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H I G H L I G H T S

• Yield-pseudoplastic behaviour with varying patterns in a wide shear rate range.

• Improved characterisation by hybrid model fitting of defined shear rate segments.

• Rheological model fitting reflected transient status but not intrinsic properties.

• TS-related distinct flow status and transitions described rheological instability.

• Measurement recommendations and a mathematical expression for sludge rheology.
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A B S T R A C T

For a proper operational performance assessment of excess sewage sludge digesters in practice, a better un-
derstanding of waste activated sludge (WAS) rheological behaviour is important, especially regarding the low-
shear and poor mixing zones in anaerobic digesters. The potential rheological instability of WAS with different
total solids (TS) concentrations was studied in this research. The obtained yield-pseudoplastic behaviour showed
varying patterns in a wide shear rate range, of which characterisation depended on hybrid model fitting of
defined shear rate segments. Although a new mathematical expression improved the fitting quality, limited
applicability of the empiric models reflected the samples’ transient rheological behaviour rather than intrinsic
properties, challenging the included parameters definition. Characterised by the distinct flow status and tran-
sitions, the observed rheological instability gives more insight in viscoelastic and thixotropic effects on sludge
flow and mixing behaviour in full-scale WAS treatment systems. Recommendations for developing a rheological
measurement protocol were also formulated.

1. Introduction

Waste activated sludge (WAS) is a complex matrix, diverse and
sensitive to origin and condition during transportation, processing and
anaerobic digestion [1,2]. Although crucial for energy input assess-
ments and operational optimisation of mixing in anaerobic digesters at
wastewater treatment plants (WWTP), the rheology of thickened WAS
is still not fully understood.

Rheological behaviour can differ with the different existing sludge
types and can be affected by various factors. Although non-Newtonian
behaviour (shear-thinning) was found for activated sludge (AS) in
several studies [3–5], it has also been reported that AS with low total
solids (TS) concentrations (< 1%) has a relatively constant apparent

viscosity with yield stress [5,6]. Sludge with higher TS has generally
been found as yield-pseudoplastic (or viscoplastic) [7]; whereas the
specific behaviour can be quite different in sludge types [8–12]. So
solids content has been found to strongly affect the sludge rheology,
including AS [3–6,13–15], primary and secondary sludge [5,11,16],
and the mixture of those two [5,9,11,12,16]. The interactions of solid
particles and the ambient fluid, including hydrodynamic and non-hy-
drodynamic parameters, were reported to play a major role in the
rheological behaviour [15,17,18]. Moreover, the sludge rheology has
been found to vary with operational conditions at the WWTP, such as
sludge age and/or loading rate [19], flocculation [14,20], and aeration
gas flow rate [4,19]. These operational parameters result in a diversity
of sludge types with quite different physicochemical characteristics
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[5,8]. Conductivity and pH were reported to affect the rheology as well
[14]. In addition, thixotropy was investigated in some studies, whereas
the observed time-dependent rheological behaviour was not further
analysed [11,17].

The rheology of non-Newtonian fluids is usually described by ap-
plying mathematical rheological models based on curve-fitting em-
pirical correlation expressions [21]. Typical models are shown in
Table 1, including shear stress models and apparent viscosity models
with different degrees of complexity. For sludge matrices, the Bingham
model is usually found to fit the rheograms of AS well [5,6,13], while
the Ostwald (or power-law) model [4,5,8,22,23] and the Herschel-
Bulkley model [9,16,17,23] are found for thickened WAS (> 1%)
better. There are also a few applications of other models for describing
the sludge rheology, such as the Sisko model [3] and the Cross model
[24]. Furthermore, mathematical expressions have been developed to
further correlate some key influencing factors; exponential [3,6,11,12],
power [11] and linear [9,11] relations have been reported to correlate
the rheological properties towards the solids content.

In spite of the wide use, applicability of the models in Table 1 is
specific to one sludge type or measuring condition, while usually the
steady flow status at relatively high shear rates (> 10 s−1) is used. The
diverse and even contradictory results published, suggest that rheolo-
gical characteristics of sludge might be too complicated to be described
by a single rheological model containing empiric parameters. More-
over, there is a risk to apply one mathematical relation at different
shear rates, since varying rheological behaviour has been reported at
different shear rates [11,17,25]. In full scale sludge treatment in-
stallations, the WAS faces changing shear rates throughout the process:
from high-shear-level pumping systems to low-shear-level anaerobic
digesters, especially in the poor-mixed or dead zones where shear rates
can go down towards 0 s−1. Regarding considerable viscoelasticity
observed in the untreated concentrated WAS [26], when the sludge
with viscoelasticity and maybe thixotropy experiences medium and low
shear rates, a good understanding of the potential instable and transi-
tional rheological behaviour becomes important to assess sludge flow
and mixing in full scale digesters. Nevertheless, this rheological in-
stability has hardly been reported in literature.

