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• Two rheological states were quantified
to characterise sewage sludge thixot-
ropy.

• Temperature impact on rheology was
striking, strongly correlated to solids
content.

• Difference in master curves implied
force equilibrium difference in sludge
matrix.

• Rheological discrepancy between the
two stateswas reflected in pipe flowbe-
haviour.

• Pressure drop was well assessed using
an ‘effective’ rheologicalmodel forWAS.
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Accurate rheological characterisation of sewage waste activated sludge (WAS) is of high importance for down-
stream processing related to optimised sludge pumping and mixing, assessment of energy demands and overall
process design. However, to elaborate rheological behaviour is often challenging under dynamic operational con-
ditions in practice. In this study, two practical influencing factorswere investigated: long-term shearing and tem-
perature. Compared to anaerobic digestate (DGT), concentrated WAS had more complex and stronger
thixotropic behaviour. Under the long-term shearing conditions, the sludge thixotropic behaviour was well
characterised by two quantified limitation states. Temperature had a striking impact on the rheological proper-
ties, which was strongly correlated to solids content and digestion process. The impact discrepancy between the
long-term shearing and temperature, implied different mechanisms to shift the equilibrium of hydrodynamic
and non-hydrodynamic interactions for structure deformation and recovery. The distinct rheological properties
between the two determined states were clearly reflected in pipe flow behaviour, revealing a concrete link be-
tween lab-measured sludge rheology and its practical flow performance. The pipe flows were well assessed
using the developed Computational Fluid Dynamics model with effective rheological data integration, which is
promising for practical design and optimisation of sewage sludge systems.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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Nomenclature

A A coefficient in the VTF model
CFD Computational Fluid Dynamics
D Pipe diameter, m
DGT Digestate
Ea Activation energy, J·mol−1

f Fanning friction factor
K Flow consistency index, Pa·sn

L Pipe length, m
MR Metzner and Reed
n, n' Flow behaviour index, −
Q Flow rate, kg/s
R Gas constant, J·K−1·mol−1

R1 Electrical resistance, Ohm
Re Reynolds number
RNG Re-Normalisation Group
T Temperature, °C and K
THP Thermal-hydrolysis process
TS Total solids
V Mean pipe velocity, m/s
VTF Vogel-Tammann-Fulcher
WAS Waste activated sludge
WWTP Wastewater treatment plant
X A parameter in the Herschel-Bulkley-based Re

expression

Greek symbols
α0 Bingham infinite apparent viscosity, Pa·s
β A parameter in the master curve equation
γ, γ

:
Shear rate, s−1

Γ Normalised shear rate, −
ΔP Pressure difference, Pa
μeff_MR Effective dynamic viscosity, Pa·s
μT Reference viscosity of the interstitial fluid, Pa·s
ρ Density, kg/m3

τ Shear stress, Pa
τ0 Yield stress, Pa
τW Wall shear stress, Pa
Τ Normalised shear stress,−
φ A rheological parameter correlated by the VTF model
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1. Introduction

Anaerobic digestion of municipal waste activated sludge (WAS), has
been widely applied in wastewater treatment plants (WWTP). Sludge
digestion targets both sludge mass reduction and the recovery of bio-
chemical energy in the form of biogas. To enhance operational perfor-
mance, compact installations for treating highly concentrated sludge
matrices are promising and have been in focus (Jiang et al., 2014). Re-
garding total energy consumption, sludge pumping and mixing can
use over 50% of the total energy demand in a WWTP (Kariyama et al.,
2018; Kowalczyk et al., 2013). Cost-effective sludge pumping and
mixing are hampered by the dynamic and highly viscous rheological be-
haviour of theWAS (Baudez et al., 2011; Jiang et al., 2014). Hence, to op-
timise process design and efficiency, proper assessment of the energy
consumption for sludge pumping and mixing is of high importance
(Eshtiaghi et al., 2012; Slatter, 2001), and relies on accurate sludge rhe-
ological characterisation.

