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ABSTRACT:

This paper presents an experimental study on the rheological properties of heavy crude oil containing sand to determine the
effects of sand size distribution and mass concentration on apparentviscosity, thixotropic behavior, yield stress and viscoelastic
properties. Theresults of these analyses demonstrate that heavy crude oil containing sand shows strong shear-thinning behav-
iorand a certain degree of thixotropic properties. After blending heavy crude oil with sand, the apparent viscosity and the area
of the thixotropic loop first decrease and then steadily increase with increasing sand mass concentration. At a fixed mass con-
centration, apparent viscosity appears to increase with increasing particle size, while yield stress decreases. Moreover, adding
sand generally enhances the elastic modulus of heavy crude oil, while the complex viscosity remains slightly less than the

apparent viscosity. These results provide new information helpful for removing sand from heavy crude oil.
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1 INTRODUCTION

Heavy crude oil is defined as any liquid petroleum with
an API gravity of less than 20°. Crude oil with 10 APl or
less is considered to be extra heavy oil or bitumen,
whichisdenserthanwater[1]. Heavy crudeoilis a vitally
important component of the world's recoverable oil re-
serves. However, it is extremely difficult to transport
heavy crude oil, due to its high viscosity and complex
rheological behavior [2, 3]. Current rheological studies
of heavy crude oil have primarily focused on factors
such as yield stress, thixotropy, and viscoelasticity
[4—12]. In studying the yielding behavior of waxy crude
oil, Soares et al. [9] concluded that waxy crude oils can
beclassified as apparentyield stress fluids,and not true
yield stress materials, within the presence of a dynamic
and a static yield stress. Mortazavi-manesh and Shaw
[10] investigated the thixotropic rheological behavior
of Maya crude oil: Their results demonstrated that the
magnitude of the thixotropic effect is larger at lower
temperatures and that stress growth, which occurs as
a result of a step-down in the shear rate, is correlated
with temperature. The viscoelastic properties of heavy
oiland bitumen are mainly related to their composition
and temperature [11]. With decreasing temperature,
wax crystals and colloidal asphaltene particles can lead
to obvious non-Newtonian characteristics [12].
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In practice, during its output, heavy crude oil pro-
duced from wellheads usually entrains sand, clay, or
other porous solids. Therefore, this heavy crude oil con-
taining sediment grains exhibits more complex rheo-
logical properties than does regular crude oil. In recent
decades, much research has focused on better under-
standing the rheological properties of these suspen-
sions. Generally, the rheological properties of suspen-
sions can be affected by parameters such as those of
the solid fraction, particle sizes and size distributions,
and the viscosity of the suspending liquid [13]. Oil sands
are an important component of unconventional petro-
leum resources due to their abundant reserves and
their use in the commercial production of bitumen.
However, it is essential to liberate heavy crude oil from
its host rocks. Dai and Chung [14] revealed that particle
size is a critical factor affecting the liberation of bitu-
men from sand: Namely, the finer the particles, the
stronger the attachment. Hasan et al. [15] investigated
the rheological properties of Maya crude oil containing
solid maltenes and concluded that solid maltenes play
a crucial role in determining the rheological properties
of heavy oil. By measuring the yielding behavior of oil
sand slurries, Gutierrez and Pawlik [16] concluded that
the yield values of oil sand slurries increase with in-
creasing bitumen contents in ores. Furthermore,
Koenigsberg and Selverian [17] demonstrated that ex-
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Figure 1: Sand size distributions of the three types.

ponentialintegral functions can better fitexperimental
datathan canthetraditional Prony series for relaxation
data obtained from tensile loading of an asphalt-sand
mixture. In cases of heavy oil and water emulsions con-
taining sand, Jamaluddin et al. [18] demonstrated that
emulsions containing the polymer improved sand-re-
tention characteristics and that the water-wet charac-
teristic of the produced sand enhanced sand dropout.

