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Abstract

Rheological measurement of wax-oil gel breakage is highly susceptible to the phenomenon
of adhesive breakage, hindering instrument-scale replication of cohesive breakage processes.
Adhesive breakage measurements are notoriously irreproducible, due to strongly non-affine
gel deformation. Efforts to ensure mechanical fixation give rise to spatially inhomogeneous
deformation fields in the measuring geometry, particularly with respect to azimuthal and radial
location. In order to elucidate the functional role of mechanically fixating geometries during gel
breakage processes, 3 model solutions were prepared containing 5 wt%, 7.5 wt%, and 10 wt%
macro-crystalline wax in dodecane. Rheograms were acquired in controlled deformation mode
at imposed shear rates in the range of 0.1 - 1.0 s−1 using a vane or a cone and plate geometry.
Yield stress values, nominally ascribed to primary peak height, were established based on 95%
confidence intervals. Yielding trends confirm that adhesive breakage is particularly pronounced
in high solid-fraction gels. A solid-fraction threshold delineates cohesive breakage in low solid-
fraction gels from inherent adhesive breakage in high solid-fraction gels. Mechanical fixation
in a vane geometry precludes wall slippage, ensuring cohesive breakage; resultant yield stress
values follow a modified power-law dependency on total wax content, characterized by a power
law exponent of ∼1.25. Nonuniform deformation within the vane geometry confers a modest
(artificial) reduction in apparent yield stress value as a consequence of azimuthal integration
of the torque signal. Nonuniform deformation also confers a distinct (artificial) broadening of
the breakage peak, and is accompanied by the appearance of a new shoulder-peak located at a
deformation value of ∼5. Conversely, in the cone and plate geometry, adhesive breakage occurs
inherently for high solid-fraction gels, and is manifested by a substantial reduction in measured
yield stress, albeit without a concomitant peak broadening. Hence, the practical utility of the
cone and plate geometry is limited to low solid-fraction gels that inherently exhibit cohesive
breakage behavior. Mechanical fixation afforded by the vane geometry effectively precludes
wall slippage, enhancing measurement reproducibility while simultaneously ensuring cohesive
breakage of high solid-fraction wax-gels that otherwise rupture in adhesive mode.

Introduction

Paraffin wax exists as indigenous components
of many petroleum fluids, and comprises heavy
linear, branched, and cyclic alkanes of the for-

mula CnH2n+2−2c, where the symbol n denotes
the number of carbon atoms and the symbol
c denotes the number of cyclic rings in the
molecular structure. The composition of wax is
dominated by lower carbon-number n-alkanes
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and higher carbon-number iso-alkanes and
cyclo-alkanes.1 Paraffin wax is often catego-
rized as micro-crystalline or macro-crystalline,
which may be isolated from distillate fractions
above and below 460 ℃, respectively.2 Macro-
crystalline wax contains predominantly linear
alkanes, with a smaller content of branched
and cyclic alkanes. Micro-crystalline wax con-
tains predominately branched and cyclic alka-
nes, with a smaller content of linear alkanes.
The total wax content of petroleum fluid varies
considerably, depending on geographic origin.

Petroleum fluids are often transported via
pipeline through subsea environments. In geo-
logical reservoirs, petroleum fluid often exists at
high temperature (70-150 ℃) and elevated pres-
sure (greater than 2000 psi) conditions.3 At the
inlet of a subsea pipeline, paraffin wax is typi-
cally soluble in the petroleum fluid, which ex-
hibits Newtonian flow properties, as illustrated
in Figure 1(a). However, as heat is transferred
to the seabed environment along the flow path,
the fluid temperature often drops below the
wax appearance temperature (WAT), and re-
sultant wax precipitation gives rise to several
flow assurance challenges. Wax deposits (not
shown) may accumulate on internal pipe walls,
driven by radial thermal gradients.4 As low as
2% wax content in the fluid may cause wax de-
position.5 Wax deposits are known to harden
via a counter-diffusion process termed aging,6

in which the solid fraction increases with time.
If a pipeline becomes completely constricted by
deposits, flow ceases. Thermal, chemical or me-
chanical measures are often implemented on a
periodic and remedial basis in order to sustain
the flow process. For example, pigging may
be periodically performed in order to mechan-
ically remove solid wax deposits from internal
pipe walls. If remedial measures are unable to
control wax deposition, pipeline replacement or
field abandonment may ensue.7 Another flow
assurance problem that arises due to wax pre-
cipitation is rheological gelling of the fluid, de-
tailed in Figure 1(c). Upon periodic pipeline
shut-in for planned maintenance or emergency
contingencies, the fluid temperature will often
drop below the gelation point. Consequently,
gelling may occur rapidly within an entire pipe

cross-section.8 In the absence of radial thermal
gradients, aging of wax-gels occurs by various
mechanisms that do not involve a solid fraction
increase, such as Ostwald ripening or Ostwald-
related crystallization-fixation of crystal-crystal
junctions, which is favorable on a free energy
basis due to the sharp inverse curvature of crys-
tal junction sites. Rheological gelling is typi-
cally addressed after the shut-in period by ap-
plication of a substantial pressure-drop across
the axial length of the pipeline. (Depressuriza-
tion immediately after cooldown may serve to
preemptively weaken the wax structure via gas
expansion and counteract aging.) Upon restart,
if the available pressure drop is insufficient to
displace the gel, and heating methods are un-
available, the pipeline may need to be drilled
through or alternatively replaced. Pour point
depressants or yield point depressants are typ-
ically added to waxy petroleum fluids prior to
shut-in, in order to mitigate gelling.2,9 A final
flow assurance problem that arises due to wax
precipitation is stabilization of emulsions in the
production train, which hinders separation pro-
cesses. Economically, paraffin wax poses a bil-
lion dollar problem for the petroleum industry.4