In this study, the rheology of thickened WAS with different TS
concentrations was measured and assessed in a wide shear rate range;
particular attention was given to the low-shear regime in practice to
investigate any rheological instability related to viscoelasticity and/or
thixotropy.

2. Materials and methods

2.1. Sample characterisation

Excess secondary sewage sludge, sampled after gravitational thick-
ening before feeding into an anaerobic digester at WWTP De Groote
Lucht (Vlaardingen, the Netherlands), was used for this study.
Considering the solids content impact, the sampled gravitational
thickened (GT) sludge (of 1–2% TS) was concentrated by vacuum fil-
tration to different TS concentrations up to 7%. In agreement with lit-
erature, the vacuum filtration was used in order to minimise any
changes in the physical sludge structure [11]. All the GT and vacuum-
filtration-concentrated (VFC) samples were stored at 4 °C and were
tested within four days. The solids content was determined by standard
gravimetric analysis, TS and volatile solids (VS) analysis following
standard methods [27].

2.2. Rheological measurements

The rheology was measured using an Anton Paar MCR 302
Rheometer (Anton Paar GmbH, Austria), which has two concentric
cylinders (measuring bob and cup) as a rotational Couette geometry. A
CC27 measuring system was applied so the radii of the measuring bob
and cup are 13.332mm and 14.466mm, respectively.

Nomenclature

d gap width between measuring bob and cup of rheometer,
m

deff width of localised shear layer, m
GT gravitational thickened
K flow consistency index, Pa·sn

Kn adjusted K, Pa1/2·sn/2

m rate constant in Cross model
n flow behaviour index, −: fluid is shear-thinning if n< 1,

Newtonian if n= 1, and shear-thickening if n> 1
Ri the radius of measuring bob, m
Ro the radius of measuring cup, m
Re Reynolds number, −
RMSE root mean squared error, −
SSE sum of squared errors, −
Ta Taylor number, −
TS total solids, %

VFC vacuum-filtration-concentrated
WWTP wastewater treatment plant

Greek symbols

γ ̇ shear rate, s−1

γėff effective shear rate of localised shear layer, s−1

λCa time coefficient in Carreau model, s
λCr time coefficient in Cross model, sm

µ apparent viscosity, Pa·s
µ0 zero-shear viscosity, Pa·s
µ∞ infinite rate apparent viscosity, Pa·s
υ kinematic viscosity, m2/s
τ shear stress, Pa
τ0 yield stress, Pa
τ1/2 the critical shear stress in Ellis model, Pa
τC the critical shear stress in the new expression, Pa
ω angular velocity, rad/s

Table 1
Commonly used rheological models.

Model Expression Description

Bingham = +τ τ μγ ̇0 (1) Constant viscosity with yield
stress τ0

Ostwald (de
Waele)

=τ Kγṅ (2) Power law

Herschel-
Bulkley

= +τ τ Kγṅ0 (3) Power law with τ0

Casson = +
∞

τ τ μ γ ̇0 (4) With τ0 and limiting apparent
viscosity

∞
μ

Sisko = +
∞

−μ μ Kγṅ 1 (5) Power law coupled with
∞

μ

Cross
=

− ∞

− ∞ +

μ μ
μ μ λCr γm0

1
1 ̇

(6) Four parameters including
limiting apparent viscosities
of μ0 and

∞
μ

Carreau
= +

− ∞

− ∞

−

λ γ(1 ( ̇) )μ μ
μ μ Ca

n

0
2 1

2
(7) Four parameters including μ0

and
∞

μ
Ellis

=
+

−
μ μ

τ τ α
0

1 ( / 1/2) 1
(8) Function of shear stress, with

a critical shear stress τ1/2
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2.2.1. Flow curve
The flow curve measurement started with a pre-shear step of 90 s at

a constant shear rate (generally 1000min−1), to minimise concentra-
tion gradients and to reach a homogeneous sample distribution. After a
pause of 60 s, a flow measurement step in ramp mode was followed: the
applied shear rate was increased from 0.01 s−1 to 1000 s−1, with a
decreasing corresponding time interval, both of which varied loga-
rithmically.