However, the presence of sand at a concentration of
0.05 (v/v) had a minor effect on the oil viscosity. A sim-
ilar phenomenon was also observed in the work of
Yaghi [19]. Although numerous studies have been un-
dertaken to better understand the process of bitumen
liberation from oil sands, such as the water-based ex-
traction process applied to Canadian oil sands, the cur-
rent understanding of the rheological properties of
heavy crude oil containing sand remains rather limited.
Therefore, this study focuses on constraining the rheo-
logical properties of heavy crude oil containing sand
from the Bo-hai oilfield in China.

2 MATERIALS AND EXPERIMENTS
2.1 MATERIALS

The heavy crude oil studied in this work comes from the
Bo-hai oilfield in China. Several basic properties of this
oilarelistedinTable1.Sand samples were obtained from
riverbeds and had a mass water content of 12.7%. To
achievethe desired sediment mass concentration,adry-
er was used to dry these sand samples. Sand grain sizes
and their size distributions were measured using a
Malvern INSITEX SX Laser Particle Size Analyzer. Three
different types of sand size distributions were used to
study the effects of sand size distribution on the rheo-
logical properties of the heavy crude oil with basic prop-
erties of these sands are summarized in Table 2. Heavy
crude oil samples can be placed into one of three cate-
gories, based on the sand size distributions blended
within the oil: crude oil containing type 1sediment is de-
fined as sample 1, crude oil containing type 2 sediment
is defined as sample 2, and crude oil containing type 3
sediment is defined as sample 3. Here, sample 2 is used
to study the effects of sand mass concentration on the
rheology of the mixture. Heavy crude oil was blended
with sand in five different mass concentrations of 0.05,
0.1,0.15,0.2,and 0.25 g/mL. Figure 1depicts the sand size
distributions of these three types. The cumulative vol-
ume is displayed as an S-type curve, which can be de-
scribed using the Rosin-Rammler distribution function.
This Rosin-Rammler relationship can be expressed in
terms of the cumulative mass distribution as:

Density, p, (kg/m®) SARA analysis (wt %)

Saturates 332

Aromatics 26.2
Heavy crude oil 955

Resins 372

Asphaltenes 34

Table 1: Several basic properties of heavy crude oil.
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Density of sediment

No. s o, 0 g/ms) Ds(um) Dy (jum) Dos (um) n R
Tipe 1 2503 224 113.52 678.28 2.85 0.997
Type 2 2345 25.25 112.95 516.79 1.40 0.996
Tipe 3 2025 10.68 37.18 86.05 2.14 0.999

Table 2: Several basic properties of sands with three different types.
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Figure 2: Rheograms of heavy crude oil containing sands for three different samples at 30 °C.

dn
Fd)=1-exp - 2
- (d)=1-exp 5 0

In this equation, 6 and n are two empirical constants.
The parameter 6 can be obtained using n and the mass
median diameter D, in the following equation:

D

50

0= 1/n
0.693 (2)

Figure 1 further demonstrates that the regression cor-
relation coefficient R? is larger than 0.99. Therefore, it
is appropriate to use the Rosin-Rammler distribution
function to describe sand size distributions.

2.2 EXPERIMENTS

Rheological measurements were conducted using the
Haake RS6000 rheometer equipped with a coaxial
cylinder sensor system (238 DIN, with a gap width of
2.5 mm and a sample volume of 30.8 cm3) and a four-
bladed vane type rotor FL40 (with a diameter of 40 mm
and a gap width of 1.5 mm). This equipment features a
liquid temperature-controlled system that allows the
sensor system to reach a fixed temperature and main-
tain this temperature throughout the experiment. Fur-
thermore, when choosing a rheometer with a coaxial
cylinder sensor to analyze suspensions, it is necessary
to achieve a ratio of particle size to gap size of less than
1/3 to avoid the disturbingissues [20]. According to this
criterion, the maximum particle size in the present
study should be less than 0.83 mm. In practice, only
3.55 % of sample 1 particle diameters and 1.46 % of sam-
ple 2 particle diameters exceed this 0.83 mm limit. The
maximum particlediameterinsample3iso.74 mmand
thus does not exceed the 0.83 mm maximum. Conse-
quently, itis assumed that the low proportions of large
particlesizesinthese samples produce only minimalin-
terference and that these results are acceptable.

