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1      INTRODUCTION

Polyanionic Cellulose (PAC) is frequently used as drilling
fluid viscosifier in oil drilling [1 – 6] and, dissolved in dis-
tilled water, as drilling fluid substitute in cuttings trans-
port studies [7 – 16] or other multiphase flow studies
[17 – 19] relevant to the oil & gas industry. Cuttings trans-
port is the process of adequately flushing drilled-off
solids (“cuttings”) out of a petroleum wellbore. Inade-
quate flushing of cuttings from the bore hole (poor hole
cleaning) leads to accumulation of solids in the wellbore.
Problems associated with cuttings transport are a major
contributor to downtime during drilling operations. In
drilling fluids, PAC may act as a loss agent (preventing

loss of drilling fluids into permeable formations) as well
as a viscosifying agent (developing viscosity depending
on concentration and other variables such as water
chemistry and salinity). In laboratory studies of cuttings
transport, PAC is used as a drilling fluid substitute, i.e. a
drilling fluid model system, since it yields transparent,
non-hazardous, shear-thinning fluids when added to
(distilled) water. The translucency allows for optical in-
vestigations of the flow as well as optical measurement
techniques such as particle image velocimetry.
         The relationship between experimental cuttings
transport studies in a laboratory, the real drilling process
(cuttings transport in a wellbore), and cuttings trans-
port modeling as well as the role of rheometric testing
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is conceptually depicted in Figure 1. PAC may be used
both in the real drilling process, e.g. as a viscosifying
agent, and/or in an experimental study in a laboratory
as a test fluid modeling the real drilling fluid. Numerical
modeling of cuttings transport using e.g. Computation-
al Fluid Dynamics (CFD) methods is another methodol-
ogy, which may be used to investigate cuttings trans-
port, or more generic, multiphase problems [a]. CFD re-
sults are usually validated against experimental data
generated in the laboratory. CFD models require a con-
stitutive equation describing the fluid’s rheology [b]. In
the petroleum industry, both on engineering and re-
search level, drilling fluids in 3D CFD cuttings transport
studies are typically modeled as incompressible and
purely viscous, i.e. Generalized Newtonian Fluids (GNF),
where the stress tensor of the Cauchy equations of mo-
tion is given as

                                                     (1)

where D is the rate of deformation tensor

                                                    (2)

and the shear rate γ ̇ is a total shear measure defined as

                                                                     (3)

In Equation 1, the apparent dynamic shear viscosity η(γ)̇
of the fluid may be a function of the shear rate γ ȯr is con-
stant in case of Newtonian fluids. Commonly used models
in the drilling industry to represent η(γ)̇ are the Bingham
model [20] (accounting for yield stress phenomena), the
Ostwald/de Waele “Power law” (PL) [21] (accounting for

( )=− + h gT pI 2 D•

shear-thinning behavior) or the
Herschel-Bulkley (HB) model [22]
being a combination of the former
two. More sophisticated models
such as the Cross [23] or Carreau
[24] models (accounting for limit-
ing viscosities at both low and high
shear rates) are used on a very lim-
ited basis. Higher-order fluid de-
scriptions, i.e. constitutive equa-
tions accounting for time-depen-
dent and/or viscoelastic behavior,
have – to the awareness of the au-
thors – not been applied in CFD
cuttings transport studies.

The selection of a particular
type of material function for the apparent viscosity η(γ)̇
is based on the particular rheometric data available. A
rheological model for the fluid under consideration is
built by fitting the material function to the rheometric
data in order to obtain numerical values for the corre-
sponding model coefficients. Rheometric data is ob-
tained from rheometric testing, e.g. obtaining value
pairs of the apparent viscosity vs. shear rate in case of a
GNF, for the fluids used in the experiment. Alternatively,
one may deduce rheometric data from available exper-
imental pressure loss data using a pipe viscometer [25].
Both real drilling fluids, which may show any combina-
tion of shear-thinning, yield stress, viscoelastic and
thixo tropic behavior, and model drilling fluids such as
e.g. aqueous PAC solutions, may be used as experimen-
tal fluids. Preparing and mixing of constituent compo-
nents is important for both real and model fluids.
         Polyanionic cellulose (PAC) is a water-soluble bio -
poly mer derived from carboxymethyl cellulose (CMC,
E466) with a high degree of substitution (DS) of hydrox-
yl groups with sodium (NaCl), i.e. PAC is a high-quality
sodium CMC with higher DS and thus molecular weight
(Mw) [26]. Like sodium CMC, PAC is produced from nat-
urally occurring cellulose by etherification, where hy-
droxyl groups are substituted with sodium groups. The
properties of the polymers, such as viscosity, and mol-
ecular weight may be tailored by substitution of other
functional groups into the chain. The DS determines the
specific performance. As opposed to sodium CMC (0.4
< DS < 0.8 [26]), PAC features a DS > 0.9 [27] and features
less residual sodium [28]. In drilling fluids, the main ad-
vantage of PAC compared to CMC is the better resis-
tance to salt which provides improved shale inhibition
characteristics as well as filtrate control [27]. The anions
stabilize clay particles which improves filter cake tex-
ture and reduce risk of swelling of clay rich formations.
However, salts do have a strong impact on the rheology
of PAC and may even cause transition to Newtonian be-
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Figure 1: Overview of cuttings transport modeling via CFD and/or laboratory experi-
ments and the role of rheometric testing.



havior [29]. For CMC solutions it is known that they are
generally shear-thinning and viscoelastic [30, 31] and
feature thixotropic-like behavior [31 – 33]. They gener-
ally seem to obey the Cox-Merz rule [30]. However, as
a consequence of restructuring processes they deviate
from the Cox-Merz rule at high shear [34]. PAC solutions
have so far been investigated much less. Given their re-
lation to CMC, it is not surprising that they feature
shear-thinning and viscoelastic properties [2].
         The rheological information of aqueous PAC solu-
tions used in cuttings transport studies [7 – 16] is usually
disclosed in the form of model coefficients, such as the
Ostwald/de Waele “Power law” model [21], without any
indication of the uncertainty of the measurements and
model fit. PAC solutions in these studies are considered
purely viscous, i.e. they are considered to feature nei-
ther viscoelastic nor time-dependent/shear-history de-
pendent properties [7 – 15,17, 18, 19] and are thus mod-
eled as GNF, most commonly employing a PL model.
However, indication of viscoelastic [2, 16] and time-de-
pendent [19, 29] behavior of PAC solutions exists, which
is not surprising given the polymeric nature of PAC so-
lutions.
         This paper reports a complete rheological charac-
terization of PAC solutions with regards to apparent vis-
cosity, yield stress, time-dependent behavior, and vis-
coelastic properties. Characteristic time scales of the
fluid (further referred to as ”rheological time scales”)
are derived from the experimental data gathered. An

estimate of the uncertainty associated with simplifica-
tion of the physics of the fluid by assuming a purely
shear-thinning rheology, i.e. treating it as a GNF is pro-
vided. In Section 2, we present the methodology and
materials used to obtain the experimental data along
with definitions of some of the rheological time scales
later used in the interpretation of data. In Section 3, the
different rheometric test results are presented along
with the derived time scales. Section 4 provides a dis-
cussion of the rheometric testing results as well as the
corresponding time scales. Finally, in Section 5, a con-
clusion and outlook is provided.