Thus far, most researchers focused on describing the complex non-
Newtonian behaviour in concentrated WAS with high total solids (TS)
levels. Rheological properties of WAS have been found to have nonlin-
ear relations to TS and temperature (Baudez, 2006; Baudez et al.,
2011; Eshtiaghi et al., 2013; Markis et al., 2016; Ségalen et al., 2015a;
2

Ségalen et al., 2015b; Seyssiecq et al., 2003). Additional rheological com-
plexity results from thixotropic behaviour (Baudez and Coussot, 2001;
Markis et al., 2016), which is defined as a reversible and time-
dependent rheological change to specific shearing conditions imposed
on a fluid (Seyssiecq et al., 2003). Moreover, some researchers focused
on the application of rheological properties in sludge pumping systems
and relevant pipe flows (Eshtiaghi et al., 2012; Proff and Lohmann,
1997; Slatter, 1997; Slatter, 2001), including pressure drop estimation
(Farno et al., 2018; Proff and Lohmann, 1997). Although one study
linking the sludge thixotropy to pumping energy estimation was pub-
lished recently (Farno et al., 2020), quantitative correlations between
flowbehaviour and energy consumption are still limited. The aforemen-
tioned thixotropic behaviour (Baudez and Coussot, 2001; Markis et al.,
2016) complicates the rheological characterisation using a single rheo-
logical model (Wei et al., 2018). In practice, this rheological variability
or instability could be easily triggered by dynamic operational condi-
tions, such as non-stabilised pumping processes, intermittent feeding/
mixing modes and temperature fluctuations. Hence, clear characterisa-
tion of the complex and source-dependent rheology is still challenging.
Consequently, the rheological-dependent correlations to flow and
mixing behaviour has not beenwell developed, leading to limited appli-
cation to process optimisation (i.e. energy consumption) in practice.

In this study, the complex rheological behaviour, especially
thixotropy of WAS and anaerobic digestate (DGT) from the same
WWTP, was investigated based on a long-term shearing condition. Var-
iability to temperature was also combined to the complex rheological
characterisation, with a view to potential changes of force interactions
and equilibrium in the sludge matrix. Moreover, Computational Fluid
Dynamics (CFD) simulations were performed to integrate the rheologi-
cal properties into prediction and assessment of pipe flow and
pressure drop.

2. Materials and methods

2.1. Sample characterisation

Sludge samples were taken from WWTP De Groote Lucht
(Vlaardingen, the Netherlands), including WAS after gravitational
thickening and DGT from the anaerobic digesters. So the samples
could be representative to the sewage sludge in both transporta-
tion and digestion processes in the studied WWTP. WAS samples
with higher TS concentrations were obtained using vacuum filtra-
tion to minimise changes in physical sludge structure. All the sam-
ples were stored at 4 °C and tested within four days. The solids
content was measured using the standard methods (APHA, 2012).

2.2. Rheological measurements

Rheological propertiesweremeasured using anAnton PaarMCR302
Rheometer (Anton Paar GmbH, Austria) equipped with a CC27 coaxial
cylinder system (radius of the two concentric cylinders: 13.332 mm
and 14.466 mm, respectively). Measurements, including flow curve
and yield stress, were carried out based on the proposed methods
from our previous work (Wei et al., 2018).

2.2.1. Flow curve
(1) After reaching a stabilised set temperature (tolerance±0.05 °C),

the sample was pre-sheared (16.7 s−1) for 90 s, to minimise concentra-
tion gradients achieving a homogeneous distribution; (2) followed by a
rest of 60 s; (3) a flowmeasurement in a logarithmical rampmode,with
an applied shear rate range of 0.01– 1000 s−1. For studying the long-
term shearing impact, step (3) was successively repeated in six rounds
at 20 °C to the same sample. For studying the temperature impact, five
temperatures were applied that cover a wide range of operational con-
ditions (transport, heat exchange, digestion), including 10, 20, 35, 45
and 55 °C.
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2.2.2. Yield stress
The same procedure was used as with (1) and (2); (3) a measure-

ment in a torque ramp mode, starting from a low torque level with a
gradual increase to capture the yielding process with a critical change
of the monitored deflection angle.

Except the long-term shearing scenario (one-time measurement),
triplicate measurements were normally implemented, and good data
consistency with small overall standard deviation (≤4%) was obtained.
So rheological data of the long-term shearing could be representative
to the WAS with the given TS concentration.