In this study, samples were prepared in batches of
300 mLand pre-heated toafixed temperature. Homog-
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enizationof heavycrudeoiland sand wasthen achieved
using a three-blade stirrer at a fixed low speed. After
homogenization, rheological properties of the samples
were characterized and measured using a rheometer.
To ensure analytical quality, the preparation processes
of different samples remained independent of each
other, and all measurements were performed three
times to obtain good repeatability. In the thixotropy
measurement, the hysteresis loop was obtained by in-
creasing the shear rate from o to 200 s™ over a period
of200sandthendecreasingthe shearratefrom 2005
to o at a fixed temperature. At the same time, to study
the samples’ rheological properties at a temperature of
20 °C, shear stress was increased from o to 1600 Pa and
then reduced back to o Pa. During this oscillatory mea-
surement, an amplitude sweep was performed prior to
the subsequent frequency sweep to constrain the se-
lected stress sweep within a linear viscoelastic region.
Stress sweeps were conducted at a fixed frequency of
5 Hz in the range of 0.001~200 Pa, and frequency
sweeps were carried out at a fixed shear stress of 1 Pa.
Experimental data were also obtained by recording the
elasticmodulusG ’,lossmodulusG ”,and complex vis-
cosity n*.

3 RESULTS AND DISCUSSION
3.1 APPARENT VISCOSITY

Figure 2 depicts rheograms of samples with different
size distributions at a constant mass concentration of
0.15 g/mL. The figure demonstrates that after heavy
crude oil is blended with sand, all samples show strong
shear-thinning behavior. Apparent viscosity also in-
creases with particle size at a fixed concentration. For
example, at a given mass concentration of 0.15 g/mlL,
heavy crude oil containing sand yields a lower apparent
viscosity than pure crude oil. This maybe because heavy
crude oil becomes more shear-thinning with the addi-
tion of small particle sizes, thus reducing its apparent
viscosity. However, increasing particle size could also
enhance the interfacial interaction between these par-
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ticles,thusincreasingits apparentviscosity. Figure3 de-
picts rheograms of sample 2 across a range of different
mass concentrations at 30 °C: When the mass concen-
trationis largerthan 0.2 g/ml, the apparent viscosity of
heavy crude oil containing sand is higher than that of
pure crude oil. At low mass concentrations, heavy crude
oil blended with sand becomes more shear-thinning.
However, theinterfacial interactions between particles
could be enhanced with further increases in sand mass
concentration. Therefore, these data suggest that
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trends in apparent viscosity are influenced by two dif-
ferent types of interactions.

3.2 THIXOTROPIC BEHAVIOR

The thixotropic behavior of heavy crude oil plays an im-
portant role in influencing the design of pipe network
systems and the restart operations of flow. There are
various methods of measuring thixotropic behavior, in-
cluding the hysteresis technique [21], the stepwise
changes method [22], and the start-up experiment [23].
In the present study, the thixotropic behavior of sam-
ples was measured using the hysteresis technique. Fig-
ure 4 depicts the flow curves of sample 2 for a range of
different mass concentrations at 20 °C. Closed symbols
represent a run with an increasing shear rate, and the
open symbols represent a run with a decreasing shear
rate. The up and down curves vary significantly: for ex-
ample, as the mass concentration increases, the down
curves are higher than the up curves. This may be ex-
plained by the fact that the internal structure of heavy
crude oil containing sands changes greatly as the mass
concentration increases. Furthermore, Figure 5 depicts
the effects of sand mass concentration on the area of
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the thixotropic loop at three different system temper-
atures. At low mass concentrations, the area of
thixotropic loop decreases as the mass concentration
increases, before reaching a minimum value. After this
point,the area of the thixotropicloopincreases steadily
with further increases in mass concentration. The area
of the thixotropicloop also decreases significantly with
increasing temperature. Figure 6 depicts time-depen-
dent measurements of heavy crude oil at different
shear rates. These results were obtained when the
shear rate was changed from 0.1s"to10s™. In these ex-
periments, viscosity first decreases before reaching a
relatively steady state, similar to the results of the
steady shear measurements shown in Figure 2. A com-
parison between the viscosities obtained by transient
viscosity measurements and those obtained by steady
viscosity measurementsis shownin Table 3. These data
demonstrate that as the shear rate increases, the dif-
ference between the two measurements decreases. In
other words, the steady measurements eventually
reach a steady state [24].