2     MATERIALS & METHODS

2.1    EQUIPMENT AND GENERAL RHEOMETRIC TEST
PROTOCOL

Various rheometric tests were per formed on different
PAC solutions (generated with the same PAC granules)
with two different rheo met ers:
n   Flow curves (FC), with both controlled shear rate

(CSR) and controlled shear stress (CSS)
n   Amplitude sweeps (AS) with constant angular fre-

quency as well as frequency sweeps (FS) with con-
stant strain

n   3 interval time tests (3ITT), with rotational-rotation-
al-rotational (RRR) interval settings
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Figure 2: Test plan as applied in this study. Monitoring of natural degradation of fluid over duration of experimental campaign
by obtaining flow curves at times indicated. All preparation and testing was conducted at ambient pressure, i.e. p ≈ 101325 Pa.



Figure 2 provides a timeline overview of this study’s test
protocol. The individual process steps (mixing, resting,
rheometric measurements) will be presented in the fol-
lowing sections. To monitor phenomena such as natur-
al degradation, fermentation, or off-gassing, additional
flow curves were obtained regularly during the rheo-
metric characterization at the times indicated in Figure
2 (0, 2, 5, 12, 48 h) with fresh samples from the prepared
fluid stored in the glass jar. Due to equipment availabil-
ity, different mixers and rheometers operated by dif-
ferent operating personnel were utilized, as depicted in
Figure 2. The majority of the data was generated with
the Waring LB20E*/Anton Paar MCR102 combination.
Additional testing was conducted with the Silverson
L4RT-A/Anton Paar MCR302 combination to supple-
ment and cross-check the results.
         The measuring systems utilized were concentric
cylinders (CC27) with a gap size of 1.13 mm, conical bot-
tom, and a nominal sample volume of 19.35 ml. The ac-
curacy of the rheometers is specified with ± 5 % relative
SD (SDr) for a torque T > 5 nNm for rotation and T > 7.5
nNm for oscillation in case of the MCR102 and T > 1 nNm
and T > 0.5 nNm in case of the MCR302, respectively. An
accuracy of ±1% SDr is specified for T > 10 mNm [35]. For
the CC27 geometry utilized, the latter may be converted
[36] to an apparent viscosity threshold given by

                                                    (4)

In case of higher shear rates, i.e. rotation speeds, inertial
instabilities such as Taylor vortices may develop. For the
CC27 geometry utilized and a gap-dependent critical
Taylor number of 1884 [37], the maximum apparent vis-
cosity threshold to avoid Taylor vortices is then given
by

                                                            (5)

2.2    FLUIDS

MI-Swaco Polypac R, as used in this study, is a white,
odorless granulated powder with a molecular mass of
881.2 kDa (Mw). No treatment method such as aging
[38] was applied. Three different mixtures of MI-Swaco
Polypac R and distilled water as summarized in Table 1
were used for all tests. The concentrations were chosen
such that a typical drilling fluid apparent viscosity range
[39] is covered. Most tests were done on PAC2 and PAC4,
as these concentrations represent an apparent viscos-
ity range resulting in transitional wellbore flows.

h gmax .≈ ⋅ ·−8389 10 6

h gmin .≈ ⋅ − −202 1 •0 1 1

2.3    SAMPLE PREPARATION, RESTING, AND LOADING

Two different types of mixers as given in Figure 2 were
used to mix the granular PAC with distilled water. The
mixers were non-compliant with ISO 10416 [38] because
they did not feature the required high-speed range. To
obtain homogenously mixed samples for rheometric
testing with the available mixers, the mixing proce-
dures given in Table 2 were established and followed to
prepare all samples. The utilized rotational speeds of
the different mixers during “Addition” and “Mixing”
are a resulting best-working and mixer-dependent
com promise of two contradictory requirements”:
n   In order to keep the developing viscosity low and en-

sure homogenous mixing, the rotational speed has
to be as high as possible

n   In order to entrain as little air as possible during mix-
ing, the rotational speed has to be as low as possible

After mixing, air bubbles were observed in all samples.
However, in the case of the Waring LB20E* mixer, the
observed bubbles were considerably smaller, probably
due to the higher mixing speed utilized. After the resting
periods, no air bubbles were observed in either sample.
The respective resting times were mainly due to labora-
tory availability constraints. However, a resting interval
of 1 hour represents a realistic industrial time frame as
applied by drilling service companies that perform on-
site rheological measurements on drilling fluids on a
daily basis. The fluid samples were gently poured from
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Table 1: Fluid specification (T = 21°C, distilled H2O).

Table 2: Sample preparation procedures.



the glass jar into the cylinder of the rheo meters mea-
suring system up to the marking line. The cylinder was
inserted into its fixture on the rheometer and the mea-
surement system/inner cylinder was lowered into the
outer cylinder containing the sample. Measurements
were not started until the rheometers indicated a steady
temperature of 21 °C.

2.4   RHEOMETER SETTINGS

The main rheometer settings of the different tests con-
ducted in this study are summarized in Table 3. Tem-
perature was controlled to T = 21 °C by the rheometers
in all cases. All measurements were conducted at am-
bient pressure. The reason is that typically cuttings
transport studies are also conducted at ambient condi-
tions and temperature scaling of polymeric solution is
fairly well understood [31, 32]. No pre-shearing was con-
ducted in any of the tests summarized in Table 3. Stan-
dard pre-shearing definitions do not exist in the petro-
leum industry [38, 40, 41], other than that typically Fann
rheometer measurement are conducted as a down-
ward sweep, i.e. from high to low shear rates. Pre-shear-
ing as used in various studies has been quite subjective,
and has for instance been based on the high shear rates
experienced at the drill bit. As the fluids resting time at
the drill bit is very short, the relevance of such high pre-
shear is not clear. Moreover, our overall objective is nu-
merical cuttings transport modeling, where the com-
putational domain is an annular subsection quite some
distance from the bit. The influence of the high shear
rate at the bit (applied to the fluid in a very short time
only) is not expected to be of much relevance at an ar-
bitrary wellbore element far from the bit. Finally, any
other pre-shear would either be subjective or have to
be based on the wall or average shear rate of annular
flow, which is a function of fluid velocity, wellbore
geometry, and flow exponent n, i.e. problem-specific.
Thus, we decided for the following reproducible and
unified approach: After gentle pouring of the sample
into the measurement cylinder all samples where sub-
ject to a resting time (≈ 30 – 90 s) until the rheometers
temperature control reached the set point of T = 21 °C.

Note that for every rheometric measurement, a fresh
sample from the glass jar was loaded into the rheome-
ter and discharged after the measurement. Hence,
every measurement was performed with a sample hav-
ing a relatively comparable state of microstructure,
since the shearing due to pouring should be equal for
all the samples used.