2.3. Hydrodynamics and energy assessment

A CFDmodel for flows in a circular pipe was developed based on the
sludge pipeline system operated in the aforementioned WWTP, of
which the diameter is 20 cm. The preliminary 3D results showed axi-
symmetric velocity profiles so finally a 2D axisymmetric assumption
was applied. A length/diameter (L/D) ratio of 40 was set to ensure gen-
eration of fully-developed flows. Physical properties of fluid were spec-
ified using the measured data of WAS and DGT. Pressure-driven flows,
assuming a fixed pressure gradient along the horizontal pipe, were sim-
ulated in both laminar and turbulent cases. The Re-Normalisation Group
(RNG) k-ε model was used for turbulence, which supports the simula-
tion of turbulent flows with relatively low Reynolds number (Re)
values. Model reliability was first determined by a grid independency
study, and a domain with optimal mesh dimensions (characteristic res-
olution 0.004 m) was selected for the following simulations. In each
case, a converged fully-developed flow was determined not only by
low residuals (<10−5), but also by a force balance (imbalanced force
ratio < 5%) between wall shear stress and pressure-driven force. Simu-
lations were carried out using the commercial package ANSYS-Fluent
17.1 on a Dell Optiplex 7010 computer, with Intel Core i5–3740 and
8 GB RAM.

A non-Newtonian pipeflow can be characterised using a generalised
Re (Metzner and Reed, 1955)

ReMR ¼ ρVD
μeff_MR

, ð1Þ

where ρ is fluid density; V is mean pipe flow velocity; D is pipe diame-
ter; and μeff_MR is effective dynamic viscosity depending on applied rhe-
ological models. For Ostwald (or power-law) model, the apparent
viscosity μ and the ReMR in laminar flow regime (Metzner and Reed,
1955) are expressed as

μ ¼ Kγn−1, ð2Þ

ReMR ¼ ρVD

K 8V
D

� �n−1 3nþ1
4n

� �n , ð3Þ

where γ is shear rate; and K and n are the fluid consistency coefficient
and the flowbehaviour index, respectively. For Herschel-Bulkleymodel,
the μ and ReMR (Chilton and Stainsby, 1998) are expressed as

μ ¼ τ0
γ

þ Kγn−1, ð4Þ

ReMR ¼ ρVD

K 8V
D

� �n−1 3nþ1
4n

� �n 1
1−X

� �
1

1−aX−bX2−cX3

� �n

X ¼ τ0
τW

¼ 4Lτ0
DΔP

; a ¼ 1
2nþ 1

; b ¼ 2n
nþ 1ð Þ 2nþ 1ð Þ ; c ¼

2n2

nþ 1ð Þ 2nþ 1ð Þ

8>>>><
>>>>:

;

ð5Þ

where τ0 is yield stress; L is pipe length; ΔP is pressure difference; and
τW is wall shear stress. Pressure drop in pipe flows can be estimated as:
3

ΔP
L

¼ 4f
D

∙
ρV2

2
, ð6Þ

where f is the Fanning friction factor. For laminar flows f is expressed as

f ¼ 16
ReMR

: ð7Þ

For turbulent flows, f is modified as (Dodge and Metzner, 1959):

1ffiffiffi
f

p ¼ 4
n00:75 log ReMRf

2−n0
2

� �
−

0:4
n01:2 , ð8Þ

where n' is another flow behaviour index and usually has the same
value as n. It should be noted that regarding laminar pipe flows of a
non-Newtonian fluid characterised by Ostwald model, Eq. (3) is used
to calculate the pressure drop (Metzner and Reed, 1955):

ΔP
L

¼ 4
D
K

3nþ 1
4n

� �n 8V
D

� �n

: ð9Þ

3. Results and discussion

3.1. Characterisation of time-dependent rheological properties by long-
term shearing

Rheological impact of long-term shearing was characterised by the
six rounds offlow curvemeasurements, for bothDGT andWAS samples.
As shown in Fig. 1A, for the DGT sample with a TS concentration of 2.6%
(further referred to DGT 2.6%), similar flow curves were obtained for
each round. On the contrary, Fig. 1B showed a considerable decrease
in shear stress over the shear rate range of the WAS sample with a TS
concentration of 6.7% (further referred to WAS 6.7%). The change in
shear stress decreased as the rounds were repeated, and almost super-
posed flow curves were obtained after Round 4. Similarities were also
found in the yield stress measurements. As depicted in Fig. 1C, yield
stress data of all the samples shows an asymptotic tendency, indicating
that stabilised rheological properties were achieved under the long-
term shearing condition. Hence, besides the initial state in Round 1, an-
other rheological state in Round 6was determined. From here on, these
states are referred to as ‘Initial’ and ‘Stable’ state, respectively. This
means that at a specific shear rate, the maximum and minimum appar-
ent viscosity of a sample was determined by the Initial and Stable state,
respectively. Thus, any time-dependent variation in apparent viscosity
would range in this determined range, regardless shearing duration.