2.2.2. Yield stress
Two methods were applied for yield stress measurements. In

method 1, the pre-shear and subsequent steps were similar to 2.2.1. The
measuring step was in a torque ramp mode, and the torque imposed on
the sample increased gradually from a value below the yielding process,
of which the critical moment was determined by monitoring the re-
sponsive deflection angle. The second method was in a dynamic oscil-
lation mode by using a PP50 plate system. The sample was in oscillation
with a fixed frequency of 1 Hz and varying strains from 0.01 to 200%,
and storage modulus and loss modulus were measured to determine
yield stress.

2.2.3. Creep test
In order to further investigate rheological instability and thixotropy,

a creep mode measurement was performed. In each sample test, con-
stant shear stress in series with a duration of 106 s was applied. A shear
stress range was set based on relevant flow curve results. Hence, the
applied stress started below the yield stress and was successively in-
creased up to the maximum shear rate (e.g. 1000 s−1).

Triplicate measurements were typically performed for each sample.
A constant temperature at 20 °C was controlled for all experiments, with
a tolerance of± 0.05 °C. No apparent stratification was observed when
samples were kept static in containers for at least 3 h. Therefore, the
influence of sludge settling during the duration of the experiments
(maximum 20min) was considered negligible.

3. Results and discussion

3.1. Varying trends in flow curves

Rheograms of the GT and the VFC sludge with TS concentrations of
1.2%, 3.6% and 6.0%, are shown in Fig. 1. All samples were found to
show yielding and shear-thinning (or yield-pseudoplastic) behaviour,
and returned flow curves with varying trends. For the GT sludge (TS
1.2%), the shear stress generally increased with the shear rate slightly
at low shear rates, while had a faster increase above 12 s−1 (Fig. 1A).
For the VFC sludge (Fig. 1B and C), the rheogram showed two different
segments of increasing shear stress (shear stress 2 and shear stress 3 in
the graph), with a transition when the shear rate was around 10 s−1.
The VFC sludge also showed a decreasing shear stress part with the
increasing shear rate at very low shear rates (usually< 0.3 s−1), which
has not been reported before for secondary sewage sludge [8,9,11,12].

All apparent viscosity and shear stress curves could be divided into
three segments of similar behaviour, to better describe the varying
trends in the wide shear rate range. For the GT sludge (Fig. 1A), the
three segments were identified at shear rates 0.01–12, 12–350 and
350–1000 s−1, respectively. For the VFC sludge (Fig. 1B and C), the first
segment was the initial decreasing part of the shear stress curve, and the
other two got distinct increasing trends.

3.2. Mathematical characterisation on the varying trends

3.2.1. The Ostwald model and the Herschel-Bulkley model
Mathematical characterisation on applicability of the segmentation

for the varying trends in the rheograms was carried out using various
rheological models. The most widely used models, the Ostwald model
(Eq. (2)) and the Herschel-Bulkley model (Eq. (3)) were considered for

both the whole curve and the defined segments, while the fitting quality
was assessed by the sum of squared errors (SSE) and the root mean
squared error (RMSE).

Results are presented in Fig. 1 and Table 2. Fitting of the full curves
by both models gave unacceptable deviations (large SSE and RMSE
values), but fitting each segment separately returned better results.

Fig. 1. Three distinct segments in the rheograms of A: TS 1.2%, B: TS 3.6% and
C: TS 6.0%, and the fitting results of shear stress data.
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Although similar performances of the two models were obtained in
some segments, the Herschel-Bulkley model was usually found to better
describe the low shear rates (such as segment 1 of all, and segment 2 of
the VFC sludge). On the other hand, the Ostwald model fit the data
better at high shear rates (segment 3). The good performance of single
model fitting in a specific shear rate range agreed with some previous
results, but these studies also showed limitation of single model fitting,
when applied in a wider shear rate range [17,23].

Hence, as shown in Fig. 1, to better characterise the varying rheo-
logical behaviour, hybrid model fitting was needed; the Herschel-
Bulkley model at low shear rates and the Ostwald model at high shear
rates were combined to describe the entire curve. It indicated that the
role of yield stress reflected by the term (τ0) in the Herschel-Bulkley
model was important at low shear rates, however, became less im-
portant and even negligible once reaching a high shear rate.