2.5    RHEOLOGICAL TIME SCALES OF THE FLUID

Various microscopic effects such as molecular motion
(in the order of 10 – 15 seconds and therefore negligible)
or structural changes may occur in a complex fluid. Con-
sequently, there exists a corresponding variety of char-
acteristic time scales for the respective relaxation
times. Particular formulations of these fluid time scales
often depend on the constitutive equations and/or ma-
terial function used and may also depend on test data
available. Since the degree of viscoelasticity and
thixotropy is to be estimated, four rheological time
scales are defined as follows [42]:

n   The GNF relaxation times λPLand λCr, which are based
on the respective GNF material models, namely the
Ostwald/de Waele “Power law” (PL) model [21] in its
rearranged form, where the ordinary PL coefficient
KPL is expressed as KPL = m0(λ)nPL-1, which then yields

                                                              (6)

      and the Cross (Cr) [23] model

                              (7)

      Note that the PL material function may be considered
a special case of the Carreau [24] material function

                             (8)

      which approaches a PL material function for the case
of higher shear rates and neglected infinite-shear
viscosity m∞. Hence, the model coefficients in Equa-
tion 6 may be considered equivalent to the coeffi-
cients and fit of a Carreau material function; how-
ever, they are not exactly identical.

n   The “Recoverable Shear”-based relaxation time λRS,
which is constructed from the GNF PL coefficients
and coefficients of a PL fit of the First Normal Stress
Difference (FNSD).
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Table 3: Rheometer settings.



                                                           (9)

      A PL material function does not capture the New-
tonian viscosity plateaus at low and high shear
rates. Therefore, PL coefficients are determined for
a given point of the flow curve with the following
conditions:

                                                                (10a)

                                                         (10b)

n   The Maxwell relaxation time λMaxwhich is based on
the linear viscoelastic Maxwell model represents
time scales on which the fluid acts in a linear vis-
coelastic manner. 

                                                             (11)

      Experimental FS data may be used to estimate the
order of magnitude of these time scales.

n   The 3ITT relaxation time λ3ITT is estimated based on
time-dependent changes of the apparent viscosity
due to instantaneous start-up/shut-down of a
steady shear flow using 3ITT data. An exponential
function of the form

                                             (12)

      is used for this purpose, with the rheological relax-
ation time λ3ITT being the corresponding time con-
stant it takes to relax to 63% to the dynamic equi-
librium value.
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Figure 3: Flow curves (FC) for different concentrations tested and FC obtained from the literature. Solid lines are means of up-
ward and downward sweeps, respectively (PAC4 based on 13, all others based on three consecutive measurements), the means
of the two sweeps are represented by the dashed lines. Small dotted lines represent means of up-/downward sweep ± 3SD,
thick dashed line represents logarithmic MPD. Colored arrows indicate direction of rheometer sweeps. The dashed black line in-
dicates the rheometer accuracy [35] threshold as given by Equation 4, the smaller black lines in the bottom left and right cor-
ners indicate the end of the rheometer accuracy threshold and the beginning of the Taylor vortices regime as given by Equa-
tion 5, respectively.



3      RESULTS

3.1    FLOW CURVES

A flow curve (FC) is considered to represent the equilib-
rium apparent shear viscosity of a fluid sample over a
range of relevant shear rates. Figure 3 depicts the ob-
tained FCs for all PAC concentrations. The apparent vis-
cosity indicated is the mean of 13 (PAC4) and three
(PAC2, PAC8) measurements. Additionally, data ob-
tained from the literature is displayed using unfilled
symbols. For all concentrations tested with a constant
MPD of Δt = 5 s, a prominent hysteresis effect was
found. Figure 3 shows two solid lines for each PAC so-
lution, representing means of the upward (higher
curve) and downward (lower curve) sweep respectively,
the mean of these two means is represented by the solid
line. The FC obtained with a logarithmically decreasing
MPD of Δt = 120 - 2 s log (here depicted with a thick
dashed line) shows almost no hysteresis effect and thus
may be considered the equilibrium FC [43]. Most of the
FC data sets from the literature do not show any hys-
teresis effect. However, the data of Johnsen (2014) [13]
and [18] (not displayed) also indicate a small hysteresis
effect for intermediate shear rates. Additionally, in the
case of PAC4, the natural scatter of the whole measure-
ment process was identified through measurements of
13 FC (Not depicted in Figure 3). Each FC was obtained
with a fresh sample from the prepared mixtures. Arith-
metic mean and standard deviation (SD) were estab-
lished for both upward and downward sweeps sepa-
rately. For PAC4, the obtained mean ± 3 SD of up -
ward/downward sweeps are respectively indicated in
Figure 3 by dotted lines.
         All results indicate a constant Newtonian viscosity
at low shear rates for all tested concentrations. FCs ob-
tained with a constant MPD of Δt = 5 s show a large vari-
ance of data at very low shear rates, as indicated by the
diverging dotted lines in Figure 3. Most of the FC data
sets from the literature do not cover the low shear rate
range (γ =̇ 0.01 - 1 s-1). However, Time et al. [19] and Khat-
ibi et al. [29] have covered the shear rate range γ ̇= 0.1
- 1 s-1 and the respective data sets also do indicate a New-

tonian viscosity plateau in the low shear rate range. The
different data sets plotted in Figure 3 are not coinciding
for a particular fluid concentration. However, in case of
PAC4, most datasets are fully enclosed by the arith-
metic mean ± 3 SD boundaries of our data. The five FCs
obtained in order to monitor natural degradation (as
described in Figure 2, not displayed in Figure 3), are
within the arithmetic mean ± 3SD boundaries. No time-
dependency, i. e. different FC at different points in time,
was observed over the duration of the experimental
campaign. Fitting the PL, Carreau and Cross material
functions (Equations 6 – 8) to the equilibrium FCs yields
model coefficients as summarized in Table 4.

3.2    AMPLITUDE SWEEPS

Amplitude sweeps (AS) provide the dependence of the
loss modulus G'' (characterizing the viscous property of
a material sample) and storage modulus G' (characteriz-
ing the elastic property of a material sample) over a range
of relevant strain for a given frequency of oscillatory mo-
tion and thus allow for quantification of the viscoelas-
ticity of a material. Results for PAC4 and PAC2 are depict-
ed in Figure 4. The loss modulus G'' exceeds the storage
modulus G' for the entire strain range tested. While for
the lower strain range, e.g. γ < 10 %, G' and G'' do have
the same order of magnitude, G' and G'' differ by more
than one order of magnitude for the higher strain range,
e.g. γ > 500 %. The phase shift angle ϕ, defined as

                                                                      (13)

is an indication of ideal solid behavior for 0° and ideal
fluid behavior for 90°. In case of the investigated PAC4
sample, the phase shift angle ϕ ranges from 66° to 70°
for strains smaller than 1% and reaches 86° at a strain
of 1000% (corresponding to a shear rate of γ ̇= 100 s-1

for the set  angular frequency of ω = 10 rad/s). The PAC2
phase shift angle exceeds the PAC4 phase shift angle
for the entire strain range investigated.
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Figure 5: Frequency sweeps (γ = 0.2 %) for PAC2 and PAC4.Figure 4: Amplitude sweeps (ω = 10 rad/s) for  PAC2 and PAC4.