When the temperature of a petroleum fluid
drops below the WAT, the viscosity increases
due to wax precipitation, and ultimately non-
Newtonian flow behaviour results from crystal-
crystal interactions in the bulk fluid.8 The gel
formation process comprises three stages; nu-
cleation, growth, and agglomeration.9–11 The
rate at which these stages occur is dependent
upon thermal history, temperature, shear rate,
solvent quality, as well as the wax composi-
tion. Macro-crystalline paraffin wax crystal-
lizes into platelet-like structures, as illustrated
in Figure 1(b).12 Below the gelation tempera-
ture, linear alkane components tend to form a
volume-spanning network of plate-like crystals,
entraining the liquid oil phase and forming a
colloidal or physical gel, as illustrated in Figure
1(c). Affinity between wax crystals arises due to
London van der Waals dispersion forces, confer-
ring upon the wax structure a distinct mechani-
cal strength.13 A mechanical stress must be ap-
plied to rupture the gel and induce irrecoverable
deformation and flow.14 After the crystal net-
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(a) At the pipe entrance, wax is
soluble in the petroleum fluid,
which exhibits Newtonian flow
properties

(b) After flow shut-in, the fluid
cools below the WAT, and thin
platelet-like wax crystals begin
to appear in the fluid

(c) The fluid cools below the gel
point. A wax-oil gel plug forms,
and subsequently hardens via a
colloidal aging process

(d) Adhesive rupture (i.e. plug
flow) of strong wax-oil gels upon
pressure reapplication and flow
restart

(e) Cohesive rupture (i.e. bulk
shearing flow) of weak wax-oil
gels upon pressure reapplication
and flow restart

Figure 1: Wax-gel formation & breakage mechanisms

work begins to rupture due to the applied shear
stress, the ability of the gel to resist deforma-
tion progressively diminishes. Hence, the yield
stress reflects the gel strength. The breakdown
mechanism can be either cohesive, resulting
from the breakdown of the gel structure itself,
or adhesive, caused by breakage at the pipe-gel
interface.15 Cohesive breakage occurs primarily
in weak gels with a low wax content, while adhe-
sive breakage is more pronounced in strong gels
with a high wax content. These mechanisms are
depicted in Figures 1(e) and 1(d), respectively.
The gel network can, to some extent, behave as
a visco-elastic material exhibiting creep; a time-
dependent increase in strain when subjected to
a constant stress. However, beyond the initial
yielding event, wax-gels exhibit rheomalaxis be-
haviour, in which differential imposed deforma-
tion causes irreversible changes in the struc-
tural state. For semi-crystalline polymers the
yield point can be understood as the boundary
between elastic (i.e. recoverable) deformation
and irreversible deformation. Analogously, the
yield point for a wax-oil gel can be understood
as the onset of breakage of the network, causing
mechanical rupture of the gel network and en-
abling irrecoverable flow.16 Quantitatively, the

yield point of a wax-oil gel can be understood
as the boundary between a primarily elastic re-
sponse to differential imposed deformation and
a primarily irreversible response to differential
imposed deformation (i.e. rheomalaxis).

Various factors influence wax-gel rheology, in-
cluding thermal history, baric history, deforma-
tion history, and fluid composition. The current
investigation aims elucidate the role of mechan-
ical fixation on the rheology of model wax-oil
gels. Mechanical fixation is a technique that is
relevant for rheometric measurement of recov-
ered wax deposits as well as colloidal wax-gels
formed upon homogenous cooling. Rheograms
of model macro-crystalline wax-oil gels are ac-
quired at various shear rates and wax compo-
sitions. Comparisons are made between a cone
and plate geometry and a vane geometry with
respect to reproducibility and the influence of
shear rate and wax content. The vane method
has been previously demonstrated to be advan-
tageous in rheological studies of various mate-
rials, due to preclusion of wall slip during test-
ing.17 Cone and plate measuring geometries are
widely used for wax-gels,10,13,18 and a compari-
son between the two geometries reveals mecha-
nistic knowledge pertaining to rheomalaxis.
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Experimental

Solution preparation

Fluid samples were prepared by dissolving
macro-crystalline Sasolwax 5405 in n-dodecane
(ReagentPlus from Sigma-Aldrich). Dodecane
has a molecular weight of 170.33 g/mol and a
density of 0.75 g/cm3 at 25 ℃. The mass frac-
tion purity (CAS 112-40-3) is ≥0.99. Samples
were prepared containing 5 wt%, 7.5 wt% and
10 wt% Sasolwax 5405, respectively. Previously
performed gas chromatography analysis indi-
cates that 77.6 wt% of the wax consists of linear
paraffin components, while 22.4 wt% of the wax
consists of branched and cyclic alkanes.13

For each model fluid sample, the thermal his-
tory was first erased. Experiments performed
with samples influenced by thermal history are
not representative of an initial homogeneous
liquid phase, because dispersed crystallites are
retained in the fluid and the nucleation, crys-
tallization and agglomeration processes become
influenced by the crystallite presence. As out-
lined by Paso et. al.,13 the thermal history of
a waxy petroleum fluid can be erased by heat-
ing the sample to a temperature of at least 20
℃ higher than the WAT.19 Therefore, prior to
measurement, each prepared solution was ther-
mally preconditioned by placing the solution in
a heating oven maintained at a temperature of
at least 60 ℃ for a time period of at least one
hour in order to ensure that any prior thermal
history would not influence the measurements,
and that the initial sample state is a homo-
geneous liquid phase. The thermal precondi-
tioning process ensures complete solubilization
of any potential wax nucleates prior to initiat-
ing the thermal protocol, thereby ensuring an
experimentally reproducible and homogeneous
nucleation process, as well as optimal condi-
tions for achieving adequate experimental re-
producibility in the subsequent crystallization,
agglomeration, and gel breakage processes.

