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In the present work, non-Newtonian properties of activated sludge are investigated using a bench test

device specially developed for the purpose of this work. This set-up consists in a bioreactor equipped

with a helical ribbon impeller (HRI configuration), and a recirculation loop of the sludge (pipe flow

(PF) configuration). The HRI configuration is equipped with a motor and a torque-meter allowing in situ

determination of sludge rheogram under stirred reactor conditions. On the PF configuration, differential

pressure and flow transducers are implemented, allowing in situ determination of sludge rheogram under

piping conditions. Both configurations are then compared. The yield stress, flow and consistency indexes

of sludge suspensions (Herschel–Bulkley rheological law coefficients, sy, K and n) are determined over a

large range of total suspended solid (TSS) concentrations, (12–38 g L�1) in the laminar flow regime.

The analysis of experimental data shows that measurements performed with the PF configuration have

to be corrected in order to take into account a wall slip phenomenon. A correction model is proposed that

shows that slip mechanism is mostly due to wall static depletion at low solid concentrations

(12–17 g L�1), then turns to shear induced migration effect at higher solid concentrations (26–38 g L�1).

1. Introduction

Biological processes such as classical activated sludge treatment

or membrane bioreactors (MBR) have been broadly used for the

treatment of wastewater within the last three decades. In recent

years however, we are witness to an increase of global inflows

entering wastewater treatment plants (WWTP), whereas author-

ised levels of pollutants in the outflows get more and more

reduced. To face this context, WWTP new units have to become

more and more efficient and a great attention is now paid to the

optimisation of treatment processes of both wastewater and

excess wastewater sludge.

Important steps of treatment processes, notably on an econom-

ical point of view, but also as far as the yield of removal in

pollutants is concerned are, aeration, settling or dewatering of

biological sludge suspensions. The yield of each of these steps is

directly linked to the flow or rheological properties of sludge sus-

pensions that are involved. However, this link is complex and

depends on a great number of parameters, such as biological or

physico-chemical characteristics of the sludge, but also process

operating conditions. As a consequence, the link between the yield

of treatment processes and sludge suspensions rheological behav-

iour is still not clearly established.

This is notably due to the fact that in most of the previous stud-

ies, flow properties of sludge suspensions are measured after sam-

pling, using a classical laboratory ex situ rheometer [1–9]. It follows

that; rheological characterisation is performed under experimental

conditions often far from the one prevailing in the process, notably

Abbreviations: CC, concentric cylinder; DCC, double concentric cylinder; HB,

Herschel–Bulkley; HRI, helical ribbon impeller configuration; MBR, membrane

bioreactor; P1, pipe one; P1, pipe two; PF, pipe flow configuration; ST, shear-

thinning; SU, structural units; TSS, total suspended solids; VP, viscoplastic.
⇑ Corresponding author. Tel.: +33 491 289 302; fax: +33 491 289 402.

E-mail address: isabelle.seyssiecq@univ-amu.fr (I. Seyssiecq).
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in terms of the geometrical configuration in which flow of the

sludge occurs. The geometrical parameter has though been shown

to influence the result of the rheological characterisation of acti-

vated sludge [10].

Furthermore, as sludge is a biological material exhibiting a large

range of rheological complexities such as shear-thinning behav-

iour, viscoplasticity, thixotropy or viscoelasticity [11,12], it can

show important variations in behaviour (notably with time, shear

or storage conditions). This latter point can also directly affect

the response of the material to a given rheological measurement.

As a result, although there are a large number of studies devoted

to the rheological study of biological sludge suspensions [11–13],

there is still a lot to do in this field, in particular to clear up the link

between the configuration of the flow and the measured response

in terms of rheological properties.

Activated sludge suspensions are known to be mainly com-

posed of water, microorganisms and macromolecules aggregated

in bioflocs. Bioflocs structure forms due to the phenomenon known

as bioflocculation which can lead to a gel-like structure [14].