3.3    FREQUENCY SWEEPS

As opposed to AS, frequency sweeps (FS) provide the de-
pendence of the storage modulus G' and the loss mod-
ulus G'' over a range of relevant oscillation frequencies
for a given amplitude of strain. Results of PAC2 and
PAC4 FS are depicted in Figure 5. In the low angular fre-
quency range (ω = 0.1 - 10 rad/s), G' is smaller than G''
by almost one order of magnitude. Towards the high
angular frequency range, the G' increases more than
G''. Between ω = 20 rad/s and ω = 30 rad/s, the G''equals
the G' for the PAC2 data, and at ω = 20 rad/s for the
PAC4 data. Based on Equation 11, the upper Maxwell
time scale representing viscoelastic effects is estimated
as λMax(ω = 0.1 rad/s) ≈ 0.67 s for PAC4.

3.4   THREE INTERVAL THIXOTROPY TESTS

Three Interval Thixotropy Tests (3ITT) were conducted
with PAC2 and PAC4 in order to establish the time-de-
pendent behavior of the apparent viscosity due to mi -
cro structural changes. Figure 6 shows 3ITT-RRR (→ RRR:
Three intervals of rotational shear) results for a 100-50-
500 s interval definition and Figure 7 for 300-600-500
s, where the length of the third interval was limited by
laboratory availability constraints. Apparent viscosity is
plotted as a function of time as a response to the step-
like changes of the imposed shear rate. The PAC2 data
was partly smoothed with a time average filter because
it featured quite some scatter, presumably due to the

much lower apparent viscosity level. In all cases, the ap-
parent viscosity follows the step change from the very
low to the very high shear rate instantly. However, after
the intermediate high shear-rate interval, the apparent
viscosity shows a remarkable time-dependent recovery
in the third interval. In the case of the 100-50-500 s in-
tervals (Figure 6), the apparent viscosity overshoots the
reference level, almost instantly for PAC 2 and exponen-
tially for PAC4. In both cases, a second relaxation phase
follows the overshoots in which the apparent viscosity
develops almost back to the reference level. In the case
of the 300-600-500 s intervals (Figure 7), the apparent
viscosity undershoots the reference level, almost in-
stantly for PAC 2 and exponentially for PAC4. Again, the
apparent viscosity develops further and gradually in-
creases to almost the reference value of the first interval
towards the end of the experiment. For the immediate
response to the step from high to low shear rate, the
rheological relaxation times λ3ITT, estimated based on
curve fitting of Equation 12 to the experimental data and
depicted in black in Figure 6 and Figure 7, are in the order
of 101 s for the initial response of PAC 4. Zooming in to
the very few seconds after the step (red subplot in Fig-
ure 7), reveals a time scale in the order of 1 s for PAC2 [c].
         The second relaxation phase features much larger
time scales in the order of several 101 s for PAC2 (Figure 7)
to several 102 s for PAC4, as depicted in Figure 8, where
the PAC4 3ITT data is normalized with the correspond-
ing FC apparent viscosities. Fitting the growth function,
i.e. Equation 12 to the more gentle increasing part of the
third interval provides a time scale of 392 s for the 300-
500-300 test and 126 s for the 100-50-500 test. The in-
termediate, i.e. high shear rate intervals do show time-
dependent apparent viscosity as well. Using a decay
function, similar to Equation 12 but with η0 and η∞ ex-
changed, reveals the time constant for the second high
shear rate interval of the 300-600-500 s interval case
to be in the order of 615 s. In addition, Figure 8 provides
a clearer picture of the first interval, the purpose of
which is to establish an equilibrium reference level. The
apparent viscosity readings are not stable and equal to
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Figure 6: 3ITT-RRR, 100-50-500 test, PAC2 (partly smoothed)
and PAC4 apparent viscosity η response to shear rate steps (γ·
= 0.1→1200→0.1 s-1).

Figure 7: 3ITT-RRR, 300-600-500 test, PAC2 (partly smoothed)
and PAC4 apparent viscosity η response to shear rate steps (γ·
= 0.1→1200→0.1 s-1).

Table 4: Model coefficients for PL (γ· > 48 s-1), Carreau and
Cross models, equations (6 - 8) for PAC2 and PAC4 data with
goodness-of-fit R² and sum of squared errors SSE.



the equilibrium FC values. Assuming that the time scale
identified in the third interval is the relevant one for the
low-shear situation of the first and third interval, one
may conclude that the first interval needs to have a du-
ration of approximately 1200 s (3λ3ITT) in order to yield
stable reference values for any initial state of the sam-
ples microstructure.

3.5    NORMAL STRESSES & COX-MERZ EMPIRISM

Since we are only interested in order of magnitude es-
timates, we did not directly measure normal stresses
but rather exploited the FS results, namely the complex
viscosity η* as a function of the angular frequency ω,
and estimated the first normal stress differences
(FNSD) N1 based on the first normal stress coefficient
(FNSC) Ψ1 using Laun’s rule [44]

                                          (14)

Figure 9 shows the estimated FNSC Ψ1 for the case of
PAC2 and PAC4 as well as the corresponding time scale
estimates λRS as defined in Equation 9, where the PL co-
efficients are determined point-wise to more closely
follow the apparent viscosity function using the condi-
tions (10). Additionally, the Cross fit of the apparent vis-
cosity as provided in Table 4 and the complex viscosity
η* are depicted. The complex viscosity η* is plotted over
the shear rate utilizing the Cox-Merz rule [45]. The time
scale estimate λRS is in the order of 5·10-2 s for PAC2 and
2·10-2 s for PAC4. The relevance of normal stresses and
thus viscoelasticity may be judged by comparing it to
the shear stress for a given shear rate. Figure 10 depicts
the shear stress τ based on the Cross fit of the apparent
viscosity as given in Table 4, the estimated FNSD N1 =

Ψ1γ
· 2 as well as the recoverable shear N1/2τ. The recov-

erable shear exceeds a value of 0.5 for shear rates larger
than approximately 13 s-1 (PAC2) and 25 s-1 (PAC4).

4     DISCUSSION

4.1    RANGE OF TIME SCALES

The obtained rheological time scales for PAC2 and PAC4
are summarized in Figure 11. Two groups may be distin-
guished: The 3ITT time constants have the order of mag-
nitude 101 - 8∙102, the GNF time constants, the Maxwell
relaxation time and the FNSD time constant have the
orders of magnitude 10-3 - 1. Since the Maxwell as well
as the RS time scales are characteristic for the viscoelas-
tic behavior of the PAC solutions, we attribute these
time scales range to viscoelasticity. With the same rea-
soning, we attribute the 3ITT time scale range to mi-
crostructural changes of the PAC solution as a conse-
quence of accumulated shear, i.e. thixotropy. This dis-
tinction is important if one wants to design constitutive
equations accounting for both the viscoelastic and
thixotropic features [46]. While the RS time scales cer-
tainly indicate the correct order of magnitude, its nu-
merical values are not correct over the entire range of
shear rate. As may be seen from Figure 10, the simple
FNSD fit does not accurately capture the lower shear
rate range.