Rheometric Protocol

A controlled-stress Anton Paar 14CR Physica
MCR 301 rheometer equipped with Rheoplus

software was used to prepare and analyze wax-
oil gels derived from the model fluid solutions.
The rheometer was first equipped with a CP40-
2/S 2.009° cone and plate geometry of 3.9975
cm cone diameter and with a measuring gap
size of 0.17 mm. The contact surface of the
cone is sandblasted, and a sandblasted lower
plate was used in conjunction with the sand-
blasted cone surface. The rheometer was also
fitted with a 4-bladed ST22-4V-40 vane and
CC27/T200 cup geometry. The active length of
the 4-bladed vane is 111.5 mm. The measuring
geometry types are illustrated in Figure 2. A
Peltier element in thermal communication with
both geometries provides thermal regulation to
the model fluid in the rheometer.

(a) 4-bladed vane geometry

(b) Cone and plate geometry

Figure 2: Rheometric measuring geometries

For each experimental run, prior to loading
the thermally preconditioned fluid sample into
the respective geometry, the geometry was first
cleaned with toluene and subsequently cleaned
with acetone in order to facilitate drying.

For the vane geometry, the cleaned vane and
cup were preheated at 60 ℃ in the oven for 30
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minutes prior to loading the thermally precon-
ditioned model fluid into the cup. Preheating
of the vane and cup was performed in order to
prevent the solution temperature from dropping
below 60 ℃ during the loading process. Load-
ing of the thermally preconditioned fluid sample
into the thermally preconditioned cup occurred
inside a fume hood. In order to ensure that
the vane geometry was completely covered, a
volume of approximately 40 mL of the model
solution was loaded into the cup for each mea-
surement. After loading of the thermally pre-
conditioned fluid sample into the cup, the cup
was installed on the rheometer, and then the
preheated vane was installed on the rheometer
and brought into the measuring position.

For the cone and plate geometry, the cleaned
cone and plate was first installed on the rheome-
ter and then brought to the measuring position.
Subsequently, the cone and plate geometry was
thermally regulated to a temperature of 60 ℃.
Finally, the thermally preconditioned fluid sam-
ple was loaded into the cone and plate geome-
try. Because of the close proximity between the
cone and the plate, fluid sample loading was not
performed in a fume hood.

After loading of the thermally preconditioned
fluid sample into the respective thermally pre-
conditioned measurement geometry, a thermal
protocol was applied to the sample under qui-
escent conditions. Samples were initially cooled
from 60 ℃ to 42 ℃ at a rate of 5 ℃ per minute.
The cooling rate was subsequently reduced to 1
℃ per minute until the measurement tempera-
ture of 4 ℃ was reached. The sample was main-
tained quiescently at 4 ℃ for two minutes prior
to application of the subsequent shearing pro-
tocol. The thermal protocol uses cooling rates
that are marginally higher than a representa-
tive rate of cooling in a pipeline for the case of
a shut-in operation, as the seabed temperature
is typically ∼4 ℃, fluid entering the pipeline
typically has a temperature within the range of
70 ℃ to 150 ℃,10 and the pipeline wall provides
a substantial thermal insulation effect.

A constant shear rate was imposed upon the
gel during the shearing protocol. A short data
sampling interval was utilized at low deforma-
tion values in order to properly measure incip-

ient yielding dynamics, and a longer data sam-
pling interval was utilized at larger deformation
values in order to prevent data overload in the
rheometric control system. Appropriate data
sampling intervals were specified for each im-
posed shear rate condition.

Rheological measurements were conducted at
4 ℃ using constant imposed shearing rates of
0.1 s−1, 0.5 s−1, and 1.0 s−1, respectively. Af-
ter each experimental run, the used model fluid
sample was discarded, and fresh thermally pre-
conditioned fluid was used in subsequent runs.

Results and discussion

Rheomalaxis profiles in the cone &
plate versus vane geometry

Measured rheomalaxis profiles are presented for
the various wax-gel compositions obtained with
both measurement geometries. Observed yield-
ing trends are discussed in terms of gel strength,
yield strain, breakage mechanism, rheomalaxis
profile, and experimental reproducibility. Mea-
sured gel strength is quantified by the yield
stress value, ascribed to nominal peak height.
Mean yield stress values and associated 95%
confidence intervals are listed in Table 1.

5 wt% composition

Three repeated experiments were performed for
the 5 wt% solution of 5405 Sasolwax dissolved
in dodecane using the vane geometry, and four
repeated experiments were performed using the
cone and plate geometry, at a prescribed shear
rate of 0.1 s−1.

At a shear rate of 0.1 s−1, the vane geometry
yields a lower peak shear stress value, 243.1 ±
6.44 Pa, in comparison to the cone and plate
geometry which yields a peak shear stress value
of 505.8± 29.9 Pa, as shown in Figures 3 and 4,
respectively. The overall shape of the repeated
rheograms obtained from each individual mea-
suring geometry are remarkably reproducible
up to large strain values (∼1000%), confirm-
ing a high degree of consistency in the associ-
ated nucleation, crystallization, agglomeration,
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Table 1: Yield stress values with calculated 95% confidence intervals for the 5.0 wt%, 7.5 wt% and 10.0 wt%
solutions given the selected geometries at shear rates of 0.1 s−1, 0.5 s−1, and 1.0 s−1, respectively

Wax composition by weight [%] Vane geometry yield stress [Pa] Cone & plate geometry yield stress [Pa]

0.1 s−1 0.5 s−1 1.0 s−1 0.1 s−1 0.5 s−1 1.0 s−1

5.0 243.1 ± 6.44 629.8 ± 3.97 683.1 ± 11.0 505.8 ± 29.9 1,114 ± 211 –

7.5 4,498 ± 98.3 5,405 ± 281 6,397 ± 580 457.7 ± 41.1 754.7 ± 108 1,069 ± 110

10.0 9,440 ± 825 12,346 ± 936 13,355 ± 870 679.3 ± 10.6 921.1 ± 192 1,212 ± 244

Figure 3: Vane geometry at a shear rate of 0.1 s−1

and rheological gel breakage processes. The ob-
served reproducibility in the rheogram profiles
for the 5 wt% wax-gel demonstrates that me-
thodical implementation of cleaning routines,
thermal preconditioning routines, and thermal
protocols is highly effective in establishing re-
peatability of rheometric gel breakage measure-
ments. Consistency in cleaning routines is par-
ticularly important for achieving reproducible
gel breakage measurements, due to the influ-
ence of the cleaning protocol on surface wetta-
bility conditions, adsorbed moisture films, and
resultant gel adherence.

