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ABSTRACT  
Measurement of flow properties of 

settling suspensions is of importance to the 
oil service industry. This is particularly true 
for the hydraulic fracturing process where 
the rheological influence of particle settling 
affects the design factors of the fracturing 
processes. As a practical matter it is of 
interest to obtain reliable rheological data 
for these slurries for conditions 
representative of those found in the 
fracturing process, including the influence of 
wellbore travel. A significant problem faced 
in the design of a suitable rheometer for 
settling slurries is that the slurries are 
typically heterogeneous and settling in 
nature. Many existing rheometers using 
standard geometries, such as cone and plate, 
parallel plate, and bob and sleeve are not 
suitable for measuring the rheological 
properties of settling slurries; they cannot 
prevent the particles from settling during 
experimental measurements. Halliburton has 
recently developed a high-shear mixing 
device (HSMD) that has the capability of 
detecting the flow properties of gel 
suspensions under similar shear-rate 
conditions to those found in the fracture 
path. The HSMD was developed using high-
shear mixing concepts where the particles 
are kept suspended throughout the 
measurement. Due to complexity of flow 
fields inside the new device, a volume-
averaged shear method is used for 
calculating the shear-stress and shear-rate 
values. In this paper, the features of this 
unique instrument are described and the 
experimental technique developed for flow 
property measurement is outlined. Typical 
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measured flow properties of polymeric 
suspensions as well as a time-dependent 
yield stress liquid are presented and 
discussed to illustrate the potential 
applicability and limitations of the HSMD. 
One key limitation  under study is related to 
the observation of time-dependence in the 
measurements for particle-laden liquids even 
for neutrally buoyant particles.   
 
INTRODUCTION 

The particle-fluid mixtures used for 
fracturing applications are specially 
designed to provide proppant placement and 
to clean up easily after completing the 
fracturing process. Proppant placement 
demands supporting the weight of solids of 
large excess density (with typical proppant), 
and relies strongly on the viscosity and/or 
elasticity of the base fluid, whereas cleanup 
of the fracture requires removing the 
polymer from the fracture face and proppant 
pack. Crosslinked polymeric solutions are 
commonly used as the base fluid for the 
fracturing mixtures, and the cleanup is easier 
with smaller polymer loading. The 
rheological properties of particle-fluid 
mixtures under hydraulic fracturing 
conditions are important in controlling the 
mobility and placement of the proppant 
particles. Knowledge of the particle-laden 
gel rheology is basic to any effort to 
improve understanding of the mechanism 
associated with proppant transport 
efficiency, and may assist in predicting the 
placement of proppant.   

The rheology of the base fluids has been 
extensively studied and comprehensive 
reviews have been given.1,2 However, this is 
not the case for the particle-laden liquids: 
understanding of the phenomena at the 
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particle level in a shear flow of a suspension 
in a viscoelastic liquid is not well-
developed. One fact hampering 
understanding is the lack of a reliable device 
that can overcome problems of particle 
settling and particle migration during the 
rheological measurements and that could be 
operated under the conditions of interest.  

The foregoing should not be interpreted 
as a lack of activity directed toward solving 
the problem. A survey of the available 
literature reveals that the instruments and 
techniques previously developed for settling 
slurries are quite diverse in design and 
method of operation. The rotating concentric 
cylinder geometry with the addition of an 
axial flow to lift the settling particles is 
probably the most widely used measuring 
system. This is due to its apparent simplicity 
in construction and operation. The system 
has been used by many workers3-9 for the 
viscosity measurements of mineral slurries. 
Other types of measuring geometries have 
been used such as a vibrating sphere 
viscometer10 and a modified parallel plate.11 
Almost all of the existing instruments are 
designed to operate at relatively low 
pressure in comparison to those found in the 
fracturing process, which typically ranges 
from 1,000 to 4,000 psi. While the pressure 
itself may not be a major factor, it is 
necessary to maintain the liquid state at 
elevated temperatures found in the 
fracturing applications at typical depths. 
This major limitation of the existing 
instruments makes them unsuitable for flow 
behaviour measurement of fracturing fluids 
under the conditions of interest in the 
present work.   