4.2   SHEAR-THINNING BEHAVIOR

4.2.1 Transient effects at low shear rates
The FC data indicates a transient behavior of the fluid
samples at very low shear rates resulting in large un-
certainty ranges of the apparent viscosity (Figure 3). As
the equilibrium PAC4 FC data demonstrates, a MPD of
Δt = 120 - 2 s log (or longer) is much better suited than
a constant value of 5 s to allow for an equilibrium fluid
microstructure at very low shear rates. This is confirmed
by the 3ITT results, where a preliminary quasi-equilib-
rium is reached only after approximately 30 s ≈ 3λ3ITT
(Figure 7) for the investigated shear rate step. For the
very low shear rate range γ· = 10-2 - 10-1 s-1, a MPD of Δt
= 120 - 2 s log yields a total strain of γ = 1.2 - 6 as opposed
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Figure 9: Cox-Merz-rule (η(γ· ) ≈ η*(ω = γ· )) and PAC2 and PAC4
time scales λrs, where the respective coefficients are based on
PL-fits of the FNSD N1 (here plotted as PL of the FNSC ψ1 =
N1/γ· 2) and η(γ· ) via Equation 10.

Figure 8: 3ITT-RRR, 300-600-500 test, η3ITT normalized with
respective FC apparent viscosity value ηFC.



to γ = 0.05 - 0.5 for the MPD Δt = 5 s, i.e. the logarithmic
MPD used leads to much more strain and thus mi-
crostructural equilibrium. In general, a strain of γ = 5 is
considered a minimum to ensure microstructural equi-
libration [47].

4.2.2 Hysteresis
The FCs obtained with a constant MPD consistently fea-
ture a hysteretic area indicating thixotropic [48], or
more general, time/shear-history-dependent behavior.
Most of the benchmarked data obtained from the lit-
erature do not show a hysteresis loop. In the case of
PAC4, the logarithmic MPD and Johnsen [13] data show
a much smaller degree of hysteresis in some parts of
the investigated shear-rate range. Primarily, this may
also be attributed to MPD settings, as described in 4.2.1.
Since FCs are considered to refer to the equilibrium be-
havior of the fluid, a full equilibrium of the loaded sam-
ple needs to be established prior to sampling the ap-
parent viscosity. Another important factor is the total
time of shear, which varies greatly between the two
MPD concepts. For instance, in the case of the constant
MPD of Δt = 5 s, the total time of shear is about 150 s at
γ· = 16.1 s-1 (upward sweep). In the case of the logarith-
mically decreasing MPD of Δt = 120 - 2 s, the correspond-
ing total time of shear is about 663 s, which may allow
for a better dynamic equilibrium of the fluid microstruc-
ture and consequently an apparent viscosity value con-
sistent with the upward sweep.

4.2.3 Scatter of different flow curves
The SD for most of the shear rate range tested is in the
order of the specified accuracy of the rheometer. When
expressed as SE, the order of magnitude is consistent
with the typical experimental error of 1 – 10 % for rota-
tional rheometry [49]. The FC obtained from the litera-
ture coincide neither with each other nor with our log-
arithmic MPD data. The spread is consistent with tech-
nical work performed [50] to develop ISO 13500 [51],
where intra-lab  differences, when obtaining FC of PAC
according to ISO 10416 [38], are estimated to be less than

10 % SD; however, using Fann viscometers. With refer-
ence to the elements of Figure 1, intra-lab differences
may arise due to various rheometric characterization
process parameters, which may differ between studies
and laboratories: (i) Rheometer: Type of rheometer,
measurement point duration (MPD) as in Section 4.2.2,
(true) sample temperature [49], measuring systems
(concentric cylinder, cone-plate), natural scatter of mea-
surement process/accuracy and (ii) Preparation & mix-
ing: Type of mixer, geometry of mixers utilized (blade
versus jug geometry/size), mixing speed and duration,
resting time, sample volume, effect of air bubbles, sam-
ple transfer, and impurities ( unclean equipment, usage
of non-distilled water with an effect on pH). The total
difference of one FC to another is a consequence of all
the possible differences of above mentioned process pa-
rameters. In case of our data, the observed test data dif-
ferences may be most likely attributed to the different
MPDs (see 4.2.2), but possibly also to the different mixer
types, and resting times utilized.
         The effective shear rate and the total strain of the
mixing process are a function of the mixer geometry,
mixer speed and the total mixing times. The two mixing
processes differ regarding the average shear rate,
which is higher for the Waring LB20E* case by a factor
of 1.65, regardless of whether estimated with the ratio
of circumferential velocity/blade radius or impeller ro-
tational speed times impeller geometry constant. Fur-
thermore, the degree of turbulence generated during
the mixing process is substantially higher for the War-
ing LB20E*/ mixer with a mixer impeller Reynolds num-
ber of the order ReImp ≈ 4650 - 11627 versus ReImp ≈ 600
- 1500 for the Silverson L4RT-A. Finally, cavitation may
have occurred in the case of the Waring LB20E* (Cavi-
tation number ≈ 1.5) as opposed to the Silverson L4RT-
A (Cavitation number ≈ 20). Hence, the overall mixing
quality of the Waring LB20E* seems to be much differ-
ent from the Silverson L4RT-A. Possibly the higher de-
gree of shear, turbulence and inception of cavitation
might have altered the polymeric microstructure and
affected the measurements.
         The nominal resting times applied in the two
preparation processes were very different (1 versus
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Figure 10: PAC2 and PAC4 recoverable shear N1/(2τ), where
the FNSD N1 is based on PL fits to the FNSD N1L = ψ1γ

· 2 and the
FNSC ψ1 is obtained from FS data via Laun’s rule [44].

Figure 11: PAC2 and PAC4 time scales overview.



48 h). This may have allowed further development of a
higher-quality solution in the case of the 48 h samples,
as diffusion processes may have further dissolved re-
maining granules and completely hydrated the poly-
mer. In addition, more and smaller air bubbles (which
were more likely to occur in the case of the Waring
LB20E* due to the higher degree of shear and turbu-
lence) may have left the system. For a time frame of one
hour (Waring LB20E*), the cut-off size for bubbles that
would have degassed from the bottom of the jar to the
top (liquid height ≈ 0.1 m) is dp = 0.1 mm, whereas dp =
0.0146 mm for a time frame of 48 h (Silverson L4RT-A)
[d]. However, the effective resting times in case of the
Waring LB20E* fluid samples were substantially longer
for most of the samples, as the prepared fluid was fur-
ther left to rest in the sealed glass jars until the actual
sample for the individual measurement was taken. No
significant differences (with respect to the established
SDs) were observed in the subsequent FC measure-
ments at the times indicated in Figure 2, indicating that
the discussed MPD is the primary influence on the dif-
ferent FC.

