and tube internal di-
ameter (D) (Louzada et al., 2021).
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Once obtained from a universal velocity distribution, 
Eqn. (10) allows the determination of the shear rate for any 
type of fluid, in the laminar or turbulent regime, and regard-
less of tube roughness. The literature also reports a model 
for the friction factor expressed as a function of the appar-
ent Reynolds number (Rea) and the entropy parameter (M), 
as shown in Eqn. (11) (Souza and Moraes, 2017).
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In a more recent contribution, Louzada et al. (2021) 
proposed a model for the entropic friction factor, defined 
only as a function of the entropy parameter, according to 
Eqn. (12).
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In the present work, Eqn. (12) is used to determine pa-
rameter M, using friction factor values obtained previously 
from the experimental data of the pressure gradient (ΔP/L) 
and mean flow velocity ( )u   
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 resorting to the Darcy– 
Weissbach equation (Eqn. (13)).
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The apparent viscosity (η) is calculated from the well-
known Eqn. (14).
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2. Materials and methods
2.1 Technological characterization of iron ore

The mining company Vale SA provided the iron ore 
sample used in this work. It comes from Carajás, Pará, 
Brazil. The technological characterization of the ore con-
sisted of determining its mineralogical composition, chem-
ical composition, particle size distribution, and specific 
gravity. The mineralogy was determined by X-ray diffrac-
tion (X’Pert Diffractometer, Philips 1997), in which the 
following minerals were identified: hematite, goethite, 
quartz, and magnetite. The chemical composition of the ore 
by X-ray fluorescence (Malvern Panalytical–Zetium 
Model) is shown in Table 1. Results on particle size distri-
bution by laser diffraction (Mastersizer 2000–Malvern 
Instruments Ltd) are reported in Table 2. The specific 
gravity (4805 kg/m3) of the iron ore was determined by gas 
pycnometry (Quantachrome pycnometer) using a cell with 
a volume of 150.87 cm3. The measurement was performed 
at 21.8 °C by using nitrogen.

2.2 Rotational rheometry
Rotational rheometry experiments were conducted in an 

Anton Paar MCR 92 rheometer equipped with the Rheo-
CompassTM software and operating on the Searle system. 
In this study, a Mooney–Ewart-type sensor (CC39) was 
used. The diameters of the inner and outer cylinders are 
38.716 mm and 42.010 mm, respectively. The height of the 
inner cylinder corresponds to 60.014 mm, and the angle of 
the conical surface is 120°.

The experiments were carried out with slurries prepared 
at concentrations of 36.8 % and 43.6 % of solids (mass 
basis), and the shear rate values were kept in the range of 
50 s–1 and 1450 s–1. The specific gravities of the slurries 
were: 1363.2 kg/m3 and 1483.7 kg/m3 for solid concentra-
tions of 36.8 % and 43.6 %, respectively. The experiments 
were carried out after a previous stirring step for 120 sec-
onds, at a shear rate of 1450 s–1, in order to keep the parti-
cles suspended and mitigate the sedimentation effect. Once 
the 120 second stirring time elapsed, the shear rate was 
gradually reduced from 1450 s–1 to the final value of 50 s–1. 
The experimental results were submitted to curve fitting 
using the Power Law and Tscheuschner rheological models 
(Tozzi and Hartt, 2021).

2.3 Tubular rheometry
A tubular device constructed with a pipe with an internal 

diameter of 76.2 mm was used in the tubular rheometry 
tests (Fig. 1). Horizontal sections of the pipeline were 
constructed in perspex sections to allow flow visualization. 
The experimental apparatus consists of a tank, a pump, and 
a pipeline endowed with flow and pressure sensors. The 
tank has a usable volume of 1 m3, and is equipped with a 
stirrer driven by a 6 HP WEG electric motor controlled by 

Table 1 Chemical analysis of the iron ore.