Several models were applied to characterise the Initial and Stable
flow curves, including Ostwald, Herschel-Bulkley, a modifiedmodel de-
veloped by Baudez et al. (2011), and the hybrid model proposed in our
previous study (Wei et al., 2018). For the WAS curves, Ostwald and
Herschel-Bulkley failed to obtain a good fitting. The modified model
performance was not satisfactory, despite prior successful reports in a
wide range of shear rates (Baudez et al., 2011; Baudez et al., 2013b;
Ségalen et al., 2015b). Similar to our previous study (Wei et al., 2018),
the hybrid model fitting was the best, in which Herschel-Bulkley fitted
the low and medium shear rates, and Ostwald fitted the high shear
rates (detailed fitted shear rates are shown in Table S1). For the DGT
samples, Herschel-Bulkley achieved good fitting performance for the
whole curves. As shown in Table S1, large differences were found for
WAS: all shear stress values were reduced by about 50% from Initial to
Stable. In combination with the considerable changes of K and n, Initial
and Stable states demonstrated distinct rheological behaviour. For DGT,
the differences in the rheological parameters between Initial and Stable
were much lower than for WAS sludge.

The reduced yield stress andK values implied unsteady restructuring
of the sludge, in which the viscoelasticity, accounting for both viscous
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and elastic behaviour, became weakened under the long-term shearing
condition. This structural change could eventually lead to a shift of equi-
librium between the particles' colloidal forces (non-hydrodynamic) and
hydrodynamic forces (Baudez, 2008), which was reflected by reaching
another stabilised rheological state after the long-term shearing. The
structural/rheological evolution, that was characterised by two critical
transitions (Table S1), has some similarity to previous reported studies
(Baudez, 2008; Baudez et al., 2011), but reveals a different pattern. The
Stable curve differed completely from the Initial curve, however, rheol-
ogy changed back to nearly its Initial state after a resting period of about
1 h, indicating reversible structural deformation. In summary, shearing
history had a strong and reversible impact on WAS, while the impact
4

on DGT sludge was small. Considering that both WAS and DGT origi-
nated from the same WWTP, the obtained results also indicated that
the thixotropic behaviour of the sludge was distinctly weakened during
the digestion process.

3.2. Temperature impact on rheology: role of solids content

Since the studied temperature change wasmodest and all measure-
mentswere done in a relatively short time (~20min), occurrence of any
thermal-treatment/aging process of the samples was negligible. Hence,
relevant changes of sludge composition and solubilisation reported in
some studies (Farno et al., 2015) were not considered or discussed in
this study. Fig. 2A and B show the Initial (Round 1) flow curves of DGT
3.1% and WAS 7.0% at five temperatures. In both cases, shear stress de-
creased as temperature increased, while curve profiles were similar in
the whole shear rate range. However, yield stress data show different
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trends between the two sludge types (Fig. 2C):WAS has amonotonic
decrease, while DGT has a plateau region. An almost constant yield
stress was obtained from 30 °C to 45 °C, bridging the two decrease
regions of 10 °C ~ 20 °C, and 45 °C ~ 55 °C. This similarity was also ob-
served in the almost overlapped flow curves of 35 °C and 45 °C
(Fig. 2A), and it agrees with a previously reported study of digested
sludge, in which a considerable decrease in yield stress was only ob-
served at temperatures over 40 °C (Baudez et al., 2013b). These
results indicate an insensitive impact on yield stress when the tem-
perature varied within the range of commonly applied mesophilic
digestion temperatures, i.e. 35 ± 5 °C, at which the anaerobic di-
gester was operated at full scale. WAS rheology revealed a higher
sensitivity towards temperature changes, since the yield stress
value started to plunge over 20 °C.

Several models have been reported to have a good correlation be-
tween temperature and rheological properties, including an exponen-
tial relation (Manoliadis and Bishop, 1984), the Arrhenius model
(Baroutian et al., 2013), and the Vogel-Tammann-Fulcher (VTF) model
(Baudez et al., 2013a; Dieudé-Fauvel et al., 2009; Ségalen et al.,
2015b). The VTF model is expressed as,

φ ¼ A∙ exp
Ea
R
∙

1
T−T0

� �
, ð10Þ

where A is a model coefficient, Ea is activation energy, R is the gas con-
stant, and T0 is a critical temperature for vitreous, or glassy transition.