4.2.4 Newtonian plateau at low and high shear rates
PAC solutions feature a Newtonian viscosity plateau at
low shear rates, as one would expect because of their
polymeric nature. This low shear-rate Newtonian vis-
cosity plateau requires the application of an appropri-
ate viscosity model such as the Cross [23] and Carreau
[24] family of models if one is interested in that shear-
rate range, e.g. the settling of particles in drilling fluids,
and a GNF rheology model is assumed to adequately
describe the FC data. The same applies if one is inter-
ested in higher shear rate ranges, as the PAC solutions
investigated feature a corresponding Newtonian
plateau, which, in the absence of data available, may
be taken equivalent to the solvent viscosity. However,
precise high-shear rate data becomes important to not
underestimate the laminar shear viscosity of the fluid,
as it would occur using a PL material function [53].
         In the context of CFD modelling, where a rheolog-
ical model is required as input (Figure 1), it is also very
beneficial for the computational process if a four-para-
meter material function of the Cross [23] and Carreau
[24] family of models is used, as some control volumes
in the domain will always feature low shear rates and,
during the iteration process, some other might see
shear rates much higher than the final value. This may
increase numerical stability because iterations are
based on fitted rather than extrapolated rheometric
data or cut-off values. Furthermore, regions of low
shear are ubiquitous in every flow problem. In addition,
the high shear rate region above the range of interest
is important when it comes to turbulent flow modeling

in order to avoid extrapolation errors of the laminar
shear viscosity [53]. In addition, for higher shear rate
ranges, extensional viscosity effects may lead to turbu-
lent drag reduction (DR) because of stretching of poly-
mer molecule chains. This is well understood for CMC,
where comparable concentrations may lead to DR of
10 – 35 % [54]. If relevant, one may account for DR by ap-
propriate models, e.g. [55].

4.3   VISCOELASTIC BEHAVIOR

4.3.1 Relevance of elastic properties
The investigated PAC solutions exhibited relevant vis-
coelastic properties for very low strains (Figure 4) or
high frequencies (Figure 5), since both loss and storage
modulus were of the same order of magnitude. How-
ever, elasticity seems negligible for continuous defor-
mation, i.e. strains larger than 1000 %, since the phase
shift angle ϕ at a strain of 1000 % has a value of 82.5°
for PAC4 and 86° for PAC2, with a phase shift angle ϕ =
90° representing purely viscous behavior. In that sense,
PAC2 is less viscoelastic because the phase shift angle
is exceeding the one of PAC4 over the entire range of
strain, i.e. for a given strain PAC2 is more fluid-like than
PAC4. Hence, PAC4 represents a worst-case in terms of
viscoelasticity. If continuous deformation, i.e. flow over
a sufficient amount of time and therefore large strain,
takes place, the elastic response of the microstructure
seems negligible. This is the case in a steady-state
drilling operation; hence, PAC solutions used to inves-
tigate such operations may be treated as purely viscous.
However, in regions of low deformation, for instance
the interstitial drilling fluid in a cuttings bed, viscoelas-
ticity may not be negligible.
         On the other hand, normal stresses, which are
caused by strain-induced microscopic anisotropy
where polymer molecules depart from their equilibri-
um shape, become more relevant at higher shear rates,
as depicted in Figure 10. The recoverable shear N1/(2τ)
is usually considered as a degree of elasticity, where a
value of larger than ½ indicates high elastic behavior
[56]. The effect of normal stresses on particle settling
is well-known and may have to be accounted for in case
of high settling shear rates using the estimated vis-
coelastic time scales provided in Figure 11 and an appro-
priate model [57]. The estimated viscoelastic time scale
range λMax is only valid for small deformations as it is
based on the Maxwell model. The Maxwell model does
not describe the data completely as the slopes of both
G' and G'' in the FS are not equal to 2 and 1, respectively
[48]. However, comparing the FC apparent viscosity
with the results from the FS by utilizing the Cox-Merz
rule (Figure 9), we find that the two curves do reason-
ably well coincide for the lower shear rate range, i.e. the

© Appl. Rheol. 28 (2018) 25154 |   DOI: 10.3933/ApplRheol-28-25154 |   11 |



Maxwell-based time scales may serve as a first approx-
imation. However, like CMC solutions [34], PAC solu-
tions deviate from the Cox-Merz-empiricism for higher
shear rates as a consequence of the internal restructur-
ing processes. Viscoelasticity is relevant on short
timescales. This is also apparent from Figure 8, where
viscosity and corresponding stress overshoots are ob-
servable just after the shear rate step from interval two
to three. These overshoots do have a quite large ampli-
tude; hence, on these short time scales, elastic effects
are both present and significant quantitatively.

4.3.2 Yield stress
No yield stress is evident for the strain range investi-
gated since the loss modulus G'' always exceeds the
storage modulus G' and no crossing of the two moduli
occurs (Figure 4). In addition, the CSS FC tests (not de-
picted) did not show any evidence of yielding. This may
seem conflicting with other studies stating that PAC in-
creases the yield point/yield stress in drilling fluids [1,
3, 5, 6] or, more generally, that anionic surfactants af-
fect the yield stress of Bentonite slurries [58]. However,
as opposed to this study, where purely PAC in an aque-
ous solution is used to create a model drilling fluid, the
above cited studies actually investigated drilling fluid
systems, where PAC is one of multiple additives to e.g.
Bentonite-based suspensions. Here, the PAC anions
may stabilize the clay particles and thus stabilize the
suspension and indeed increase an existing yield stress.
In addition, as per drilling industry convention, all these
studies have applied either the HB or the Bingham [20]
material function to their data, which were obtained
with Fann viscometers. Thus, yield point/yield stress as
employed in these studies and defined in the drilling in-
dustry [40] is to some extent a model artefact rather
than a feature of the obtained rheometric data since it
is purely based on the two conventionally taken data
points at Fann viscometer speeds θ300 and θ600 (Bing-
ham model) or θ3 and θ6 (Herschel-Bulkley model) [40].
A more firm (but also more time-consuming and com-
plex) approach may be taken by adopting a material
function which better describes the data, e.g. HB in-
stead of Bingham, and by determining a yield stress
based on e.g. crossover points in the AS test or perform-
ing shear stress sweeps in a CSS mode and plotting
stress versus strain [59].  For higher concentrations or
smaller strains than the ones investigated in this study,
i.e. 8 g/L a yield stress may develop in pure PAC solu-
tions. However, for higher polymer concentrations, the
resulting increase in apparent viscosities disqualifies
such high concentrations for use as they are exceeding
the typical range of drilling fluid viscosities [39].