This work reports development of a new 
device12 designed by Halliburton for 
measuring flow behaviour of settling 
suspensions. The new device was developed 
using high-shear mixing concepts where the 
particles are kept suspended throughout the 
measurement. Due to complexity of flow 
fields inside the new device, a volume-
average shear method is used for calculating 
the shear stress and shear rate values. This 

technique was first mentioned by Metzner 
and Otto (1957)13 and Metzner and Taylor 
(1960)14 and further developed and utilized 
by Steffe (1992)15 for industrial applications. 
The volume-average shear technique 
involves first measuring the viscosities of 
standard Newtonian and power law fluids 
using the HSMD, and second comparing and 
adjusting the viscosity data to match to the 
data obtained from a rheometer equipped 
with a standard measuring geometry. The 
method has been widely used in the food, 
plastic, and oil industries for rheological 
measurements of complex fluids.16,17 In this 
work, experimental results obtained for 
different fracturing suspensions having a 
solid volume fraction, φ, ranging from 0.2 to 
0.5 are presented and discussed to 
demonstrate the suitability of the device as a 
practical instrument.   

 
THE APPARATUS 

The high-temperature and high-pressure 
(HTHP) viscometer constructed in this work 
has been designed for measurement of the 
rheological properties of particle-laden 
samples under a controlled environment at 
temperatures between 4°C and 150°C and at 
pressures up to 1,000 psi. The ranges of 
operating conditions are similar to those of 
the hydraulic fracturing processes. A 
schematic diagram of the HSMD is given in 
Figure 1. The device is designed on the 
Couette principle for rheological 
measurements; in this case, we shear a 
volume of sample contained in a gap 
between a stator and a blade located along 
the inside wall of the plastic cup. The stator 
is attached directly to the torque device of a 
Brookfield pressurized viscometer (PVS-
Viscometer) unit and stays static during the 
rheological measurement. The plastic cup 
and the blade are attached to the PVS-
Viscometer motor and rotate constantly at a 
given speed.   

In this work, a volume-averaged shear 
method is used for calculating shear rate 
( volγ& ) and shear stress ( volτ ). This is due to 



the complexity of the flow fields inside the 
HSMD. The volume-averaged shear method 
has been developed based on the assumption 
that “the average shear rate for a non-
Newtonian fluid is equal to the average 
shear rate for a Newtonian fluid when the 
Newtonian viscosity equals the apparent 
viscosity of the non-Newtonian fluid.”15 
Values of volγ&  and volτ  require 
determination of the constants used for 
adjusting the viscosity values obtained from 
the device of complex geometry to match 
with those generated by a viscometer 
equipped with a standard measuring 
geometry. Note here that values of the 
constant used to calculate volγ&  and volτ  are 
independent of the rotational speed of the 
device, and in principle of the size although 
we have yet to verify this. From matching 
and adjusting experiments, with silicon-oils 
having viscosity of 5×105 and 1×106 Pa.s, 
and two power-law fluids of known 
viscosity dependence upon rate, the formula 
used for calculating volγ& (in s-1) and volτ  (in 
Pa) are given in Equations 1 and 2, 
respectively.  

vol 1kγ = ×Ω&  (1) 

vol 2k Mτ = ×  (2) 
where Ω is the rotor angular velocity in rad/s 
and M is the torque acting on the vane 
surfaces in N-m; k1 and k2 are the mixer 
viscometer constants having dimensions 
rad-1 and m-3.  For our high-temperature, 
high-pressure (HTHP) viscometer, we found 
k1 = 0.36 and k2 = 0.20.  
 
 
 
 
 

 
 

EXPERIMENTAL PROCEDURES AND 
TECHNIQUES  

Rheological measurements on particle-
laden suspensions were carried out using the 
following procedure. First, the base gel and 
sand particles were mixed together in a 
laboratory blender for a minimum 10-minute 
period prior to loading the mixture into the 
test volume of the device. For room 
temperature measurement, the experiment 
was performed after zeroing the torque value 
of the PVS-Rheometer on which the device 
is mounted. The rheological experiment was 
commenced by rotating the cup at a high 
speed (about 800 RPM or at volγ&  = 288 s-1) 
and measuring the torque acting on the 
device’s blades. The rotational speed was 
then decreased in steps and the torque 
response at each constant speed recorded. 
After each test run, the fracturing sample 
was removed and discarded.  
 
 

Figure 1. Schematic diagram of the 
HSMD.12 



 
 

 
 
TESTING OF THE HSMD 

It was necessary to test the newly 
developed HTHP device for its accuracy and 
reliability using Newtonian fluids of known 
viscosities. The device was also tested with 
known viscosity polymeric fluids 
(carboxymethyl hydroxypropyl guar 
{CMHPG} solution and cross-linked 
hydroxypropyl guar {HPG} gel) and tomato 
ketchup, which is a time-dependent yield 
stress fluid.  Measurements from the HTHP 
device were compared with those obtained 
from Chandler-3500, HAAKE RS150 and 
Reologica StressTech rheometers, each 
equipped with a narrow gap bob-cup system.  