Moreover, two discrepancies in the regressed parameters should be
noted in Table 2. Firstly, when the GT sludge (TS 1.2%) was fitted by
the same model (Ostwald), segment 2 and 3 gave distinct K (0.23 and
0.05) and n (0.45 and 0.73) values, which seemed to express behaviour
of two different types of sludge, rather than a transition. Secondly,
when the same segment was fitted with Ostwald and Herschel-Bulkley,
both models achieved an acceptable regression (segment 2 and 3, TS
1.2%). However, the predicted K and n values were different, even
though having the same definition. Therefore, the discrepancies may
highlight the empirical nature of both models, implying a transient
rheological status rather than fixed physical properties.

3.2.2. Models with higher complexity
In addition to the existing models, more complex models (Eqs. 4–8)

were used in order to identify if the rheological data could be more
accurately predicted. The more complex models included more limiting
parameters, such as zero-shear apparent viscosity (µ0) and infinite rate
apparent viscosity (µ∞). Fitting results applying these models are
shown in Fig. 2 and Table S1. It was found that, even with some
modifications, the increased complexity did not return satisfactory fit-
ting quality, especially for the flow curves of the VFC sludge.

In order to improve the fitting performance, a new expression was
developed that includes critical shear stress (τC) and the coefficients n

Table 2
Fitting results of the sludge with three TS concentrations, using the Ostwald
model and the Herschel-Bulkley model.

TS (%) Model K n τ0 SSE RMSE

1.2 Ostwald Whole 0.70 0.20 8.8∙102 2.9∙100

Segment 1 0.57 0.06 8.2∙101 1.2∙100

Segment 2 0.23 0.45 2.8∙10−5 9.8∙10−4

Segment 3 0.05 0.73 8.8∙10−8 9.9∙10−5

Herschel-
Bulkley

Whole 0.04 0.74 0.49 2.4∙10−1 4.5∙10−2

Segment 1 0.14 0.31 0.42 2.4∙10−2 2.0∙10−2

Segment 2 0.08 0.63 0.39 7.4∙10−3 1.7∙10−2

Segment 3 0.01 0.99 1.22 1.2∙10−2 4.4∙10−2

3.6 Ostwald Whole 10.01 0.22 5.9∙105 7.7∙101

Segment 1 4.73 −0.10 5.3∙103 1.4∙101

Segment 2 6.95 0.25 3.6∙100 3.5∙10−1

Segment 3 7.10 0.32 4.9∙10−3 1.1∙10−2

Herschel-
Bulkley

Whole 4.08 0.39 4.24 1.6∙102 1.3∙100

Segment 1 0.06 −0.83 5.52 6.5∙10−2 5.0∙10−2

Segment 2 1.72 0.74 4.94 8.1∙10−1 1.7∙10−1

Segment 3 3.91 0.39 5.83 1.7∙101 6.6∙10−1

6.0 Ostwald Whole 79.21 0.21 3.6∙107 6.0∙102

Segment 1 28.87 −0.16 6.9∙105 1.8∙102

Segment 2 61.86 0.23 1.1∙104 1.6∙101

Segment 3 87.81 0.21 6.0∙10−1 1.3∙10−1

Herschel-
Bulkley

Whole 60.56 0.27 13.24 2.4∙104 1.6∙101

Segment 1 0.03 −1.49 44.14 6.7∙10−1 1.9∙10−1

Segment 2 14.87 0.71 41.16 1.0∙101 5.1∙10−1

Segment 3 90.80 0.21 ∼0 7.9∙102 4.9∙100

Fig. 2. Fitting by the models with limiting parameters, A: original and B:
modified models for the GT sludge; and C: Casson and the expression in this
study for the VFC sludge.
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and Kn:

= +τ τ K γ ̇C n
n

(9)

The fitting results of this expression in Table S1 and Fig. 2C de-
monstrate an improved fitting quality with much lower SSE and RMSE
values than other models used. It seemed that the returned Kn and n
were parameters similar to the K and n in Ostwald and Herschel-
Bulkley, since consistent varying tendencies were obtained as TS in-
creased. However, although close to yield stress (τ0) for the GT sludge,
the critical shear stress (τC) returned decreasing values at increasing TS,
so this parameter seemed not only to be related to yield stress but also
to TS. The proposed expression was applied to fit rheological data of
other WAS, including thermophilic and mesophilic anaerobically di-
gested sludge from WWTP Echten (The Netherlands, data not shown in
this paper), showing improved fitting results as well. Therefore, con-
sidering the improvements of fitting quality, this empirically developed
expression could be recommended to characterise the rheological be-
haviour of concentrated WAS in a wide shear rate range.