The VTF model has been successfully applied for the non-
hydrodynamic dominant regime of sludge with a medium TS level
(<5%) (Baudez et al., 2013a; Baudez et al., 2013b) and pasty sludge
with a high TS level (>10%) (Dieudé-Fauvel et al., 2009; Ségalen et al.,
2015b). In this study, it was also found to have the best fit of all WAS
yield stress (τ0) data. However, different temperature correlations
were found with other model parameters. For WAS 4.5% (Fig. 3A), sim-
ilar to τ0, K2 and τ1 decreased following the VTFmodel; whereas the K1
decreasing trend was best fit by the exponential relation. As tempera-
ture increased, n1 increased while n2 had no considerable change. Sim-
ilarities were obtained in the other concentrated WAS with TS
concentrations >2.5%, which are not shown here. The obtained results
implied shear rate dependency on the aforementioned structural defor-
mation and the changes of force interactions in WAS. At low and me-
dium shear rates (segment 1), a good Arrhenius correlation was
obtained between K1 and the water dynamic viscosity (Fig. 3B). The in-
creased n1 indicates a lower degree of shear-thinning, a higher degree
of fluidity, and also a higher degree of electrical conductivity status
(Ségalen et al., 2015b). Hence, changes in the hydrodynamic interac-
tions affected by temperature were apparently more reflected at low
shear rates. At high shear rates, the VTF model better fitted K2, which
reflected the impact of sludge solids content, and thus implied a more
dominant influence of the non-hydrodynamic interactions. However,
the negligible n2 change indicated the shear-thinning degree was al-
most independent on temperature at high shear rates, which agrees
with reported results (Baroutian et al., 2013; Manoliadis and Bishop,
1984).

The rheological impact of temperature was also strongly correlated
to the solids content level. Unlike thefitting results for themore concen-
trated WAS, both Herschel-Bulkley and the modified model (Baudez
et al., 2011) had acceptable fitting performance at TS < 2.5%. For the
model derived yield stress, a good correlation with the VTF model was
obtained. As shown in Fig. 3B (the blue data), the Bingham infinite vis-
cosityα0 has a good linear relationwith thewater dynamic viscosity, in-
dicating a good Arrhenius correlation and considerable hydrodynamic
interactions over the entire shear rate range. Apparently, these results
agree quite well with the previous studies (Baudez et al., 2013b;
Dieudé-Fauvel et al., 2009; Ségalen et al., 2015b). However, good tem-
perature correlations to K and n were difficult to achieve with any of
the aforementioned models. The VTF model performance was found
5

to be more correlated to the TS level. Comparable values of the
regressed Ea and T0 (in Eq. (10)) in τ0, K2 and τ1 correlations were
only found in a TS range between 2.5% and 6%. However, a large devia-
tion was found between Ea and T0 when TS < 2.5% and TS > 6%. As re-
ported by Dieudé-Fauvel et al. (2009), it indicates similar patterns of
involvedmolecularmovements and particle interactions, mainly occur-
ring in a specific TS range.

Fig. 3C shows the fitting results of theVTFmodel for τ0 at different TS
concentrations. All of the three parameters, especially Ea and A (related
to activation intensity), have a distinct increase at TS > 6%. It has been
reported that the rheological properties also correlate well to sludge
electrical properties (Dieudé-Fauvel et al., 2009; Ségalen et al., 2015a;
Ségalen et al., 2015b), which can be characterised by same activation
energy (Ea) results between apparent viscosity and electrical resistivity
(Dieudé-Fauvel et al., 2009). In their developed equivalent circuit
model, an electrical resistance R1 was defined to represent the interac-
tions and network of solid compounds (the non-hydrodynamic
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discussed in our study) (Ségalen et al., 2015a; Ségalen et al., 2015b),
which was also shown in Fig. 3C. The R1 variation, a slight initial de-
crease and a critical increase in the range between 3.7% and 6.8% TS
(Ségalen et al., 2015a), has a similar trend to our results. Hence, increas-
ing solids content over a threshold may lead to a critical change or evo-
lution of the non-hydrodynamic interaction intensity, illustrated by the
considerable rheological changes in Fig. 3C.

Moreover, the interactive impacts between temperature and
solids content on sludge rheology may change through aging pro-
cesses. After long-term mesophilic digestion, solids content of
digestate can be stabilised (almost constant TS and VS concentra-
tions), which is characterised by similar non-hydrodynamic interac-
tions over a wider temperature range of 30– 40 °C. This may clarify
the aforementioned insensitivity of DGT yield stress change to tem-
perature (Fig. 2C).