The reduced peak yield stress value measured
in the vane geometry, as compared to the cone
and plate geometry, is attributable to nonuni-
form deformation and nonuniform yielding in
the vane geometry, particularly with respect

to azimuthal position. (In contrast, in cohe-
sive breakage mode, the cone and plate geom-
etry facilitates affine shear deformation and a
spatially-uniform yielding event.) In the vane
geometry, when the blades exert shear stress
onto the gelled fluid, the resultant shear de-
formation field exhibits large gradients in the
radial and azimuthal directions, particularly
in the vicinity of the blade edges. These
shear deformation gradients are particularly
pronounced within the radial deformation band
located between the blade edges and the inner
wall of the cup. As a consequence of azimuthal
integration of the torque signal, stress signals
originating from localized azimuthal yielding
positions become averaged together with stress
signals originating from non-yielding azimuthal
positions. Hence, azimuthal integration of the
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torque signal effects a distinctive broadening of
the measured breakage peak and a concomitant
reduction in peak height. A new shoulder peak
also appears at an absolute shear deformation
value of ∼5. Overall, the results confirm that
for the low wax content of 5 wt%, the cone and
plate measuring geometry provides a more ac-
curate representation of the true cohesive yield
stress value in comparison to the vane measur-
ing geometry. For the low wax content of 5
wt%, gel breakage occurs cohesively in the cone
and plate geometry at a shear rate of 0.1 s−1,
as confirmed by the higher peak shear stress
obtained in the cone and plate as compared to
the vane geometry (which ensures cohesive rup-
ture) at the same nominal shear rate condition.
Therefore, in the cone and plate geometry, the
shear deformation field is largely uniform with
respect to radial, angular, and azimuthal po-
sition. Hence, the combined conditions of (1)
confirmed cohesive breakage (due to the low
wax content) and (2) a uniform shear deforma-
tion field, result in the cone and plate measur-
ing geometry establishing a more accurate rep-
resentation of the true cohesive yield strength of
the wax-gel than the vane measuring geometry,
at a shear rate of 0.1 s−1.

In the cone and plate geometry, the maximum
shear stress occurs at a shear deformation value
of 0.6% at a shear rate of 0.1 s−1. Hence, the
yield strain value is 0.6% for the cone and plate
geometry at a shear rate of 0.1 s−1. Because
of the combined conditions of (1) the uniform
shear deformation field in the cone and plate
geometry and (2) an absence of adhesive break-
age at the low shear rate of 0.1 s−1, the yield
strain value of 0.6% is considered to represent
the inherent yield strain property of the 5 wt%
wax-oil gel at an imposed shear rate of 0.1 s−1.

At a shear rate of 0.1 s−1, the nonuniform
shear deformation field in the vane geometry
confers an artificial increase in apparent yield
strain value to 5%, representing nearly an en-
tire order-of-magnitude increase in the appar-
ent yield strain value, attributed to nonuniform
deformation in the vane geometry. The artifi-
cial increase in yield strain for the vane geom-
etry facilitates optimal spacing of data points
near the peak, because the rheometer has ad-

ditional time to obtain data points prior to
the yielding event and near the peak when the
yielding event is artificially shifted to a higher
strain value. In addition, the nonuniform shear
deformation field in the vane geometry results
in a broader, smoother breakage peak on the
rheogram, such that the peak height may be
easily characterized while retaining a relatively
large spacing interval between data points.

Three parallels were run with the vane geom-
etry and two parallels were run with the cone
and plate geometry at a prescribed shear rate
of 0.5 s−1. Yield stress values were found to
be 629.8± 3.97 Pa and 1, 114± 211 Pa for the
vane geometry and cone and plate geometry, re-
spectively. Rheograms obtained using the vane
geometry at a shear rate of 0.5 s−1 are shown
in Figure 6. The vane geometry displays excel-
lent reproducibility as well as adequate spacing
of data points in the vicinity of the peak of the
curve, due to the artificial increase in apparent
yield strain value caused by nonuniform gel de-
formation. In contrast, at the increased shear
rate of 0.5 s−1 with the cone and plate geom-
etry, the rheometer has insufficient time to ob-
tain sufficient data points prior to the yielding
event that inherently occurs in the vicinity of
0.6% strain. In addition, the rheometric control
system has insufficient time to stabilize the pre-
scribed shear rate prior to the yielding event at
the faster imposed shear rate of 0.5 s−1. Hence,
a transient instability in shear rate coincides
with the yielding event, resulting in a truncated
stress peak, as shown in Figure 5. Nevertheless,
a higher peak maximum is observed for the cone
and plate geometry at a shear rate of 0.5 s−1 in
comparison to a shear rate value of 0.1 s−1.

At an imposed shear rate of 1 s−1, three par-
allels were conducted with the vane geometry
and several parallels were conducted with the
cone and plate geometry. Rheograms obtained
using the vane geometry are shown in Figure 9.