Moreover, it should be noted that verifying the theoretical µ∞ by
rheological measurements was very challenging in this study. For the
GT sludge, the asymptote could not be extended further but showed an
unreliable transition to shear-thickening (over 890 s−1), which is fur-
ther interpreted in Section 3.6. For the VFC sludge, a tendency to µ∞
could not be found even at the upper shear stress limit of the applied
rheometer (about 3800 s−1). Hence, understanding the practical
meaning of µ∞ for concentrated sludge is unclear. It is also crucial for
the applicability of the relevant rheological models, because an in-
accurate prediction of µ∞ could lead to assessment deviation of the
minimum apparent viscosity in the strongest shear regions, e.g. when
sludge is pumped or mixed in full-scale reactors.

The three TS concentrations investigated and described above were
representative for all measured samples that are not shown here.
Essentially, the employed segmentation was a method to improve the
poor performance of characterising the total curves in a wide range of
shear rates. The number of segments that needed to be applied for a
decent description of the measurements was not universal and de-
pended per sample, as can be seen from the different segments found
with the GT and VFC sludge (Section 3.4). The inconsistency reflected
in the model fitting indicated instable behaviour and changes of the
sludge rheology at the specific applied shear rates.

3.3. Further characterisation of the rheological instability

In order to further confirm and characterise the instable rheological
behaviour, more experimental approaches were applied for the varying
trends and relevant transition parts in the flow curves, involved in both
yielding and flowing status.

3.3.1. Yielding process
Since the strict theoretical concept of yield stress is not yet clear

[21] and debate still exists on the correct methodology [7,28], various
methods were used to determine the sludge yield stress experimentally
[3,10,29] or by applying different models [6,8,17,30]. In this study,
different methods were assessed, determining τ0 by: (1) the initial point
in a flow curve; (2) best model fitting (Herschel-Bulkley); (3) the linear
range in a complex modulus curve from the dynamic oscillation mea-
surement; and (4) the abrupt point in a deflection angle curve.

The data in Table 3 showed considerable discrepancies between the
four methods, especially for the VFC sludge. With TS concentration over
3%, method 2 returned the lowest yield stress values, whereas method 4
showed the highest. The yield stress range determined by method 3 was
close to method 1 for the VFC sludge (Table 3).

Method 1 could be used when the initial shear rate (0.01 s−1) ap-
proximated the yielding process. However, the decreasing shear stress
trend indicated the possibility of underestimating the yield stress.

Similar deviation was found in method 2, although it has been widely
applied in previous research [6,8,17,30]. As indirect approaches, the
estimated τ0 by methods 1 and 2 relies on the trend of the measured
curve, similar to the limitation reported in literature [28]. Method 3 is a
more direct approach by determining the critical shift of the sludge
from “solid-like” to “liquid-like” at a certain oscillation frequency.
However, as shown in Fig. 3A, the shift is smooth in each curve. Al-
though not sharp enough, the obtained stress range was acceptable for
the VFC sludge, which was also similar to literature values with com-
parable TS concentrations [3,10,26]. But method 3 was not suitable for
the GT sludge, since an unacceptable high value was obtained. When
assessing the rheological characteristics of the GT sludge, separation of
flocs and supernatant was observed. Hence, instead of the original
matrix, the more condensed sludge layer that was formed on the
measuring plate may have accounted for the measured curve, which
very likely led to a large overestimation of the yielding point.

Since the deflection angle represents the degree of sample de-
formation, method 4 is straightforward as well. Compared to method 3,
the measured deflection angle had a precipitous increase to reflect the
yielding process (Fig. 3B), with no risk of separation. The obtained τ0 is
as expected and in line with the other methods. Therefore, method 4 is
the best recommended approach to determine the yield stress for WAS.
However, the discrepancies in the different methods also implied that
the yielding was not a stable process and sensitive to shearing condi-
tions.