Elements Grade (%)

Fe 64.3

SiO2 2.50

Al2O3 1.50

P 0.077

Mn 0.22

TiO2 0.13

CaO <0.10

MgO <0.10

LOI 3.44

Table 2 Size analysis of the iron ore.

d3,2 (μm) d10 (μm) d50 (μm) d90 (μm)
4.37 1.55 21.54 76.25
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a frequency inverter (WEG–CFW 500). The slurry was 
transported by a Warman centrifugal pump, model 4/3C-
AH, driven by a 22 kW WEG W22 electric motor at a 
nominal speed of 1765 rpm, and controlled by a WEG fre-
quency inverter, model CFW700. Pressure transducers 
(Siemens) and flow meters (Krohne Connaut) provided 
data regarding pressure drop and volumetric flow. The 
process variables were monitored and stored using a data 
acquisition system equipped with a digital indicator (DMY-
2015 model) and VR2000 software version 3.3, both man-
ufactured by Presys.

The experimental procedure consisted of hydraulic 
transport, in a closed circuit, of the slurries prepared at the 
same solid concentrations as in the rotational rheometry 
tests. The pressure differences (ΔP) corresponding to the 
operating volumetric flows (Q) were measured.

From these experimental data, the friction factor was 
calculated from the Darcy–Weisbach equation. Shear stress 
(τw), entropic shear rate ( w(E)

γ�   

 

(24) 

 

 

  

), apparent Reynolds number 
(Rea), parameter M, and apparent viscosity (η), were deter-
mined using Eqns. (4), (10), (11), (12), and (14), respec-
tively.

3. Results and discussion
3.1 Rotational rheometry

The results of the shear stress as a function of shear rate, 
obtained by rotational rheometry, are shown in Fig. 2.

All suspensions behaved as shear-thickening fluids, with 
viscosity increasing with the increase in the shear rate, as 
observed in Fig. 3.

Furthermore, for the same shear rate, the slurry viscosity 
increases with increasing solids concentration. The behav-
ior indices (n) referring to the suspensions with 36.8 % and 
43.6 % solids showed values of 1.532 and 1.493, respec-
tively, as shown in Table 3, corroborating the shear- 
thickening behavior. According to Brown and Jaeger (2014), 

when the behavior index (n) reveals values between 1 and 
2, the fluid is classified as continuous shear thickening.

The experimental data were also adjusted using the 
Tscheuschner model, as shown in Table 4. The Bingham 
model was not used because it is inadequate to fit experi-
mental data that follow nonlinear behavior at lower shear 
rates (Boger, 2009; Slatter, 2000).

Inertial effects and the possible occurrence of Taylor 
vortices were also investigated in rotational rheometry ex-
periments. The peripheral velocity of the sensor was  
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Fig. 2 Shear stress as a function of the shear rate, obtained by rota-
tional rheometry.
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Fig. 1 Test-loop experimental facility.

Table 3 Power Law rheological model for iron ore slurries.

Cm/m (%) Power Law model R2

36.8 4 1.532
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calculated from the rotation values provided by the 
RheoCompass software. Fig. 4 presents the Taylor number 
values as a function of the shear rate for the studied iron ore 
suspensions. The results depicted in Fig. 4 show that the 
values of the Taylor number (Ta) for the two suspensions 
(36.8 % solids versus 43.6 % solids) are very close due to 
the fact that they were obtained at the same speeds and with 
the same sensors. Furthermore, the specific gravities of the 
suspensions were not so distinct: 1363.25 kg/m3 versus 
1483.71 kg/m3. The results also reveal that the magnitude 
of Ta exhibited values between 41 and 400, except for a 
shear rate lower than 100 s–1. For this reason, in the exper-
imental conditions investigated, the flow regime was lami-
nar in the presence of Taylor vortices, according to the 
criterion presented by Shi (2016). Regarding Fig. 4, it is 
observed that the magnitude of Ta decreases sharply for 
shear rates lower than 500 s–1, where particle settling may 
occur. Therefore, the values of Ta obtained in this range 
may be inaccurate. Therefore, to prove the possible occur-
rence of flow instabilities and vortices, the conditions de-
fined for the beginning of the vortex formation were 
applied. These results demonstrate the challenge of charac-
terizing the rheology of mineral slurries consisting of 
coarse or “dense” particles in rotational devices. High 
shear rates allow the suspension of particles but favor the 
occurrence of centrifugal force, secondary flows, Taylor 
vortices, and turbulence. Conversely, lower shear rates 
guarantee laminar flows but do not prevent particle sedi-
mentation.