For the cone and plate geometry at a shear
rate of 1 s−1, due to the fast shear rate, low gel
solid fraction, and limited data sampling fre-
quency, the measurement is unable to properly
probe the yielding peak. No data points were
obtained in the vicinity of the peak, and the
first meaningful data point appears at strain
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value of approximately 3%, in comparison to
the inherent yield strain value of the gel in the
vicinity of 0.6%. As such, the nominally mea-
sured yielding behavior of the gel at a shear
rate of 1 s−1 is not representative of the mate-
rial property of the gel. Due to the absence of
data points over an extended deformation range
in the vicinity of the yielding peak, the yield-
ing behavior of the weak 5 wt% gel at a shear
rate of 1 s−1 is unable to be probed using the
cone and plate geometry, and is therefore not
included in Table 1.

Figure 4: Cone and plate geometry. 5 wt% solution
at a shear rate of 0.1 s−1

Figure 5: Cone and plate geometry. 5 wt% solution
at a shear rate of 0.5 s−1

In the vane geometry, the large apparent yield
strain value is attributed to nonuniform shear

deformation and the azimuthal averaging effect,
and the mean yield stress value is 683.1± 11.0
Pa. Hence, at the fast shear rate of 1 s−1, only
results from the vane geometry are considered
to be valid. The ability of the vane measuring
geometry to accurately probe the yielding pro-
cess at a shear rate of 1 s−1 is attributed to the
artificial shift in the apparent yielding strain to
higher deformation values. However, even with
the additional benefit of the artificial increase
in the apparent yield strain, a distinct scarcity
of data points is still observed in the vicinity
of the breakage peak in Figure 9 for the 5 wt%
wax-oil gel, due to the fast shear rate of 1 s−1

in conjunction with the limited data sampling
frequency of the instrument.

7.5 wt% composition

During a rheometric experiment, a phenomenon
known as slippage may occur, especially in high
solid fraction dispersions such as wax-oil gels.
According to Barnes,20 wall slip is due to dis-
placement of the disperse phase away from solid
boundaries in a two-phase system. High molec-
ular weight molecules are more vulnerable to
slip than other molecules, and high solid frac-
tion dispersions are typically more vulnerable
to slippage than low solid fraction dispersions.
The cone and plate geometry is more suscep-
tible to slippage due to an absence of large-
scale fixating features, whereas the blades of the
vane provide mechanical fixation and preclude
slippage. In the vane geometry, the shearing
band occurs away from the blades. According
to Rønningsen,18 the solution yields within it-
self when the vane is used, eliminating slippage.

If slippage occurs only after a yielding event,
then the yield strain would hypothetically re-
main unaffected. However, because slippage of-
ten occurs near the stress maximum, the slip-
page phenomenon usually coincides with the
yielding event. Because of the concurrent slip-
page and adhesive breakage (i.e. rupture) pro-
cesses unique to high solid-fraction wax-oil gels
formed on solid surfaces, the slippage terminol-
ogy is generally used synonymously with the
adhesive breakage terminology for wax-oil gels
initially adherent to solid surfaces.
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Figure 6: Vane geometry at a shear rate of 0.5 s−1

Three repeated measurements were con-
ducted for the 7.5 wt% solution at a shear
rate of 0.1 s−1 for the cone and plate geometry
and three measurements were conducted for the
vane geometry. Obtained rheograms are shown
in Figure 7 and Figure 3, respectively.

For the cone and plate geometry, the nom-
inally measured shear stress peak for the 7.5
wt% solution occurs at a shear strain value of
2%, which is higher than the 0.6% yield strain
value for the 5 wt% solution. The increase in
yield strain with increasing wax content is likely
attributable to a combination of 2 distinct ef-
fects: (1) a higher inherent yield strain for the
higher solid-fraction gel. Increased solid frac-
tions likely lead to additional mechanisms for
crystal rearrangement prior to yielding due to
the more abundant crystal-crystal contacts, in
comparison to lower solid fraction gels that ex-
hibit more sparse contacts points between indi-
vidual wax crystals, and (2) an artificially in-
duced increase in the observed yield strain as
a result of the adhesive breakage mechanism,
meaning that substantial gel slippage may oc-
cur on the measurement surface prior to the
maximum stress signal being recorded (corre-
sponding to the maximum tolerated straining
of the wax network). The two combined effects

most likely account for the increase in measured
yield strain for the 7.5 wt% solution of 2% in
comparison to the inherent representative yield
strain of 0.6% for the 5 wt% solution.

Figure 7: Cone and plate geometry. 7.5 wt% solution
at a shear rate of 0.1 s−1

The apparent measured yield strain value for
the 7.5 wt% solution is artificially increased to
∼4% in the vane measuring geometry, in com-
parison to the measured yield strain of ∼2% for
the 7.5 wt% solution in the cone and plate ge-
ometry, due to nonuniform gel deformation in
the vane measuring geometry. The nominally
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measured yield strain value of 4% is therefore
not representative of the material property of
the gel. However, as a consequence of the arti-
ficial increase in apparent yield strain value, the
rheometric control system has sufficient time to
acquire sufficient data points in the vicinity of
the yielding peak, providing confidence in the
resultant measured cohesive yield stress values.

At a shear rate of 0.1 s−1, the peak shear
stress values were found to be 457.7 ± 41.1 Pa
for the cone and plate geometry and 4, 498 ±
98.3 Pa for the vane geometry. The strong in-
crease in cohesive yield stress of the 7.5 wt%
solution in comparison to the 5 wt% solution,
as measured using the vane geometry, is at-
tributable to the power law dependency of the
gel strength with respect to total wax content.
The increased strength of the 7.5 wt % gel in
comparison to the 5 wt % gel is not reflected in
the cone and plate geometry, because the strong
gel undergoes breakage in the adhesive mode in
the non-fixated geometry, even when utilizing
roughened sandblasted contact surfaces of the
cone and the plate.