3.3.2. Distinct flow status
More rheological instability after yielding was revealed using a

creep test. As shown in Fig. 4A, the responsive shear rate of the medium
VFC sludge (TS 3.6%) decreased in time below the yielding point
(≤8.0 Pa). However, when the applied shear stress was over the yield
stress, an instable flow status was obtained, showing fluctuations and a
slightly decreasing averaged shear rate in time. A stable flow with a
smooth plateau was achieved above 16 Pa, and thixotropic behaviour
was found, since the shear rate kept increasing with time. Results of the
corresponding shear strain shown in Fig. 4B were different with other
studies [11,17]. The different critical stress found in this study could
not be distinguished by the concave shape change of the curves of the
sludge without thixotropy [17], or the asymptotic tendency formed in
the sludge with comparable TS levels but much less viscoelasticity [11].
In addition, compared to the previous results [26], the larger magni-
tude of modulus also indicated stronger viscoelasticity in the studied
WAS, resulting in more rheological transitions. The range of the critical
transition to flow stability (14–16 Pa) covered the transition between
segment 2 and 3 (14.1 Pa in Fig. 1B). The same comparison of the
critical stress in different TS concentrations is shown in Table 4, in-
dicating a good similarity between the results obtained from these

Table 3
Results of the yield stress (Pa) determined by four methods.

TS (%) 1 Initial
point of
flow
curve

2 Model
fitting
(Herschel-
Bulkley)

3 Dynamic
oscillation
measurement

4 Deflection
angle
measurement

1.2 0.4 0.4 – 0.4
1.5 0.5 0.6 – 0.5
1.6 0.2 – 12.0–15.6 –
2.5 3.5 4.2 – 2.9
3.6 7.8 5.5 – 8.2
4.2 17.8 10.5 – 19.7
4.5 22.6 14.4 – 24.4
4.6 41.3 – 43.0–50.1 –
6.0 ± 0.2* 68.6 44.1 – 77.3
6.3 82.8 – 86.5–100.6 –
7.0 94.9 64.9 – 126.0

* The standard deviation of the other TS data was below 0.06%.
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methods. Therefore, the rheological instability was found not occa-
sional or random, but can be revealed by using different methods, in-
cluding experiments and model fitting.

3.3.3. Thixotropic behaviour
The thixotropic behaviour was further characterised by measuring

in an increase-decrease shear mode (from 0 to 100 s−1 and back to 0
again). The results shown in Fig. 5A demonstrated a larger hysteresis
loop at higher TS concentrations, indicating a stronger influence on the
rheology by shear time or shear history. Similar results were obtained
when measuring sludge rheology in a membrane bioreactor, indicating
that thixotropy was more apparent as the biomass concentration in-
creased due to growth (up to 2%) [22]. Competition between solids
interactions and viscous forces was reported to be responsible for
thixotropy [18]. Moreover, flocs have been reported to have a re-floc-
culate ability; due to the physicochemical interactions between sepa-
rated fragments, fractured flocs can reversibly form and even develop in
larger sizes in stagnancy, leading to settling [15]. Hence, the dynamic
floc structure in WAS could lead to these differences in the hysteresis
loop. In the shear-increase step, large flocs would undergo breakage
and deformation, which could not totally recover in time under durable
shearing. Thus in the shear-decrease step, the overall bonding effect on

the internal structure of the sludge will be weakened, leading to the
hysteresis shown in Fig. 5A. Although nearly no hysteresis formed,
thixotropy was still present in the GT sludge (TS 1.5%). As shown in
Fig. 5B, once yielding was overcome, the flow status could be main-
tained by a shear stress (0.4 Pa) lower than the yield stress (> 0.5 Pa
initially).

Therefore, subjecting WAS with considerable rheological instability
to anaerobic digestion, requires insight in the conditional changes in
practice. Especially in a system with high shear-rate gradients, applying
a flow or mixing beyond yielding may not be enough, since an instable
flow status may still exist below a critical shear rate level.

Fig. 3. Experimental results for determining the yield stress, A: the dynamic
oscillation measurement, B: the deflection angle measurement.

Fig. 4. Variation of A: responsive shear rate and B: shear strain in the creep
tests (TS 3.6%).

Table 4
Critical points of shear stress determined by different experimental methods.

TS (%) Yield stress (Pa) Shear stress of transition 2 (Pa)

Method 4 Creep test Flow curve Creep test

1.2 0.22 0.20–0.25 0.51 0.5–0.6
3.6 8.2 8.0–8.5 14.1 14–16
7.0 95 92–108 286 250–270
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3.4. Total solids impact on the rheological instability

As a key influencing factor on the rheological instability, the impact
of the solids content was further investigated. As shown in Fig. 6, the
correlation between yield stress and TS is better described as ex-
ponential in a TS range of 1–5%, which agrees with the previous studies
[3,6,11,12]. However, when the TS range was extended to 7%, the yield
stress would be overestimated by the exponential relation at the low TS
part, whereas the power law relation described better. Hence, a proper
correlation relied on the specific TS range taken into consideration. In
addition, the increased normal stress from the sludge on the measuring
bob also indicated a stronger force perpendicular to the shear stress as
TS increased. Hence, the highly nonlinear increase in stress levels over
3% TS implied that the components in the sludge seem to build a 3D
steric network for cohesion that becomes more strengthened at high TS
concentrations.