3.2 Tubular rheometry
3.2.1 Flow curves

The results of the pressure gradient as a function of the 
mean flow velocity for iron ore slurries are presented in 
Fig. 5 and show that the pressure gradient decreases as the 
mean flow velocity is reduced.

The characteristic behavior of the curves shown in Fig. 5 
indicates that the particles remained suspended throughout 
the experiment. If there were sedimentation and formation 
of a bed of particles on the lower parts of the tube (bottom), 
there would be an increase in the pressure gradient due to 
the reduction of the sectional area of the tube available for 
fluid flow.

3.2.2 Friction factor, entropy parameter (M) and 
Reynolds number

Fig. 6 presents the values of the friction factor as a  

Table 4 Rheological model of Tscheuschner for iron ore slurries.

Cm/m (%) Tscheuschner model R2

36.8 0.99

 = 0.16+0.27 0.28τ γ γ
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43.6 0.99
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function of the Reynolds number for the flow of iron ore 
suspensions. The results show that the lowest Reynolds 
numbers for suspensions at 36.8 % and 43.6 % of solids 
were 14,170.2 and 14,780.9, respectively, indicating turbu-
lent flow.

In addition to being a modeling parameter of the velocity 
profile, the entropy parameter (M), like the Reynolds num-
ber, also indicates the degree of turbulence experienced by 
a flow. As such, for laminar regime M = 0 and for turbulent 
regime M > 0 (Chiu et al., 1993; Souza and Moraes, 2017). 
Therefore, the friction factor is also presented as a function 
of the entropy parameter in Fig. 7.

The lowest values of M were 3.58 and 3.62, correspond-
ing to slurries with 36.8 % and 43.6 % of solids, respec-
tively, corroborating the state of turbulence indicated by the 
magnitude of the Reynolds numbers (Fig. 6). A realistic 
rheological characterization of particulate systems requires 
that the particles be homogeneously suspended in the car-
rier fluid. Flows with beds of sedimented particles reveal 
the co-existence of “different fluids” because of the differ-
ent concentrations of solids along the cross-section of the 
tube.

3.2.3 Rheograms
The results of shear stress as a function of shear rate for 

the iron ore slurries are shown in Fig. 8. For the slurry at 
36.8 % solids (mass basis), the lowest and highest shear 
rates were 739.86 s–1 and 2373.24 s–1, respectively. In rela-
tion to the suspension prepared at a solids concentration of 
43.6 %, the lowest and highest rates were 766.05 s–1 and 
2236.68 s–1, respectively. In this way, it is verified that the 
tubular device allows for much higher shear rates than 
those obtained from the laboratory Anton Paar rotational 
rheometer.

The Power Law model was fitted to the rheological 
curves presented in Fig. 8, and the consistency (K) and be-

havior (n) indices are reported in Table 5. The magnitudes 
of (n) revealed that the iron ore slurries behaved as 
shear-thinning fluids in the intervals that included the low-
est shear rates (n < 1.0) and shear-thickening in the inter-
vals that comprised the highest rates (n > 1.0), in the two 
solid concentrations investigated. Shear-thickening behav-
ior is classified as continuous because the viscosity in-
creases smoothly with increasing shear rate and the 
magnitude of n is between 1 and 2 (Brown and Jaeger, 
2014).

Fig. 9 presents the results of the apparent viscosity as a 
function of shear rate, in which a reduction of the apparent 
viscosity is verified in the three lowest rates (shear-thinning 
behavior) and an increase in the others (shear-thickening 
behavior). For particulate suspensions (slurries), both 
shear-thinning and shear-thickening behavior observed at 
low and high shear rates have been reported (Brown and 
Jaeger, 2014; Stickel and Powell, 2005).

Shear-thinning behavior at lower rates may have been 
caused by the stratification of particles arranged in layers 
oriented in the direction of flow (Gürgen et al., 2017). This 
flow condition was identified in the work of Souza Pinto et 
al. (2014), who performed pumping experiments with slur-
ries of hematite, quartz, and apatite in devices with internal 
diameters of 25.4 mm and 50.8 mm. Sampling the flows in 
three sections of the pipe concluded that, for the three  
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Fig. 7 Friction factor as a function of the entropy parameter.
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Fig. 8 Shear stress as a function of the shear rate for iron ore slurries.