Figure 8: Cone and plate geometry. 7.5 wt% solution
at a shear rate of 0.5 s−1

At a shear rate of 0.5 s−1, three measurements
were performed with both measuring geome-
tries. Rheograms obtained with the vane ge-
ometry are shown in Figure 6, and confirm ex-
cellent experimental reproducibility and a high
cohesive gel strength for the 7.5 wt% solution.

Figure 8 shows rheograms obtained with the

cone and plate measuring geometry at an im-
posed shear rate of 0.5 s−1. Two distinct peaks
are observed in the stress profile, and are at-
tributed to an instability in the shear rate co-
inciding with the peak maximum at the pre-
scribed shear rate of 0.5 s−1. 95% confidence in-
terval yield stress values for the cone and plate
geometry listed in Table 1 are based upon the
maximum peak shear stress values, irrespective
of where the peak maximum appears on the
rheogram. Because of the distinct phenomenon
of adhesive breakage occuring at 0.5 s−1, the
yield stress values obtained from the cone and
plate geometry, 754.7± 108 Pa, are less repre-
sentative of the inherent gel strength than the
cohesive yield stress values obtained from the
vane geometry, 5, 405± 281 Pa.

Figure 10: Cone and plate geometry. 7.5 wt% solu-
tion at a shear rate of 1 s−1

At a shear rate of 1 s−1, two repeated mea-
surements were conducted with the vane geome-
try and three repeated measurements were con-
ducted with the cone and plate geometry for the
7.5 wt% solution. The acquired rheograms are
shown in Figures 9 and 10, respectively. Peak
shear stress values were found to be 6, 397± 580
Pa for the vane geometry, and 1, 069± 110 Pa
for the cone and plate geometry, consistent with
a substantial reduction in the apparent yield
stress value associated with the adhesive break-
age mechanism.
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Figure 9: Vane geometry at a shear rate of 1 s−1

10 wt% composition

A very high cohesive gel strength is measured
with the vane geometry for the 10 wt% solution
at a prescribed shear rate of 0.1 s−1, as evident
in Figure 3. Analogous rheograms obtained us-
ing the cone and plate geometry are shown in
Figure 11. Yield strain values obtained using
the vane geometry are in the vicinity of 6.5%,
and yield strain values obtained using the cone
and plate geometry are in the vicinity of 4%.
Table 1 indicates that the cone and plate ge-
ometry establishes an adhesive yield stress of
679.3 ± 10.6 Pa. The adhesive yield stress
value is less representative of the inherent gel
strength than the cohesive yield stress value of
9, 440± 825 Pa obtained from the vane geome-
try.

At a shear rate of 0.5 s−1, rheograms acquired
from the cone and plate geometry display a dis-
tinct split peak, as shown in Figure 12. Calcu-
lated confidence intervals are determined based
on maximum nominal shear stress values for
each respective rheogram. Based on established
95 % confidence intervals shown in Table 1, it
is evident that the vane geometry, with a shear
stress peak value of 12, 346± 936 Pa, provides a
more accurate representation of the gel strength
than the cone and plate geometry, with a peak

maximum of 921.1± 192 Pa.

Figure 11: Cone and plate geometry. 10 wt% solution
at a shear rate of 0.1 s−1

At a shear rate of 1 s−1, three repeated mea-
surements were conducted with the vane geom-
etry. Figure 9 shows the obtained rheograms,
illustrating adequate reproducibility. The co-
hesive yield stress measured with the vane ge-
ometry is 13, 355± 870 Pa. Five repeated mea-
surements were conducted with the cone and
plate geometry. The rheograms, shown in Fig-
ure 13, display adequate reproducibility. Ap-
parent yield strain values are in the vicinity of
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2-3%. The yield stress confidence interval for
the cone and plate geometry is 1, 212± 244 Pa.

Figure 12: Cone and plate geometry. 10 wt% solution
at a shear rate of 0.5 s−1

Figure 13: Cone and plate geometry. 10 wt% solution
at a shear rate of 1 s−1

Yield Stress Trends

Apparent yield stress values for 5 wt%, 7.5 wt%,
and 10 wt% compositions of Sasolwax 5405 dis-
solved in dodecane are plotted versus total wax
content in Figure 14 for both the vane geometry
and the cone and plate geometry. Vertical error
bars shown in Figure 14 denote 95% confidence
intervals, as listed in Table 1.

At each imposed shear rate condition, the ap-
parent yield stress measured in the vane geom-
etry increases with increasing wax content. In

addition, the apparent yield stress measured
in the vane geometry increases with increas-
ing shear rate. Cohesive yield stress values ob-
tained using the vane geometry are modelled
as a modified power law function of the to-
tal wax content. The classic Bingham relation
(utilizing a constrained ratio between the Bing-
ham viscosity and the Bingham yield stress) is
coupled to a modified power-law equation that
directly informs the shear-rate invariant yield
stress term τy, and also indirectly informs the
Bingham viscosity term. The entire equation
set used to model apparent yield stress values
obtained from the vane geometry is:

τy,a = τy + γ̇µa (1)

as informed by

τy = A(ω −B)n (2)

µa/τy = constant (3)

In Equations 1-3, τy,a is the apparent yield
stress, ω indicates the total wax content of the
gel and n denotes the modified power-law ex-
ponent. The symbols A and B are heuristic
fitting parameters. A standard least squares
minimization routine is used to perform a uni-
fied fit of Equations 1-3 to the entire set of
vane geometry yield stress values listed in Table
1. The resultant unified rheological parameters
are shown in Table 2. The trend of the fitted
mathematical model, as described by Equations
1-3 and informed by the parameter set listed in
Table 2, is plotted in Figure 14 for each shear
rate condition as dotted curves alongside the re-
spective data point markers indicating the vane
geometry yield stress values.