4.4   TIME-DEPENDENT BEHAVIOR

The tested PAC fluids generally show time-dependent,
or more precisely shear-history dependent behavior.
After the step from low to high shear rates, stress/vis-
cosity jumps almost instantly to a new preliminary
equilibrium value; however, followed by a transient be-
havior of stress/viscosity with large rheological relax-
ation times in the order of 103 s. From high to low shear
rates, transient behavior and relaxation are observed
with a rheological relaxation time in the order of 100 s
(PAC2) and 101 s (PAC4), with a second subsequent tran-
sient behavior of stress/viscosity with large rheological
relaxation times in the order of 102 s (PAC2) and 103 s
(PAC4). The observed dynamics are not a result of the
change of the flow field (high to low shear rate step and
subsequent change of the velocity field) as the time
scale associated with the change of the velocity field is
in the order of < 10-2 seconds [e].
         The general change of apparent viscosity with time
in the second and third 3ITT intervals confirms the time-
dependent behavior of the investigated PAC fluids, as in-
dicated by the hysteretic flow curves. Physically, this may
be attributed to the interaction of the long-chain PAC
molecules and the break-down/development of a three-
dimensional structure in the solution. The high deforma-
tional load in the second interval will cause the polymer
chains to align with the shear forces, resulting in a de-
creasing viscosity. In the transition to the recovery inter-
val, the high load may have initiated a spontaneous re-
arrangement or crystallization of the polymer chains,
which may further entangle over time, leading to an in-
crease in viscosity. This may already be observed in the
reference values of the 3ITT, where a transient behavior
of the sample is visible indicating time-dependent be-
havior of the apparent viscosity. An even longer first in-
terval, i.e. a sufficient amount of strain as described in
Section 4.2.1, is required to get rid of all dynamics in the
sample and reach dynamic equilibrium, i.e. stable refer-
ence values. A large scatter of the amplitude of viscosity
occurs in the third interval of the 3ITT. We consider this
a consequence of the apparent viscosity levels (in partic-
ular regarding PAC2) as well as a MPD setting issue since
the MPD in the third test interval is just 0.5 s, whereas
the MPD in the first interval is 5 s and thus acting as a
time filter. Strikingly, PAC2 shows more pronounced
over- and undershoots than PAC4, even though it can
build less microstructure due to its lower concentration.
Within this study, the described time-dependent behav-
ior has been observed for two different concentrations
as well as two shear rate steps only. A more comprehen-
sive test matrix combined with much longer time inter-
vals seems required and thus further work is needed to
investigate the time-dependency of PAC solutions.
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4.4.1 Long-term behavior
Within the time frames of our experiments, we could
not observe a full structural recovery of the viscosity un-
der- and overshoots. Viscosity overshoots have also
been observed with oil-based drilling fluids. However,
these fluids may fully relax to the reference value after
sufficient time [59]. This is also observed in the case of
the 100-50-500 3ITT data, where the apparent viscosity
eventually relaxes back to the reference value (Figure 8).
However, this relaxation takes place on even larger time
scales than the ones describing the initial transient re-
sponse given in Figure 7. The large time scales identified
in the 3ITT tests (λ3ITT ≈ 391 – 615 s) indicate that even the
FC obtained with a logarithmically MPD is not yet fully
representing the dynamic equilibrium: For small shear
rates such as γ· = 0.1 s-1, the apparent viscosity changes
by ≈ 8 % with λ3ITT = 391 s (Third interval, Figure 8) and
for large shear rates such as γ· = 1200 s-1, the apparent
viscosity changes by ≈ 5 % with λ3ITT ≈ 615 s (Second in-
terval, Figure 8). These time scales also show that the
sample’s resting time in the measurement device could
have been longer in order to ensure better structural re-
formation after the pouring process.

4.4.2 Thixotropic versus time-dependent behavior
The fluid samples behavior is of classic thixotropic na-
ture because the change in viscosity is fully reversible,
which is associated with a microstructure breakdown
and complete reformation [48]. However, the observa-
tion of complete structural reformation depends on the
time frame of the experiment. If the time scale of ob-
servation is chosen to be shorter, for instance in the or-
der of the initial transient response (Figure 7), the re-
formation process is still occurring and the apparent
viscosity difference is in the order of 10 %.

4.4.3 Simplification to viscous behaviors
We have shown that PAC solutions generally feature
time-dependent behavior. For small deformations
and/or high frequencies, a linear viscoelastic behavior
is evident; for high shear rates normal stresses differ-
ences may become important. Furthermore, PAC solu-
tions show thixotropic behavior on larger time scales,
with a nonlinear increase of the time scale as a function
of the concentration. In principle, a simplified treat-
ment of the investigated PAC solutions as GNF is to be
justified with respect to the actual flow problem as it
depends on the ratio of i) the elastic or microstructural
rheological time scales and ii) the characteristic process
time scales and the time of observation in a Deborah
number sense [60]. For very short process time scales,
elastic effects are relevant, especially as they apparent-
ly may result in large amplitudes. For longer process
time scales, the thixotropic microstructural effects be-

come relevant. However, here the corresponding am-
plitude ratios are much less pronounced, as may be ver-
ified both from the FC hysteresis (Figure 3) and normal-
ized 3ITT apparent viscosity plots (Figure 8). For the
PAC4 hysteresis, the downward sweep mean apparent
viscosity at an intermediate shear rate is 83 – 90 % of
the upward sweep mean apparent viscosity. For the
PAC4 3ITT relaxation, the apparent viscosity values
reach 95 % of the reference value in 2λ3ITT by definition
and for the PAC4 examples given in Figure 7, the appar-
ent viscosity has reached approximately 80 % of the fi-
nal value in Δt = 5 to 7 s, which corresponds well with
the apparent viscosity ratio of the FC downward and
upward sweep given above.
         For a PAC4 flow problem where the relevant time
scale is in the order of the MPD Δt = 5 s, e.g. particles
falling out of suspension and settling to the lower part
of a horizontal wellbore section, the hysteretic FC pre-
sented in Figure 3 may be used to estimate the increase
of uncertainty if the observed hysteretic loop, i.e. the
change in time-dependent apparent viscosity due to
change of the microstructure is neglected. For model-
ing purposes, one may represent this hysteretic FC with
the mean of the upward and downward sweep means,
i.e. the dotted line in Figure 3 plus/minus a respective
tolerance. For the given example, these tolerances may
be estimated from the extremes as a result of natural
scatter (Dotted lines of PAC4 FC in Figure 3). Thus, in-
stead of having one FC, which may be used to fit a ma-
terial function, one now has a FC with an increased un-
certainty accounting for time-dependent effects.
         For the given FC example, the relative standard un-
certainty of both the upward and downward sweep is
in the order of ≈ ± 5 % for γ· > 140 s-1 and ≈ ± 10 % for γ·
< 30 s-1 (based on respective means (solid lines) depicted
in Figure 3 ± 3SD) [f]. If the hysteresis loop is neglected,
the dashed lines are taken as ± 3SD and hence the un-
certainty for this mean of the upward and downward
sweep mean (dotted line) increases to ≈ ± 15 % for γ· <
30 s-1 and ≈ ± 18 % for γ· < 5 s-1, which is a relative increase
of 75 to 90 %. The uncertainty of the range γ· > 140 s-1