Table 5 Fitting parameters of the Power Law rheological model 
(R2 = 0.99) applied to the rheograms obtained from tubular rheometry.

Cm/m (%) Shear rate (s–1) K (Pa·sn) n

43.6 766.05–1038.54 0.065 0.69

43.6 1038.54–2236.68 5.76 × 10–4 1.36

36.8 739.86–1004.65 0.049 0.78

36.8 1004.65–2373.24 7.43 × 10–4 1.32
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minerals studied, more than 60 % of the mass of solids was 
contained in the lower section of the pipes. On the other 
hand, the shear-thickening behavior may be due to the for-
mation of particle agglomerates, called hydro clusters, and 
the hydrodynamic lubrication effects between particles at 
high shear rates (Salunkhe et al., 2018).

Hydroclusters are particle agglomerates that exhibit 
greater resistance to flow. Regarding the formation of hy-
droclusters, Seto et al. (2013) argued that in pipe flow, 
particles are “pushed” along a “compression axis”. This 
effect is intensified when high shear rates are applied, thus 
decreasing the distance between particles. The particles 
agglomerates that may form as they approach will offer 
greater resistance to flow. In addition to the lubrication ef-
fect, friction between the rough surfaces of the particles 
may occur, which promotes an increase in viscosity (Seto 
et al., 2013).

In addition to the aforementioned effects, turbulence in-
fluences the rheological behavior of suspensions. Fox et al. 
(2006) defined turbulence as a phenomenon that is almost 
always undesirable because it creates greater resistance to 
flow, thus contributing to an increase in the apparent vis-
cosity of the fluid. In this type of flow, random fluctuations 
in velocity are responsible for Reynolds stresses, which are 
associated with the high kinetic energy of the flow 
(Groisman and Steinberg, 2000) and act in the transfer of 
momentum between adjacent layers of fluid (Fox et al., 
2006). Vortices in turbulent flows increase energy dissipa-
tion and the local shear rate in the fluid (Brown and Jaeger, 
2014). Turbulence can also contribute to shear-thickening 
behavior because of the disorderly and chaotic movement 
of fluid elements, which obviously increases the probabil-
ity of contact and friction between particles. Therefore, in 
the present study, the shear-thickening behavior of the sus-
pensions may have been caused by the concomitant action 

of interactions between particles (collision, friction and lu-
brication) and turbulence.

3.3 Tubular rheometry versus rotational 
rheometry

The results of rotational and tubular rheometry for the 
iron ore slurries were presented concomitantly in a single 
curve, called in this study as “universal rheograms”, which 
comprise a very wide range of shear rates. The rheological 
curves corresponding to the slurry at 36.8 % solids 
(Figs. 10 and 11) were based on shear rate values between 
50.01 s–1 and 2,373.24 s–1. For the slurry bearing 43.6 % 
solids, the shear rate values ranged from 50.01 s–1 to 
2,236.68 s–1, as shown in Figs. 12 and 13.

Satisfactory adjustment of all results by the Power Law 
model (R2 = 0.995) indicates shear-thickening behavior. In 
all the results presented in Figs. 10, 11, 12, and 13, there is 
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Fig. 9 Apparent viscosity as a function of the shear rate for iron ore 
slurries.
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Fig. 10 Shear stress as a function of shear rate obtained by rotational 
and tubular rheometry for iron ore suspension at 36.8 % solids.

0 500 1000 1500 2000 2500
0

2

4

6

8

10

12

 Rotational Rheometer
 Tubular Device

   Cm/m = 36.8%

A
pp

ar
en

t V
isc

os
ity

 (P
a∙

s×
10

−3
)

Shear Rate (s-1)

Fig. 11 Apparent viscosity as a function of the shear rate, measured by 
rotational and tubular rheometry.
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a divergence between the rotational and tubular rheometry 
data within a narrow range of shear rates: from 750 s–1 to 
1000 s–1.

The characteristics of the flow curves shown in Fig. 5 do 
not indicate sedimentation or the formation of a bed of 
particles in the tube.