For the unified cohesive yielding trends, the
modified power-law exponent is 1.25, and the
ratio of Bingham viscosity to Bingham yield
stress is 0.43. For cohesive measurements ob-
tained with the vane geometry, the yield stress
shows a weak monotonic increase with increas-
ing shear rate at all wax compositions, lend-
ing credence to the obtained yield stress values.
The weak dependence of cohesive yield stress
with shear rate indicates that the measured co-
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Table 2: Unified Rheological Parameters for Cohesive Yield Stress

Parameter Unified Cohesive Prediction

B 4.53

n 1.25

A 1,117.8

µa/τy 0.43

hesive yield stress values provide a meaningful
representation of the material property, and are
not merely instrumental artifacts. Overall, the
increase in cohesive yield stress with increas-
ing shear rate is in accordance with the results
obtained by Paso et. al.,13 for which a cone
and plate geometry was used for a sample that
exhibits inherently cohesive yielding behavior.
Hence, the collective data shown in Figure 14
reflect primarily an ideal yielding mechanical
response that is independent of the shear rate,
and reflects only a modest ideal shear-rate-
dependent viscous contribution to the overall
incipient cohesive rupture process.

]

Figure 14: Measured yield stress values as a function
of total wax content at the shear rate conditions of
0.1 s−1, 0.5 s−1, and 1.0 s−1.

The apparent yield stress values measured in
the cone and plate geometry are modeled sep-
arately for each imposed shear rate condition
(i.e. 0.1 s−1, 0.5 s−1, and 1 s−1), using a sim-

ple quadratic or alternatively linear fit. The
fitted simple mathematical relations are plot-
ted in Figure 14 as dotted curves alongside the
data point point markers indicating the cone
and plate geometry yield stress values.

Comparison of cohesive and adhesive break-
age regimes universally shows a solid-content
threshold delineating inherent cohesive break-
age at 5 wt% wax from inherent adhesive break-
age at 7.5 wt% and 10 wt% wax. Hence, a
threshold between the 2 breakage regimes ex-
ists between 5 wt% wax and 7.5 wt% wax. The
yielding trends obtained are qualitatively sim-
ilar to the obtained values from Zhao et. al.19

The error bars corresponding to the 5 wt% so-
lution in the vane geometry are very small and
are consistent with largely overlapping repeated
rheograms for the 5 wt% solution shown in Fig-
ure 3, Figure 6, and Figure 9. The results
demonstrate the potential for achieving excel-
lent experimental reproducibility in yield stress
measurements using the vane geometry, espe-
cially for low wax contents (i.e. 5 wt%). How-
ever, in the vane measuring geometry, the re-
producibility of the rheogram profiles decreases
as the total wax content increases, as evidenced
by the 95% confidence intervals listed in Table
1 as well as the relative size of the error bars
shown in Figure 14.

For the cone and plate geometry, at imposed
shear rate conditions of 0.1 s−1 and 0.5 s−1, the
apparent gel strength decreases slightly from 5
wt% wax to 7.5 wt% wax prior to a modest in-
crease in gel strength at a composition of 10
wt% wax. The reason for the reduction in ap-
parent yield stress from 5 wt% wax to 7.5 wt%
wax is attributed to the shift in breakage mech-
anism from cohesive to adhesive. The margin
of error is in general quite high for adhesive
breakage, due to the stoichastic processes as-
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sociated with non-affine deformation and adhe-
sive breakage. Hence, the observed reduction
in apparent yield stress, corresponding to the
shift in breakage mechanism accompanying the
increased solid fraction, cannot be considered
to be statistically significant.

For rheograms obtained with the cone and
plate geometry, the yield stress values show a
substantially stronger monotonic increase with
increasing shear rate, signifying that the adhe-
sive breakage mechanism is more sensitive to
shear rate than is the cohesive breakage mecha-
nism. Hence, in comparison to the vane geom-
etry yield stress values, the adhesive breakage
yield stress values reflect a larger ideal shear-
rate dependent viscous contribution to the over-
all incipient mechanical response, and only to a
lesser extent reflect a shear-rate invariant ideal
yielding contribution to the overall incipient
mechanical response. Figure 15 shows adhesive
yield stress values obtained from the cone and
plate geometry. Adhesive yield stress trends
rigorously follow the Bingham relation, char-
acterized by a shear-rate-invariant yield stress
term of 399 Pa and 621 Pa for 7.5 wt% and 10.0
wt% solutions, respectively. The ideal viscous
contribution term to the adhesive yield stress
correlation is 677 Pa*s and 593 Pa*s for 7.5
wt% and 10.0 wt% solutions, respectively.

Figure 15: Yield stress versus shear rate for adhesive
breakage measured with the cone and plate geometry

Conclusion

The geometry of the measuring device influ-
ences the nature of the shear deformation field
imposed on the wax-oil gel sample during rheo-
metric measurement. In the conventional cone
and plate measuring geometry, affine (homoge-
nous) deformation results from purely cohe-
sive gel breakage observed at low wax contents.
Non-affine deformation results from adhesive
breakage of the model macro-crystalline wax-
oil gel in the cone and plate geometry at high
wax contents, despite utilization of sandblasted
surfaces on both the cone and the plate. A tran-
sition is shown to occur from cohesive break-
age to adhesive breakage behavior as the total
macro-crystalline wax content in dodecane in-
creases from 5 wt% to 7.5 wt%, indicating that
an inherent solid-fraction threshold also exists
for the transition. However, because macro-
crystalline paraffin wax is partially soluble in
dodecane at 4 ℃, the associated solid-fraction
threshold likely exists somewhat below a value
of 5 vol%.