More parameters for the rheological instability correlated to TS are
shown in Table 5. For the VFC sludge, the critical shear rate for a stable
flow (transition 2) increased more linearly to TS (R2 0.96); but de-
creased towards a constant level (0.13 s−1) for an instable flow (tran-
sition 1), indicating an enlarging instable flow range as TS increased.

For the GT sludge, the thixotropy was not strong enough to clearly
show transition 1. However, the increasing n in the different indicated
segments suggested more ‘Newtonian’ behaviour as the shear rate in-
creased. The increasing K and decreasing n obtained in the stable flow

status (Segment B) agreed with expected behaviour: increased pseu-
doplastic at increased TS. However, in the instable flow status (Segment
A), the n got an abnormal value (> 1) and stayed almost constant (0.7)
at TS above 3%, indicating an almost TS-independent level of the flow
behaviour index in the low shear rates. Hence, more challenge was
confronted to characterise the instable rheological status by the com-
monly used model fitting, since inconsistent and contradictory results
were obtained. The weakened impact from TS on the rheological be-
haviour at low shear rates, also implied its dependency on the applied
shear rate. Moreover, it could be perceived that for non-Newtonian
WAS in a digester, the mixing performance difference resulting from the
relevant shear rate difference, might be further enlarged by the TS
difference on the long term.

3.5. Special rheological behaviour at low shear rates

The decreasing shear stress part between the yielding point and
transition 1, indicated strong instability caused by viscoelasticity and
thixotropy, thus brought more uncertainty to be clearly determined. As
discussed in Section 3.3.3, a flow status could be maintained by smaller
shear stress after yielding, so it was possible to obtain the decreasing
shear stress curve. A similar phenomenon was reported in the study of
Pignon et al. [31], in which the flow pattern was visualised using a
transparent colloidal suspension. Localised shear or stick slip was ob-
served in the regime of decreasing shear stress: only part of the sample
was activated as a shear layer when imposing quite low shear rates
(even to 10−4 s−1). So, the sheared layer thickness deff could be used to
roughly calculate the effective shear rate using:

=γ γd ḋ ̇ /eff eff (10)

where γ ̇ denotes the measured shear rate and d the whole gap width.
Based on this equation, the effective shear rate will be larger than the
measured one if deff is smaller than d. When calculating apparent
viscosity,

=μ τ γ/ ̇ (11)

this could result in an overestimation of the apparent viscosity and thus
to abnormal regressed n values (in Table 2). So, the expected asymptote
to theoretical µ0 at the very low shear rates might also be covered. An
abrupt transition from flow towards stagnation was reported when
measuring pasty sludge at high TS concentrations, also indicating that
the effective shear was just covering a part of the whole gap [18]. Be-
sides, the localised shear could be described in a non-monotonic pattern
by a sandwich-like structure model, in which more specific parameters
and expressions were used to determine the decreasing part [32].
Moreover, the region containing the minimum shear stress after

Fig. 5. Thixotropic behaviour of the WAS, A: hysteresis in sludge with different
TS concentrations; B: time-dependent yielding of the GT sludge.

Fig. 6. Correlation between the measured yield stress and TS concentrations.
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yielding showed an increasing thickness of the sheared layer. This be-
haviour was proposed as another critical shear condition (transition
point 1 in Table 5) [32], below which the flow was extremely instable
[33].

Although it seemed not feasible to visualise flow regions in the
samples, potential localised shear or sandwich-like structures might
account for the special behaviour. Furthermore, as discussed in Section
3.3.3, different to the colloidal suspension, the floc formation in WAS
may also be an influencing factor. When overcome yielding, rupture of
the dynamic floc structure may further loosen the connection between
particles, which reduces the resistance to flow. In addition, the de-
creasing shear stress part was hardly observed in the measurement of
digested sludge with similar TS concentrations (data not shown in this
paper) compared to the fresh WAS, indicating that the related physi-
cochemical interactions for the reversible floc formation might become
weaker during the sludge aging process.