This aggregated structure depends on many factors and can

evolve, notably when submitted to a shear stress. Such an aggre-

gated internal structure is shared by a lot of concentrated disper-

sions of particles, droplets, bubbles or macromolecules and has

been described in a very useful manner by Quemada [15], intro-

ducing the concept of Structural Units (SU). According to this con-

cept, small primary elements can form larger groups (clusters,

aggregates, flocs, clusters of flocs. . .). These groups are called SU

and have a size which depends on the applied shear through the

hydrodynamic stress acting on these structures. In most of the

cases, when the dispersion is sheared, SU size is reduced, resulting

in a release of trapped water and thus to an increase in fluidity of

the material. This mechanism explains the shear-thinning (ST)

properties that are generally observed in concentrated dispersions,

such as wastewater sludge for values of solid concentration rang-

ing from those prevailing in aeration basins (a few g L�1) to much

higher values [8,11,12]. In the same way, at sufficiently high solid

content, a three dimensional network can form at rest between

aggregated structures. A certain amount of shear stress will then

need to be exceeded to overcome the force of this network and

induce the flow of the material (viscoplastic behaviour = VP). This

is notably the case with sufficiently concentrated wastewater

sludge suspensions that are well known to behave like yield stress

fluids starting from values of solid concentration of around 10 g L�1

depending on many parameters such as the biopolymer composi-

tion, microorganisms type etc. . . [10–12,16]. At sufficiently high

TSS, the shearing of complex internal structures of biological

sludge will also lead to large scale time evolution i.e. thixotropy

[17,18] or viscoelasticity [19–21].

In this study, we are interested in the flow behaviour of sludge

suspensions in WWTP units, i.e. sheared suspensions under steady

state flow. For this reason, only the steady state flow properties of

sludge suspensions are taken into consideration.

In the range of TSS studied, the sludge shows both ST and VP

behaviour and the Herschel–Bulkley model (Eqs. (1) and (2)) can

be used to represent the rheogram or the viscosity curve of sludge

suspensions:

s ¼ sy þ K _c
n ð1Þ

g ¼
sy

_c
þ K _c

n�1 ð2Þ

where sy (Pa) is the yield stress, K (Pa sn) the consistency index and

n (�) the flow index.

In 2008, Mori et al. [10] carried out ex situ experiments on acti-

vated sludge with three different geometries: a helical ribbon

impeller (HRI), a concentric cylinder (CC) and a double concentric

cylinder (DCC) in cups. They studied the effect on the rheological

behaviour of sewage sludge of measuring geometries at different

biomass content (4–43 g L�1) and concluded that the geometry of

measuring device influences the measured rheological properties.

The pipe flow configuration is, on a process point of view, a fre-

quently encountered flow geometry (pumping lines of sludge

between different tanks of the WWTP). As a consequence, the

knowledge of sludge apparent viscosities in such a configuration

could be of great help to the engineers, in order to perform the

scale up of these lines.

Despite this fact, this flow configuration has almost never been

used to investigate the rheological properties of biological suspen-

sions [22]. Moreover, a comparison of results obtained, on a given

sludge, with this type of configuration and more conventional con-

figurations, such as the ones previously cited, has never been

proposed.

In such a context, this work focussed on the characterisation of

wastewater sludge rheological behaviour in the laminar region

Nomenclature

a constant for the slip velocity power law (m s�1 Pa�m)
d helical ribbon diameter (m)
Dh hydraulic diameter of the pipe (m)
kp constant for Np vs Re

�1 in the laminar region for Newto-
nian fluids (�)

k0p constant for Np vs Rem
�1 in the laminar region for non

Newtonian fluids (�)
K fluid consistency (Pa sn)
KMO Metzner-Otto constant (�)
Ks Torque constant (Pa/Nm)
L pipe length (m)
m exponent for the slip velocity law (�)
n fluid index (�)
N rotation rate of the helical ribbon impeller (s�1)
Np power number (�)
Q apparent volumetric flow rate (m3/s)
Qs slip volumetric flow rate (m3/s)
Qt true volumetric flow rate (m3/s)
P Power (W)