However, stratification of particles in the flow may have 
occurred, which may have caused shear-thinning behavior 
for values of 

w

γ�   

 

(22) 

 

 

  

 within the narrow range of 750 s–1 and 
1000 s–1.

4. Conclusions
This work presents and proposes a novel methodology to 

investigate the rheology of iron ore slurries at two solid 
concentrations (36.8 % and 43.6 %) via tubular rheometry 
using the Principle of Maximum Entropy, which provides 
physically consistent mathematical models that meet the 

actual features of flow conditions in pipes, such as: typical 
turbulence levels, high shear rates, and pipe roughness. The 
results of mean flow velocity and pressure gradient ob-
tained from simple pumping loop tests allowed the calcula-
tion of the friction factor, entropy parameter, apparent 
viscosity of the slurries, and Reynolds number by applying 
a previously developed model (Louzada et al., 2021). In 
this way, it was possible to obtain rheograms under shear 
rates closer to industrial reality (γ�   

 

(21) 

 

 

  

 > 1000 s–1). In addition, 
the results obtained from experiments conducted in a labo-
ratory rotational rheometer, under shear rates lower than 
1450 s–1, were complemented by those yielded by tubular 
rheometry at higher shear rates (γ�   

 

(21) 

 

 

  

 ≥ 766 s–1), since both 
sets of points were satisfactorily adjusted by the Power 
Law model in a single curve (R2 = 0.995). The rheogram 
obtained from both complementary techniques was named 
“universal rheogram” and indicated that the iron ore slur-
ries behaved as shear-thickening fluids (n > 1). However, 
within a narrow range of shear rate (750 s–1 < γ�   

 

(21) 

 

 

  

 < 1000 s–1), 
three points (γ�   

 

(21) 

 

 

  

, τ) obtained from tubular rheometry devi-
ated from the “universal rheogram”, showing shear-thinning  
behavior for the slurry flow. Because the stratification of 
particles in the pipes may promote fluid shear-thinning be-
havior, a lack of turbulence in the piping system operating 
at its lowest shear rates (γ�   

 

(21) 

 

 

  

 < 1000 s–1) could explain the 
deviating results. Thus, the range of 750 s–1 < γ�   

 

(21) 

 

 

  

 < 1000 s–1 
is too high to be applied in laboratory rotational rheome-
ters, due to the occurrence of Taylor vortices, and too low 
to create enough turbulence to promote adequate particle 
suspension in pumping loop tubular devices. This is a lim-
itation posed by the novel methodology proposed in this 
paper.
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Nomenclature
PME Principle of Maximum Entropy
CL Correction factor (-)
D Internal diameter of the tube (m)
fE Entropic friction factor (-)
f(u) The probability density function of the velocity
H(u) Entropy of the velocity
K The consistency of Power Law model (Pa·sn)
L Length (m)
M Entropy parameter, defined as the product of the max-

imum flow velocity by the second Lagrange multiplier 
(-)

n′ Correction factor of the Rabinowitsch–Mooney model 
(-)

ΔP Pressure drop (Pa)
r Radial distance (m)
R Inner radius of the tube (m)
Re Radius of the outer cylinder (m)
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Fig. 12 Shear stress as a function of the shear rate, measured by rota-
tional and tubular rheometry.
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Fig. 13 Apparent viscosity as a function of the shear rate, measured by 
rotational and tubular rheometry.
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Rea Apparent Reynolds number (-)
Ri Radius of the inner cylinder (m)
T Torque (N m)
Ta Taylor number (-)
u Velocity (m/s)
ū Mean flow velocity (m/s)
uE(r) Entropic velocity distribution (m/s)
uci Peripheral velocity of the inner cylinder (m/s)
umax Maximum flow velocity at the tube center (m/s)
γ�   

 

[41] 

 

 Entropic shear rate (-)
δ Ratio between the radii of the outer and inner cylinders 

(-)
η Apparent viscosity (Pa·s)
ρ Density (kg m–3)
τ Shear stress (Pa)
τ0 Yield stress (Pa)
τw Wall shear stress (Pa)
ω Angular velocity (s–1)

Data Availability Statement
Rheology and flow data for iron ore slurries (depicted in 

Figs. 2–13) are available publicly in J-STAGE Data   
(https://doi.org/10.50931/data.kona.25532392).
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