In the vane geometry, on the other hand, ad-
hesive breakage is invariably precluded for the
model macro-crystalline wax-gel as a result of
mechanical fixation, such that gel breakage oc-
curs primarily in cohesive mode at all wax con-
tents within the range 5 wt% to 10 wt% wax.
However, localization of deformation in the near
vicinity of the edges of the blades results in non-
affine deformation fields in the vane geometry.
The nonuniform shear deformation fields lead
to an artificial increase in the apparent yield
strain, an artificial reduction in peak height, a
broadening of the associated breakage peak on
the acquired rheogram, and the appearance of
a new shoulder peak at an absolute shear de-
formation value of ∼5. With the vane geom-
etry, the cohesive yield stress for the macro-
crystalline wax-oil gel is shown to adhere to a
modified power-law model with respect to to-
tal wax content, characterized by a modified
power-law exponent of ∼1.25.

Cohesive yield stress values show little varia-
tion with imposed shear rate for the model wax-
gel, indicating that the incipient yielding event
is highly ideal, with only minimal viscous con-
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tribution to the initial yielding response. The
highly ideal nature of cohesive yielding con-
firms that structural yielding in the model wax-
gel originates primarily from the irreversible
rupture of crystallographic bonds between wax
crystals, with only small viscous contributions
associated with structural re-arrangement or
solvent displacement processes. Adhesive yield
stress values measured for the model wax-gel
carry a much stronger viscous component, con-
sistent with strong shear localization towards
the vicinity of the yielding surface during in-
cipient interfacial rupture associated with the
adhesive breakage event.

In terms of analytical method development
for waxy petroleum fluids, it may be concluded
that the shear rate cannot become too fast for
the cone and plate geometry in order to guar-
antee reproducibility, due to instrument-limited
data point sampling intervals. Another disad-
vantage with the cone and plate is the vul-
nerability towards vibrations and instrumental
instabilities. Based on 95% confidence inter-
vals, the vane generally produces more repro-
ducible yield stress values, because the yield
strain is shifted towards higher values as a result
of nonuniform deformation fields. Additionally,
the risk of adhesive breakage is eliminated.

The gel strength of the model wax-gel in-
creases as the wax content increases, with the
exception of the transition from cohesive to ad-
hesive breakage, as measured with the cone and
plate geometry. Higher yielding stress values
are observed for all model solution compositions
as the shear rates increase, in accordance with
classical mechanical stability considerations.

Based on the findings related to the experi-
mental reproducibility of the 2 geometries, the
effect of total wax content, and the influence of
the shear rate, it is put forward by the operator
to use the vane geometry as guideline for further
studies in cases in which adhesive breakage may
occur. However, the cone and plate geometry
is superior for meaningful determination of the
inherent yield strain and inherent yield stress
values for cases of inherent cohesive breakage.
Finally, new fixating geometries with reduced
dimensions between fixating features may serve
to minimize disparities between cohesive break-

age observed in the cone and plate geometry
and fixating geometries, affording more accu-
rate measurements of cohesive breakage of high
solid-fraction wax-oil gels that inherently break
via the adhesive mode.

An important industrial implication of this
work is that the effectiveness of surface rough-
ness techniques depends largely on the length-
scale of the fixating features. The larger the
lengthscale of the fixating feature, the more ef-
fective is the fixation in preventing slippage.
Hence, serrated surfaces and grooved surfaces
likely provide substantially improved fixating
performance in comparison to sandblasted sur-
faces, due to the larger length-scale of the me-
chanical fixating features. As such, an impor-
tant implication for analysis of recovered wax
deposits of high solid content is that large-scale
fixating features are necessary in order to suc-
cessfully prevent slippage.

Operational knowledge pertaining to the wax-
gel breakage mechanism and rheomalaxis pro-
files are paramount for large-scale prediction of
pipeline restart behavior. Hence, realistic as-
sessment of pipeline restartability depends on
knowledge of gel breakage on both represen-
tative surfaces (i.e., the inner pipeline wall)
as well as on fixating surfaces in order to un-
derstand the cohesive yielding behavior. A
complete understanding of rheomalaxis in both
adhesive and cohesive mode, in conjunction
with properly informed hydrodynamic compu-
tations, may ultimately provide qualified pre-
dictions of pipeline restart behavior in the field.

Associated Content

Supporting Information

Statistical theory as well as an equation set
for calculating the 95% confidence intervals
listed in Table 1, based on the assumption
of a normal error distribution. This material
is available free of charge via the Internet at
http://pubs.acs.org.
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Supporting Information

Confidence interval representation
of wax-oil gel strength

Yield stress values, nominally ascribed to max-
imum peak height, are expected to be normally
distributed, despite the high degree of variabil-
ity in the stochastic stress signals associated
with adhesive breakage processes. The sample
standard deviation, Equation 5, was used to es-
tablish an estimate of the degree of variation in
the measured yield stress values of the various
model fluid compositions.

Experimental data points are located far from
the mean value if the standard deviation value
is large and are located closer to the mean value
if the standard deviation value is small. When
the margin of error is small, the reproducibil-
ity of the measurement is higher. Because de-
viations from the mean of the measured sam-
ples are by definition smaller than deviations
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from the population mean, Equation 4 is uti-
lized. Using 95 % confidence intervals provides
a 95 % confidence that the unknown popula-
tion mean will be captured within the obtained
interval. Estimations were performed using the
following mathematical formulas:

x =
1

n

n∑
i=1

xi, (4)

s =

√√√√ 1

n− 1

n∑
i=1

(xi − x)2 (5)

In Equations 4 and 5, n is the number of sam-
ples, xi indicates the yield stress of the sample,
x represents the mean of all the samples and s
is the sample standard deviation.

In other words, the gel strength is represented
as a range of values, where the estimate is the
mean of the samples:

estimate = ± margin of error (6)

The margin of error for a 95 % confidence
interval is calculated from:

m = 1.96
s√
n

(7)

17