3.3. Further discussion: implication of dynamic structural change

Similarity of rheological behaviour under different conditions can be
determined by dimensionless master curves (Baudez and Coussot,
2001; Baudez et al., 2011; Coussot, 1995). As mentioned before, the
DGT flow curves showed a good fit over thewhole shear rate range, jus-
tifying the use of the following equation (Baudez et al., 2011)
0
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ΤM ¼ 1þ β∙ΓAn þ ΓA

ΤM ¼ τ
τ0

, ΓA ¼ α0

τ0
∙ γ

:
,β ¼ K

τ0
∙

τ0
α0

� �n

8><
>: , ð11Þ

where α0 is the Bingham infinite apparent viscosity (Pa·s). For WAS
curves, since themodifiedmodel (Baudez et al., 2011)wasno longer ap-
propriate, another equation with a reference viscosity (Baudez and
Coussot, 2001; Coussot, 1995) was used

ΤM ¼ 1þ λ∙ΓBn

ΤM ¼ τ
τ0

, ΓB ¼ μT

τ0
∙ γ

:
,λ ¼ K

τ0
∙
τ0
μT

� �n

8<
: , ð12Þ

where μT is the reference viscosity of the interstitial fluid (water). It was
found that the curve trend was independent on μT. For the sake of sim-
plicity, the μT valuewas set to 1 at 20 °C, and varied accordinglywith the
change in water dynamic viscosity at other temperatures.

As shown in Fig. 4A, all DGT curveswere very close to form onemas-
ter curve. In line with the previous results (Baudez et al., 2011; Ségalen
et al., 2015b), it implied similar hydrodynamic and non-hydrodynamic
interactions in DGT within the studied temperature and TS ranges. The
aforementioned weak thixotropic behaviour was only reflected by the
small deviation between the Initial and Stable curves when Γ> 2. How-
ever, for WAS, distinct curves were obtained between 10 °C and 55 °C,
with a marked change at around Γ = 0.2. Unlike the DGT results, the
WAS Initial and Stable curves started to separate when Γ > 0.1, and
the difference kept increasing when Γ > 1. Moreover, separated curves
of 10 °C and 55 °C were also observed in the other concentrated WAS
(TS > 2.5%). Hence, a single master curve was only formed in DGT and
WASwith low TS concentrations (< 2.5%), but not for the other concen-
trated WAS, which was, to the authors' knowledge, never reported in
previous research.

However, larger scaled shear stress (ΤM) values in Initial 55 °C and
Stable 20 °C curves could be noticed. These indicated a higher viscous
or lessflowable degree,whichwas unexpected and is seemingly contra-
dictory to the original data shown in Figs. 1 and 2. In Eq. (12), ΤM also
represents the relative shear stress to the referred τ0. When comparing
the Initial 10 °C and 55 °C curves, the trend illustrated variations in the
relative shear stress from low to high shear rates, which might be re-
lated to dynamic behaviour of the force interactions in WAS. As
discussed in Section 3.2, the hydrodynamic interactions could be con-
siderable at low shear rates, similarly to DGT, the two curves were
close to each other. As reported in our previous study (Wei et al.,
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Fig. 5.Mean reduction rates (between 10 °C and 55 °C) of yield stress and shear stress in
flow curves (>5 s−1) at different TS concentrations of WAS.
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2018), localised shear (Baudez et al., 2011) could occur, as demon-
strated by the part of the curve where shear stress was lower than τ0.
As temperature increased, localised shear could be mitigated, which
means that WAS became more flowable, leading to lower ΤM at 55 °C
than at 10 °C. However, as shear rate increased, collision and interaction
probability of the particles increased, and more energy was dissipated
for particle dispersion (Coussot, 1995; Tsutsumi and Yoshida, 1987).
Therefore, in Section 3.2 the non-hydrodynamic interactions could be-
comemore important at high shear rates. Due to the changes of the hy-
drodynamic and non-hydrodynamic interactions, the relevant force
equilibrium to maintain sludge rheological behaviour would be dy-
namic and shifting. As shown in Fig. 5, the mean shear stress reduction
in the flow curves is systematically lower than yield stress reduction. It
indicated that, after yielding, the generated destruction degree of sludge
structure was not constant, but became less and towards a more struc-
tural reconstruction state at higher temperatures andhigher shear rates,
resulting in higher ΤM values at 55 °C than at 10 °C. Similaritieswere also
found between Initial 20 °C and Stable 20 °C: yield stress was reduced
by 51.0% while the mean shear stress was reduced by only 33.1 ± 7.7%.