3.3 YIELD BEHAVIOR

Yield stress is generally defined as the stress at which
a material transitions from behaving as either elastic
(i.e. solid-like) or viscous (i.e. liquid-like). Therefore,
defining the yield stress of heavy crude oil is important
for designing the flow loop system. In this work, yield
stresses were measured using the vane method, which
has become the standard method of measuring yield

;. Viscosity by the transient Viscosity by the steady
Shear rate (s*)
shear tests (Pa's)

Relative Deviation,%
shear tests (Pas)

1 12.12 15.97 13.7
10 11.78 14.06 8.82
50 10.11 9.87 1.20
100 8.15 8.39 1.45
150 7.51 7.59 0.53

Table 3: Comparison of viscosity values measured by transient
rheological measurements and steady rheological measure-
ments.
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the Dual-Herschel-Bulkley model for heavy crude oil at 30 °C.

stressduetoits simplicity and ability to preventslipdur-
ing shearing. In addition to the vane method, yield
stresses were also obtained by extrapolating flow
curves to a zero shear rate [16]. To obtain reliable data
using the vane test, it is essential to study the effect of
vanerotational speed onyield stress. Nguyen and Boger
[25] analyzed the effect of rotational speed on the yield
stress of red mud suspensions: Results demonstrated
thatyield stressis almostindependent of the shearrate
over a range of 0.002-0.13 s™. They proposed that sat-
isfactory yield stress measurements should, therefore,
be obtained at a sufficiently low rotational speed be-
cause viscous resistance effects can occur at high rota-
tional speeds. Additionally, Gutierrezand Pawlik [16] in-
vestigated the effect of vane rotational speed on yield
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stress in slurries of prepared ore samples. Their results
demonstratedthattorquevaluesremainrelatively con-
stant at rotational speeds lower than 1 rpm and that
their obtained shear stress, which corresponds on a
flow curve to a shear rate of approximately 0.01s™, was
very close to their actual yield stress. Maciel et al. [26]
also observed the same phenomenon. Based on these
previously published results, tests were conducted to
gauge the effects of shear rate on yield stress prior to
conducting the vane test.

Figure 7 depicts the effects of shear rate on yield
stress at different mass concentrations. Values of yield
stress are relatively stable with increasing mass con-
centrations when the shear rate is lower than 0.1 s
However, when the shear rate reaches 1.0 s, the yield
stress begins to rapidly increase. Comparing the yield
stresses predicted by the Herschel-Bulkley model with
those obtained by the vane test demonstrates that the
measured and predicted results are similar at a shear
rate of 0.015™. Therefore, based on these experimental
observations, all vane tests undertaken to measure
yield stress in this work were conducted at a shear rate
of 0.01s". Moreover, it is apparent that yield stress in-
creases with increasing shear rates and decreases with
increasing sediment particle size, as is shown in Fig-
ure 2b. An optimal method of predicting the flow be-
havior of suspensions is to exploit a theoretical model
to fit the experimental data and thereby obtain the
yield stress. The simplest theoretical model used to de-

Region (1) Region (2)