remains the same and for shear rates γ· < 0.3 s-1 there is
no reliable uncertainty estimate possible as the MPD
effect (see 4.2.1) overshadows and thus increases the
hysteretic loop uncertainty intervals. In addition, the
3SD interval is approximately equal to the range of scat-
ter representing intra-lab differences. Figure 3 shows
that the uncertainty estimate (dashed lines) encloses
the PAC4 results obtained from the literature as well as
the assumed equilibrium FC. Thus, for the case of MPD
Δt = 5 s, intra-lab differences (which may be due to one
or a combination of the factors given in 4.2.3) lead to an
apparently equivalent uncertainty magnitude as time-
dependent effects.
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         It is important to note that this uncertainty esti-
mate additionally includes the natural scatter of the FC
measurement process as well as discussed factors such
as MPD, mixing process and resting times as it is based
on 3SD of both the upward and downward sweeps.
Note also that the order of magnitude of the FC hys-
teresis is dependent on the MPD, i.e. the time scale of
observation, as well as the shear rate step. The latter is
small for a FC sweep, in case of larger shear rate gradi-
ents the above given uncertainty range may underes-
timate the apparent viscosity. Hence, performing 3ITT
tests for different shear rate steps will provide a better
understanding of how uncertainty scales with shear
rate steps and the time scale of observation. However,
a better approach for modeling activities obviously is
to use the equilibrium FC instead of averaging the hys-
teretic FC. This imposes a constraint on experimental
modeling in order to minimize the uncertainty when it
comes to validation as indicated in Figure 1. Proper dy-
namic equilibrium i.e. a constant apparent viscosity
needs to be ensured prior to sampling the variables of
interest. Given the largest time scales identified (λ3ITT =
615 s), this may not be practically possible as it yields
very long laboratory times.
         Finally, with respect to CFD modeling, the total un-
certainty associated with a rheological model utilized
may be estimated with the root of the sum of the
squares of individual uncertainties of every process
step required to construct the rheological model. With
reference to Figure 1, the fluid may feature more com-
plex physics, which if neglected, increase uncertainty
by potentially 75 to 90 % as described above. The prepa-
ration process may increase uncertainty due to the var-
ious reasons mentioned in 4.2.3, in particular mixing
procedures and resting times. The measurement
process as such provides scattered data with a certain
SD, here ± 1 to ± 5 %, and is sensitive to the measure-
ment settings (Sections 4.2.1 and 4.2.2). Uncertainty will
further increase (at least for certain ranges of shear
rate) if an inappropriate material function is selected to
represent the data as discussed in Sections 4.2.4 and
4.3.2. The fit of the material function to the rheometric
data by regression may further increase uncertainty
(Table 4).

4.5   SUBSTITUTION OF DRILLING FLUIDS IN
LABORATORY STUDIES

In general, the investigated PAC solutions seem capable
of serving as model systems for drilling fluids in labo-
ratory cuttings transport studies (referring to “Test flu-
id” in Figure 1) since they feature shear-thinning behav-
ior, and also show viscoelastic and thixotropic behavior.
The identified large thixotropic time scales (λ3ITT ≈ 102 -

103 s) do have the same order of magnitude as water-
based drilling fluids (WBDF) such as bentonite [43, 61]
and KCl [61] dispersions, as well as oil-based drilling flu-
ids (OBDF) [59]. Moreover, the relative change in ampli-
tude is also comparable to the behavior of WBDF [43,
61] and OBDF [59]. However, as opposed to bentonite-
based WBDF, the investigated PAC solutions do show a
much smaller thixotropic time scale (λ3ITT ≈ 10 s) for the
first part of the microstructure build-up after stress re-
lieve [43]. PAC solutions do not show a yield stress for
the concentrations investigated. Regardless of how to
define and measure a yield stress, a yield stress is as-
sumed a desirable property of a drilling fluid, keeping
particles in suspensions at zero flow. The addition of
Xanthan gum may be one way to develop a yield stress
and keeping translucency as it is known to add vis-
coelasticity (but may also further increase shear thin-
ning) [62]. Another important parameter to consider is
density, which is basically equal to water for the inves-
tigated PAC solutions. The variations in relative fluid
density between drilling fluids and rock may vary with
a factor of 1 to 3 [39]. However, relative density effects
are well understood and there is no need to match rel-
ative density in experiments  as long as the variation is
smaller than one order of magnitude [g]. It is more im-
portant to match the sedimentation velocities of cut-
tings which may be controlled by the particle size.

5      CONCLUSIONS

Aqueous PAC solutions apparently feature linear vis-
coelastic properties in case of low strains and/or high fre-
quencies and exhibit relevant normal stress differences
in case of high shear rates, but no yield stress. They further
show time-dependent, or more precisely shear-history
dependent behavior. When performing flow curve mea-
surements, sufficiently long measurement point dura-
tions over the entire range of shear rates are required to
obtain a microstructural equilibrium in the sample. This
is critical in order to minimize the uncertainty due to
thixotropic effects and to obtain the most reliable fit to
applied rheological models. For cuttings transport mod-
eling purposes, it seems reasonable to treat PAC solutions
as purely viscous, shear-thinning, fluids as long as:
n   small deformations and/or large frequencies as well

as higher shear rates are not relevant for the prob-
lem, hence neglecting elastic properties

n   the time of observation is sufficiently longer than
the fluids rheological relaxation times, i.e. that an
equilibrium of the problem with respect to the fluids
flow field and microstructure is achieved, hence
time-dependent restructuring effects are becoming
irrelevant
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If this is not satisfied, the overall uncertainty of the
rheometric flow curve data, i.e. square root of sum of
squares of the general experimental uncertainty and
an additional uncertainty associated with the purely
viscous interpretation of the data and corresponding
model coefficients may increase by an order of ≈ 75 to
90 %. Further work is required to detail this estimate
with regards to the time scale of observation as well as
shear rate steps and relate it to specific cutting trans-
port process time scales. Instead of a yield stress, pure
PAC solutions feature a low-shear viscosity plateau and
require a corresponding material function, e.g. Cross/
Carreau if the low shear rate range (γ· < 1 s-1) is relevant
for the particular problem investigated. For modeling
purposes, the application of a Cross/Carreau material
function is beneficial because it minimizes the negative
effects of extrapolation of the conventionally used
Power Law material function.
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FOOTNOTES
[a]     CFD methods are hereafter considered as multiphase fi-

nite volume Reynolds Averaged Navier Stokes models,
where the particles are either treated as point masses
(Eulerian-Lagrangian) or second continuum (Eulerian-
Eulerian). Hence, various closures are required, such as
considered particle forces as well as turbulence and rhe-
ology models.

[b]     A constitutive equation is considered as a mathematical
expression relating stress and strain and/or strain rates,
or even other flow/material properties. A rheological
model comprises a particular constitutive equation as
well as certain assumptions made for a set of experimen-
tal data to fit material functions such as shear viscosity
and first normal stress coefficient. However, in many
cases these terms are used interchangeably.

[c]     The rheological relaxation time λ3ITT may alternatively
be defined as the time it takes to fully relax to an equi-
librium state. Here, the definition of a time constant is
used as described in Equation 9. The applied definition
of λ3ITT therefore represents the time it takes to relax to
≈ 63 % of its final value.

[d]     Based on zero shear rate viscosity h0 of the system and
Schiller-Naumann [52] drag law.

[e]     This estimate may be obtained by rearranging the mo-
mentum balance for pure shear flow in the rheometer
gap and inserting the two extremes of apparent viscosity
h = 0.0275 Pas and h = 0.2 Pas, the density r = 999 kg/m³
and the rheometer gap size y = 1.013 mm.

         
          The inverse of the RHS yields the corresponding time

scales dt(h = 0.0275 Pas) = 0.046 s and dt(h = 0.2 Pas) = 0.0064 s
for the change in velocity dt as a result of the change in
shear rate d γ.

[f]      Usually, standard uncertainty is based on SD. Here, we
base it on 3 ·SD as this encompasses 99 % of the scat-
tered data and is consistent with Figure 3.

[g]     Besides scaling the problem, addition of Laponite may
be considered in order to increase density and further
develop time-dependent behaviour [63] by keeping the
required translucency [64].
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