Moreover, trend differences in the curves between temperature in-
crease (Initial 10 °C and 55 °C) and shearing time change (Initial and
Stable 20 °C) also implied different mechanisms of shifting the force
equilibrium. The Initial 10 °C and 55 °C curves in Fig. 4B are almost par-
allel after the cross point at Γ = 0.2. The parallel trend implied that the
equilibrium shift and the destruction degree change due to temperature
were independent of the shear rate, consistent with the results of de-
creasing K2 and constant n2 shown in Section 3.2. Hence, temperature
apparently mainly affected the intensity of the overall hydrodynamic
and non-hydrodynamic interactions, but not the pattern and related
structure of flocs and agglomerated particles. However, no parallel
trend could be observed in Initial and Stable 20 °C curves. Since the hy-
drodynamic interactions were consistent at the same temperature, the
long-term shearing effect on the equilibrium shift appears to be related
to the non-hydrodynamic interactions. On one hand, the decrease in
transition shear rate (Table S1) indicated less and less localised shear,
implying that long-term shearing led to much weaker attractive forces
between the flocs and agglomerated particles, and a higher destruction
degree. On the other hand, the consequent characteristic size reduction
was accompanied by an increased number of these solids content. This
caused the collision and interactive probability to increase along with
the shear rate, leading to a ΤM trend no longer parallel to that for Initial
(Fig. 4B). Hence, the long-term shearing apparently affected both the in-
tensity and pattern of the non-hydrodynamic interactions, and eventu-
ally resulted in reaching another force equilibrium determined as Stable
in this study. Themicroscopic force and structural changes between Ini-
tial and Stable states could be macroscopically demonstrated by the
considerable changes of rheological parameters, including K, n and ΤM.
In addition, these changes seem reversible since the curve fell back to
Initial after a long-time rest.
Table 1
ReMR of WAS and DGT predicted by different models.

WAS 6.7%

Effective dP/L (Pa/m) ReMR, Hybrid Herschel-Bulkley ReMR, Hybrid Ostw

Initial 2.5E+3 0.3 0.2
5.0E+3 4.5 3.9
8.4E+3 90 175
1.1E+4 435 1346

Stable 2.5E+3 1.3 1.0
4.6E+3 46 167
5.4E+3 148 912
8.3E+3 341 2945
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Hence, essentially this ΤM deviation had no contradiction to the orig-
inal data and referred studies. It supported the theoretical interpretation
in literature (Baudez et al., 2011; Coussot, 1995; Tsutsumi and Yoshida,
1987) and implied different mechanisms of shifting the force equilib-
rium between the long-term shearing and temperature impacts.

3.4. Application of the rheological discrepancy: pipe flow assessment

For both WAS and DGT, flow behaviour of Initial and Stable states
was investigated using CFDmodels.Model validitywas first determined
using reference data, including Newtonian (water, 20 °C) and non-
Newtonian (Pinho and Whitelaw, 1990) pipe flows. As shown in
Fig. S1, a good agreement was achieved between the referred data and
simulation results. However, unlike Newtonian, the non-Newtonian ve-
locity profiles showed a higher rheological dependency.

As shown in Fig. S2 and Table S3, the aforementioned rheological
discrepancy between Initial and Stable was clearly demonstrated in
the hydrodynamic data, especially for WAS. In addition, the difference
between Initial and Stable increases as the pressure gradient (Pa/m) de-
creases. Therefore, it implies a considerable change of flow behaviour
when the sludge, especially the WAS, frequently changes between Ini-
tial and Stable states under a specific pumping or mixing condition.

Although an optimal rheological characterisation was achieved, the
hybrid model did not lead to a satisfactory energy assessment of the
WAS pipe flows. In ReMR calculation, the involved sub-models:
Herschel-Bulkley and Ostwald with distinct K and n values, could not
be well integrated and had to be applied individually. As shown in
Table 1, different ReMR values were obtained between the sub-models,
indicating that both governed shear rate segments played an important
role in the flow characteristics. In order to improve flow characterisa-
tion, an ‘effective’ Ostwald model was applied, and the parameters Keff

and neffwere not determined by the experimental data fitting but by re-
gression of Eq. (9) (Metzner and Reed, 1955). As expected, it could pre-
dict more reasonable ReMRwithmoderate values (Table 1) compared to
the two sub-models. The effective model was further validated using
the Moody diagram. As shown in Fig. 6, the WAS data have a good cor-
relation to the Hagen-Poiseuille line, representing the theoretical rela-
tion between the Fanning friction factor and Re in the laminar regime
(typically Re < 2100). A good correlation was also obtained for the
DGT data in both the laminar regime and the turbulent regime deter-
mined by a modified expression (Eq. (8), (Dodge and Metzner, 1959)).