Figure 2 shows the typical results 
obtained for a CMHPG solution on a 
logarithmic scale of volume average 
viscosity ( volη ) versus volγ&  plots. Over the 
shear-rate range tested, volη  decreases 
linearly as shear rate increases, indicating 
shear-thinning behaviour of the material. At 

1
vol 50s−γ ≈& , however, volη  increases as shear 

rate increases. Based on the impeller 
Reynolds number (NRe,I), we found that at 

1
vol 50s−γ ≈&  the samples are probably in 

turbulent motion. Overall, it may be seen 
that the agreement between the viscosity 

data obtained using the Halliburton HSMD 
and the commercial rheometers is very good 
within the shear rate ranging from 5 to 30 s-

1. 
In addition, cross-linked HPG solutions 
having pH 8.1 and 8.15, for which viscosity 
data are available in the literature,18 have 
also been prepared and tested using the HES 
device. Figure. 3 shows the comparison 
between the data obtained using the new 
device and these literature data. It was found 
that the agreement is within a maximum 
error of ±11%. Fig. 3 also shows the 
comparison of the new device and the 
HAAKE rheometer equipped with a narrow 
gap bob-cup for a tomato ketchup sample. 
Again, a good agreement of the 
experimental data has been observed 
indicating the reliability of the device for 
measuring flow properties of power-law and 
time-dependent yield stress materials. 

 

 

EXPERIMENTAL RESULTS 
Flow characteristics of sand suspended in a 
500-cp Newtonian fluid 

Figure 4 shows measurement data from 
the 500 cp standard Newtonian silicon oil 
with sand having an average particle size of 

Figure 2. Testing results of the HSM
device with linear guar CMHPG
solutions at room temperature. 

Figure 3. Testing results of the Halliburton 
HSM device with cross-linked HPG 
solutions and tomato ketchup at room 
temperature. 



roughly 400 μm. In this work, the maximum 
volume fraction of particles (φ) tested was at 
0.576, which is in the neighbourhood of the 
concentration of the fracturing sample after 
fluid loss occurs. The maximum shear rate 
value of the sample having concentration 
higher than 0.45 was restricted to 15 s-1; at 
higher shear rate, the torque acting on the 
device blades exceeded the measuring range 
of the PVS. Moreover, it was found that the 
optimum shearing time was at 5 minutes. 
Figure 4 reveals that at φ = 0.083, the flow 
behaviour of the sample is similar to the 
base fluid (without particles). However, for 
the samples having, φ ≥0.18, non-Newtonian 
behaviour was observed as volη decreases 
with increasing shear rate. Also, it appears 
that the samples may exhibit apparent yield 
stress behaviour.  

 

 

 
Before considering the results obtained in 
characterizing the new device, we note some 
expectations. For neutrally buoyant 
suspensions in Newtonian fluids, non-
Newtonian rheological behaviour observed 
include shear thinning, shear thickening and 
the presence of normal stress differences.19 
Here we are concerned with suspensions of 
particles which are sufficiently large that 

colloidal and Brownian forces are 
negligible, and in the Stokes flow limit these 
suspensions are expected theoretically to 
display a constant viscosity. This is, 
however, not generally observed, as weak 
shear thinning is often reported for such 
suspensions (i.e., in Newtonian liquids) for 
large volume fraction,20 φ > 0.4.  This 
suggests surface contact plays a role in such 
suspensions. For settling particle 
suspensions, there will always be some 
nonuniformity of φ in the vertical direction, 
and this will lead to both time- and shear 
rate dependence: the magnitude of this 
nonuniformity is expected to scale with the 
Shields parameter (here this may be taken as 
Sh = volτ / dργΔ  for a density difference Δρ  
between particles and liquid and a particle of 
linear size d).  As seen in Figure 4, the 
mixtures of sand in a Newtonian fluid show 
a thinning at all but the smallest solids 
loadings. Interestingly, while the problems 
studied are not identical, of the reports on 
the effects of particle-particle interaction on 
rheological behaviour, those on packing 
fraction versus particle size distribution21 
most satisfactorily describe the onset of 
solids-fraction dependence of the shear-rate 
dependent behaviour found for heavy 
particles in this work. The cited work found 
the minimum concentration required before 
particle interaction took effect is 0.127 
which agrees with our observation of 
thinning above φ = 0.1. In general, 
suspensions which show significant shear 
thinning in neutrally buoyant conditions also 
exhibit normal stress differences and hence 
shear-induced migration21 and this 
phenomenon may play some role here, 
particularly in moving particles away from 
the sensing surfaces (vanes and walls).  
 