Mass

concentration

7,,(Pa) Aa@as) m RE O T,R0 f,Cal)  n R}

0 0.48 29.528 0723 0997 0.015 17.761 0.965 0.999

0.05 1.015 33.843 0.687  0.999 0.02 20.079 0.951 0.998

0.1 1.191 35.691 0.673  0.999 0.028 21.131 0.95 0.999

0.15 1.451 36.4 0.703 0.999 0.039 21.945 0.953 0.998

02 1.63 37.79 0725 0.999 0.05 24.447 0.953 0.999

0.25 1.784 38.693 0742 0.999 0.061 25.276 0.947 0.999

Table 4: Parameters extrapolated by the Dual-Herschel-Bulk-
ley model for sample 2.
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termine the yield stress of fluids is the Bingham model,
which exhibits a linear stress-strain relationship when
shearstressisin excessof yield stress. However, in most
cases, it is not possible to fit experimental data with
satisfactory accuracy in this model over a low range of
shearrates[27]. Toovercomethis problem, Xuand Huhe
[28] developed the Dual-Herschel-Bulkley model to pre-
dictyield stress. The Dual-Herschel-Bingham modelcan
be described using six parameters based on two differ-
ent regions of shear rates:

t=7,41,(7)" v>7.

t=1,,+1,.(¥)" v=v. 3)

In this equation, 7, represents the yield stress in Pa, 1,
and nrepresent the fluid consistency coefficientin Pas”
(defined as the apparent viscosity of the Herschel-Bulk-
ley model), and the flow behavior index. Subscripts 1
and 2 refer to region 1and region 2, respectively.y . rep-
resents the critical shear rate and can be solved numer-
ically using the following equation:

7]02(7[)"2 _rlm()/t)n7 —1=0
T,-T,, (4)

In this equation, 7,;, 705, 01, o1, N; @and n, are assumed
to be known quantities. Therefore, an iteration proce-
dure is needed to obtain the critical shear rate. When
n,=n,=1, Equation 3 can represent a simplified ‘first
guess’ of this iteration procedure. The six parameters
extrapolated by the Dual-Herschel-Bulkley model are
listed in Table 4. Figure 8 presents a comparison of ex-
perimental data with the flow curves predicted by the
Bingham, Herschel-Bulkley, and Dual-Herschel-Bulkley
models. Asthefigure demonstrates, the Dual-Herschel-
Bulkley model yields better predicted results than the
othertwo models. Figure g displays the yield stress and
consistency coefficient obtained using the flow curve
extrapolationasafunction ofsand mass concentration.
This figure demonstrates that measured yield stresses
are close to those extrapolated in region 1 with higher
values of yield stress. These findings further prove the
validity of this model. Furthermore, these data indicate
that yield stress and the consistency coefficient in-
crease with increasing sediment mass concentration.

3.3 VISCOELASTIC PROPERTIES

Figures 10 and 11 display variations in the elastic mod-
ulus and the loss modulus as a function of shear stress

Unauthenticated
Download Date | 8/14/19 2:02 HM6 |



-0 G', Elastic modulus o~ G", Loss modulus

I
T LT

EOLCEOOECEOOQEEreeeeeeeeeeeeeeeeeeeeeeeeeeeecs

Sample 1

Crude oil

lKﬁZKKTm [CCEUECOUEECEUCEEEEEEEEEeLs

OO CEEEECaEEEeEaeeaEeeeeeeeeeeeeeee

Sample 2 Sample 3
10' : : >
10" 10° 10' 10° 10" 10° 10' 10°
1, Pa

Figure 10: Variation of the elastic modulus and the loss mod-
ulus as a function of shear stress for three different samples
at a fixed mass concentration (C,, = 0.15 g/ml).

o G, Elastic modulus o G", Loss modulus

(e L T T (€

[(CQOEEEEOEEEENEEaEEeeaEeeeeeeeeeeeeeeeeeese

(e O (O« Q@ (s

G'and G" (Pa)

(e ((C ¢

e C,,=0.20g/mL C,,=0.25g/mL
10" 10" 100 10’ 10" 10" 100 107
1, Pa
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frequency (f = 5 Hz).