However, describing the decreasing part is more challenging than
the other parts in the rheograms. Regarding the returned abnormal
results (n < 0), an improved model with time-dependent functioning
for thixotropy seems necessary. Moreover, due to thixotropy, the
yielding underlying a simple value was dynamic and complicated in the
studied WAS samples. Regarding design and operation in practice, the
difficulty in estimating apparent viscosity at low shear rates, can bring
more challenges for assessing and optimising the energy requirement
when continuously pumping WAS, or for assessing the mixing perfor-
mance in considerable low-shear regions distributed in digesters.

3.6. Suggestions on a proper protocol for rheological measurements

Although no standardised laboratory protocol has been established
for sludge yet [7], it is necessary to develop a proper methodology for
sludge with diverse behaviour. Hence, some recommendations can be
given to improve the rheological measurements in a concentric rota-
tional rheometer, especially for viscoplastic and thixotropic matrices.

3.6.1. Determining the yield stress
The yield stress measurement should be straightforward, and care-

fully focused on the deformation of the sample whenever thixotropic
behaviour is observed. In the present research, determining the abrupt
changing point in a measured deflection angle curve was recognized as
an effective method.

3.6.2. Pre-shear step
Besides a homogeneous distribution of the sample, the rotational

speed of pre-shear should not be too intense to further deform the
sample structure, especially for thixotropic samples, since it could lead
to an underestimation of the shear stress (Fig. 5). In literature, the
opposite is advised as well [10,23,34–36], to apply high pre-shear rates
to erase the material memory (or shear history) of the sludge. However,
if the rest time is not long enough, this could lead to disruption of the
sludge flocs and would therefore give a wrong impression of behaviour
of sludge during low mixing conditions, e.g. flowing out of a sludge

thickener, being pumped from a sludge buffer, or mixing in large scale
digesters in the more stagnant or low mixing zones.

3.6.3. Shear rate range in measurement
For concentric rotational rheometers, no distinct indication could be

identified when the flow turns from laminar to turbulent [1]. However,
when flow is not laminar, secondary flows (or Taylor-Couette in-
stability) will be generated and lead to an incorrect shear-thickening
result [2]. In order to avoid this transition, the Reynolds number (Re) or
the Taylor number (Ta) needs to be estimated for each measurement. In
Taylor-Couette flow, Re, critical Re to turbulent, and Ta can be calcu-
lated by using Eqs. (12–14) [37], respectively. The critical Re and Ta for
Taylor vortex generation is usually around 145 and 1708, respectively
[38].

=Re ωR d υ/i (12)

= +Re R R d41.3 ( )/2transition i o (13)

=Ta ω R d υ/i
2 3 2 (14)

where ω denotes the angular velocity, Ri the bob radius, d the gap width
and υ the kinematic viscosity of fluid. The Re (167.9) and Ta (2168) of
the maximum shear rate point (1000 s−1) in the GT sludge were found
to be above the critical values, and the corresponding apparent visc-
osity was larger than the result at 890 s−1. The point influenced by
Taylor vortex generation could therefore be eliminated. Moreover, the
maximum Re and Ta sharply decreased (41 and 144, respectively, TS
2.5%) into the laminar range as TS increased. Hence, Re or Ta should
always be estimated to control the setting of shear rate range in laminar
flow.

4. Conclusions

For the yield-pseudoplastic behaviour of the studied WAS, clear
rheological characterisation depended on hybrid model fitting of de-
fined shear rate segments. Although a new mathematical expression
improved fitting quality, limited applicability of the empiric models
reflected the samples’ transient rheological behaviour rather than in-
trinsic properties, challenging the included parameters definition.
Characterised by the distinct flow status and transitions, the rheological
instability could give more insight in viscoelasticity and thixotropy,
which impact sludge flow and mixing in full-scale WAS treatment sys-
tems. The observed rheological instability is more pronounced at in-
creased TS concentrations, which are commonly found in WAS diges-
ters.
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Table 5
Rheological instability of the sludge with various TS concentrations, characterised by three critical transitions and hybrid model fitting results.

TS (%) Transition 1 (shear rate,
1/s)

Segment A (instable flow
status)

Transition 2 (shear rate,
1/s)

Segment B (stable flow
status)

Transition 3 (shear rate,
1/s)

Segment C (stable flow
status)

K n K n K n

1.2 – 0.13 0.31 12.0 0.23 0.45 351.0 0.05 0.73
2.5 0.33 0.28 1.15 5.3 2.24 0.36 – – –
3.6 0.29 1.72 0.74 9.6 7.10 0.32 – – –
4.2 0.13 4.87 0.67 13.5 18.60 0.29 – – –
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