Flow characteristics of sand suspended in a 
linear CMHPG solution  

Figure 5 shows the viscosity data of sand 
suspended in a linear CMHPG solution. The 
CHMPG solution had the polymer 
concentration at 80 lb/Mgal (Mgal = 1000 

Figure 4. Viscosity data of the mixture of
sand in a 500-cp Newtonian fluid tested at
room temperature at various solid volume 
fractions, φ. 



gallons), and sand concentrations of φ = 0.08 
to 0.52. As shown in Figure 5, the apparent 
viscosity of the sand-CMHPG mixtures is 
not constant but decreases dramatically with 
increasing shear rate. At any given shear 
rate, the mixture viscosity increases with 
increasing solid concentration. A 
comparison of the results at a given solid 
concentration and shear rate between the 
500 cp oil and CMHPG solution shows that 
the mixture of 500 cp oil is more viscous 
and has a higher apparent yield stress than 
the CMHPG mixture. This is caused by the 
difference in the viscosity of the base fluid 
and has direct effects on the sand transport 
ability. Further study is required in this area. 

 

 

 
 
The steady rheological data are fairly 

well described by the Carreau model 
especially at 1

vol 10s−γ >& . The Carreau model 

is 0
2(1 ( ) )
∞

∞α

⎛ ⎞η −η
η = +η⎜ ⎟+ λγ⎝ ⎠&

22. For 1
vol 10s−γ <& , 

however, the model fails to describe the 
rheological data, possibly due to the effects 
of particle settling and/or particle-particle 
interaction on rheological properties and 
measurements. It may also be that the effects 
of particle settling and particle-particle 

interaction may cause the appearance of the 
yield stress behaviour of the mixture in this 
test, and yield stress is not captured in the 
Carreau model.   

 
PRACTICAL CAPABILITIES AND 
LIMITATIONS 

This work has analyzed a new device 
designed for measuring flow behaviour of 
particle-laden fluids. The relative merits of 
the device were judged based on its ability 
to measure the rheology, in the sense of a 
volume average shear response, of 
Newtonian, non-Newtonian and time 
dependent yield stress materials. The work 
has shown that the rheological behaviour of 
a typical complex industrial material can be 
characterized and understood by means of 
the instrument and technique developed. The 
experimental data obtained can be 
interpreted within the framework of general 
suspension rheology.  

It is important to note here that 
interpretation of the rheological data 
obtained from the HES device must be made 
with care. This is due to the fact that this 
device has been designed based on the high 
shear mixing concepts, and the mathematics 
needed to describe flow fields inside the 
device have not been fully developed. As a 
consequence, the experimental data obtained 
are only qualitative. Nevertheless, we 
believe that our newly developed device 
could be used as a practical tool for 
screening, developing, and monitoring flow 
behaviour of particle-laden fracturing fluids 
under conditions similar to actual fracturing 
processes.    

However, there is significant time-
dependence observed in the data for particle-
laden liquids, a point not discussed at length 
here but still under study. For highly elastic 
liquids, whether bearing solids or not, the 
device is presently being studied further, 
because we observe that the “constants” in 
Equations 1 and 2 depend on the level of 
elasticity (meaning the cross-linking density, 
pH, polymer loading and other variables). 
 

Figure 5. Viscosity data of the mixture of 
sand in a CMHPG solution tested at room 
temperature. 



CONCLUSIONS 
The device developed in this work is 

unique in that it is designed based on high-
shear mixing concepts for measuring 
rheological behaviour of particle-laden 
fracturing fluids under conditions which, as 
previously noted, are similar to those found 
in field fracturing processes. Extensive 
testing of the device using standard 
Newtonian and fluids of known rheological 
properties has established the suitability and 
reliability of the device for measuring 
apparent rheological properties. Results 
obtained from a 500-cp Newtonian fluid and 
linear CMHPG solution indicated that the 
samples exhibit “non-Newtonian” 
behaviour, in the sense that the volume-
averaged shear stress divided by the volume 
averaged shear rate is rate dependent, when 
solid fraction exceeds φ= 0.18. For neutrally 
buoyant suspensions, this is surprising and 
implies the need to consider known 
phenomena such as shear-induced 
migration,21 although this has not been 
proven as the source of the behaviour. The 
effects of particle-particle interaction on 
rheological behaviour found in work on 
packing fraction versus particle size 
distribution is found to be the most suitable 
for describing the non-Newtonian behaviour 
found in this work. Highly elastic cross-
linked suspending fluids have not been 
characterized satisfactorily in the device; 
this is a topic still under study.  
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