with a fixed shear stress sweep frequency (f=5 Hz).
These measurements were undertaken to obtain these
parameters to recognize the linear region. These fig-
ures demonstrate that the shear stress dependence on
the elasticand loss modulus is rather weak. In contrast,
the linearity of viscoelastic behavior in the sample is
very good over a wide range of stress amplitudes from
0.1-100 Pa. Therefore, T =1 Pa was selected for the fol-
lowing frequency sweep. The results of the frequency
sweep conducted at a fixed shear stress are depicted in
Figures 12 and 13. These figures demonstrate that the
loss modulus is greater than the elastic modulus over
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the entire range of frequency, indicating that heavy
crude oil containing sand is predominantly viscous. The
elastic modulus can be enhanced when sand is added
into heavy crude oil, butit does not increase significant-
ly when the mass concentration is increased. These fig-
ures further demonstrate that the elastic modulus in-
creaseswithincreasing particle size. Whenthefrequen-
cy reaches approximately 30 Hz, the elastic modulus
sharply decreases. This may be because the structure of
the sample changes greatly under high-frequency con-
ditions. Furthermore, the loss modulus increases al-
most linearly withincreasing frequency. Figures12cand
13c display changes in complex viscosity with frequen-
cy.Thedecreasein complexviscosity becomes moresig-
nificant with changes in sand mass concentration. For
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Figure 13: Variations in the elastic modulus, loss modulus and
complex viscosity as a function of frequency at a fixed shear
stress (t = 1 Pa) for sample 2 at various sand mass concentra-
tions).

example, in the region of low frequency sweep, com-
plex viscosity increases with increasing sediment size.
Additionally, the effects of sand mass concentration on
complex viscosity are similar to the observed effects on
apparent viscosity. When comparing these data to
those presented in Figures 2 and 3, it is clear that at a
fixed concentration, the value of complex viscosity is
slightly less than that of apparent viscosity.

Ineffect, the hydrocyclones used tode-sand crude oil typ-
ically operate at a high tangential acceleration and thus
have large angular velocities. Figure 14 thus displays ob-
served variations in complex viscosity, the elastic mod-
ulus,andtheloss modulus with sand mass concentration
at angular velocities of w=6.28 and 62.8 rad/s. It is im-
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Figure 14: Variations of complex viscosity, the elastic modu-
lus and the loss modulus with sand mass concentration at
angular velocities of w = 6.28 and 62.8 rad/s).

portanttonotethatassand mass concentrationincreas-
es, the elastic modulus, the loss modulus and the com-
plex viscosity all also increase. Furthermore, it is clear
that the effects of angular velocity are greater on the
elastic modulus and the loss modulus than they are on
complex viscosity.

4 CONCLUSIONS

This work represents a study on the rheological prop-
erties of heavy crude oil containing sand. The effects of
sand size distribution and mass concentration on ap-
parent viscosity, thixotropic behavior, yield stress and
viscoelastic properties were investigated. Heavy crude
oil containing sand shows a strong shear-thinning be-
havior and a certain degree of thixotropic behavior.
When heavy crude oil is blended with a small amount
of sand, the apparent viscosity of the mixture decreas-
es. However, as the sand mass concentration increases,
the apparentviscosity willincrease until it exceeds that
of the heavy crude oil. Similarly, the area of the thixo-
tropic loop quickly decreases before reaching a mini-
mum value and thenincreases steadily. Yield stress and
the fluid consistency coefficient increase with increas-
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ing sediment mass concentration. Apparent viscosity
also increases with increasing particle size at a fixed
concentration, whereas, in contrast, yield stress gradu-
ally decreases. In general, adding sand and increasing
the sediment size of heavy crude oil increases its elastic
modulus, loss modulus and complex viscosity. Addi-
tionally, its complex viscosity becomes slightly less
than its apparent viscosity. These results provide in-
sights that are ultimately useful for the process of re-
moving sand from heavy crude oil.
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