Fig. 7 shows pressure drop variations in the studied flow rate range,
based on a developed correlation from amore practical aspect (Metzner
and Reed, 1955)

ΔP
L

¼ 32K
8n0−1

D3n0þ1

3nþ 1
4n

� �n 4Q
π

� �n0

, ð13Þ

where Q is flow rate. Limitation of the single sub-model use was also il-
lustrated in the correlation performance (Fig. 7A): hybrid Herschel-
DGT 2.6%

ald ReMR, ‘Effective’ Ostwald Effective dP/L (Pa/m) ReMR, Herschel-Bulkley

0.2 67 7.2E+2
4.2 84 1.3E+3

157 134 3.6E+3
1085 240 1.0E+4

466 2.7E+4
1135 9.8E+4

1.4 60 1.0E+3
142 88 1.7E+3
666 130 4.6E+3

1934 242 1.2E+4
470 3.2E+4

1125 1.1E+5
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Bulkley was only valid at very low flow rates before getting large devi-
ations; hybrid Ostwald had a considerable underestimation at high flow
rates. However, the ‘effective’ Ostwald model got good correlations for
both Initial and Stable states. It again emphasised the importance of de-
termining Keff and neff; and the considerable pressure drop reduction (>
33%) from Initial to Stable. Correlating to the rheological changes be-
tween Initial and Stable, some quantitative solutions were proposed to
assess general time-dependent laminar pipe-flow behaviour of the
WAS. A range of pressure drop could be determined based on Initial
and Stable state, expressed as

ΔP
L

¼
1838∙

1:540:32

D1:95∙80:68 ∙
4Q
π

� �0:32

, min by Stableð Þ

3501∙
1:660:28

D1:83∙80:72 ∙
4Q
π

� �0:28

, max by Initialð Þ
:

8>>><
>>>:

ð14Þ

Thus, at a specific flow rate, the corresponding pressure drop is ex-
pected to vary within the determined range. This is especially useful
for achieving an optimised operation for sludge pumping, i.e. in sludge
systems with a high and low temperature thermal-hydrolysis process
(THP) as pre-treatment. In these systems, the transport of highly con-
centrated sludge mixtures and the batch-wise feeding of certain THP
configurations leads to high pumping energy consumption, non-
optimised heat transfer and even clogging. Switching off or even reduc-
ing pumping/mixing power for some time should therefore be consid-
ered due to the reversible thixotropic behaviour. After a rest period,
the dynamic force equilibrium would shift and reconstruction to Initial
could occur, increasing the stagnant and poorflow regions. The installed
pump/mixer capacity should be designed to handle the Initial rheology,
in order to trigger the sludge motion again.

Furthermore, it should be noticed that Keff and neff were mainly de-
veloped to characterise flow behaviour under specific flow conditions,
8

i.e., a flow rate/pressure gradient range, which ismore related to practi-
cal applications such as pump design. For thixotropic materials, it is not
easy to determine Keff and neff, because they are not explicitly derived
from the rheogram, which may require systematic experiments or sim-
ulations. More attention is also required to the last WAS group and the
second DGT group (Fig. 7B), since the ReMR values were close to the
aforementioned critical value (around 2100) for turbulence transition.
If the imposed pressure gradient increased further, turbulence may
occur, which will lead to a considerable increase in pressure drop and
thereby might complicate practical operations. Hence, the integration
of experimental and CFD approaches developed in this study sheds
light on a better solution to the aforementioned issues in practice.
4. Conclusions

• The complex thixotropic behaviour of the studied sewage sludge was
well characterised by the two quantified limitation states: Initial and
Stable.

• Impact discrepancy between the long-term shearing and tempera-
ture, implied different mechanisms to shift the equilibrium of
hydrodynamic and non-hydrodynamic interactions for structure de-
formation and recovery.

• The distinct rheological properties between Initial and Stable were
clearly reflected in pipe flow behaviour, revealing a concrete link be-
tween lab-measured sludge rheology and its practical flow perfor-
mance.
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• The pipe flows with complex rheological properties were well
assessed using the developed CFD model with effective rheological
data integration,which is promising for practical design and optimisa-
tion of sewage sludge systems.
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