R pipe radius (m)
Re rotational Reynolds number (�)
Rem modified Reynolds number (�)
T agitation torque (Nm)
TSS total suspended solid concentration (g L�1)
Us slip velocity (m/s)

Greek letters
_c shear rate (s�1)
_ca apparent shear rate (s�1)
_cMO effective Metzner-Otto shear rate (s�1)
g apparent viscosity (Pa s)
DP pressure drop (Pa)
q sludge density (kg m�3)
s shear stress (Pa)
sy yield stress (Pa)
sw wall shear stress (Pa)
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(TSS concentration range from 12 to 38 g L�1) with two completely

different geometrical systems: a pipe flow (PF) configuration and a

stirred (HRI) bioreactor. The rheological measurements are per-

formed under in situ conditions, without any sampling of the mate-

rial and in configurations close to the one prevailing in the process

(pumping lines and agitated tanks). The aim is to demonstrate if

the configuration of flows can affect the result of the rheological

characterisation. The range of TSS chosen both allows sufficiently

accurate in situ measurements and to cover the range of processes

from MBR to flotation units.

In the case of both configurations, using the Herschel–Bulkley

equation for modelling purposes, the yield stress but also flow

and consistency indexes are determined in the whole range of bio-

mass concentration, in laminar flow regime.

2. Materials and methods

2.1. sludge suspensions

The activated sludge used is sampled in a municipal (urban)

WWTP (Aix en Provence City, 165.000 eq.inh., France) whose bio-

mass concentration is about 4 g L�1 in the recirculation loop

between the secondary settlers and aeration basins. The range of

concentration studied in this work is about 12 to 38 g L�1. In order

to obtain a fixed biomass content, the sample is first concentrated

under gentle gravimetric filtration (no depression used to acceler-

ate the process) using simple coffee filters (average pores diame-

ters around 100 lm) and then diluted again with supernatant

liquid. This method of concentration also used in previous works

[6,10] has been shown not to affect the flocs structure.

2.2. Experimental set-up

The experimental set-up developed in this study is described

schematically in Fig. 1. This set-up is mainly composed of two

parts: a bioreactor and a recirculation loop. The double envelope

bioreactor is 20 cm in height with an internal diameter of 11 cm.

The liquid height is 19 cm, so that the working volume is 1.8 L.

It is equipped with a simple Helical Ribbon Impeller (HRI) rotat-

ing rather close to the wall (d/D = 0.86). Thus in all experiments

presented in this paper, due to the high pumping capacity of the

HRI [23] the sludge is flowing, even at the smallest rotation speed,

and even in the far corners of the vessel (no dead zones).

This remark justifies the subsequent assumptions made on the

steadiness of the average shear rate and shear stress in the reactor.

The other geometrical parameters of the HRI are summarised in

more details in Table 1.

In order to maintain a constant temperature of 20 �C (±0.2 �C)

within the effective volume of the bioreactor, the double envelope

is connected to a thermostatic bath which allows water to circulate

at an adjustable temperature. The Impeller is connected to a rhe-

ometer (Rheomat RM200) allowing measurements of the shear

stress for different shear rates. The other part of the measurement

system includes first a PVC tubular pipe of 1 m in length and

17 mm of internal diameter (pipe 1) followed by the second PVC

pipe of 0.5 m in length and 14 mm of internal diameter (pipe 2).

A rotary pump equipped with a speed controller is used to circulate

the sludge through the pipes at different flow rates. The rotary

pump is placed after the pipes so that the sludge structure is less

affected by the passage through the pump. The stability with time

of the values measured by the pipes indicates that the sludge struc-

ture is steady despite the passage through the pump. An electro-

magnetic flow meter device is used to measure the flow rates in

the range 3.3 to 9.2 L/min. Two differential pressure transducers

are set on each pipe to monitor pressure drops across the pipes.

An online data acquisition system is used to record different

parameters as a function of time, such as the temperature, the tor-

que and shear rate for the HRI system as well as pressure drops and

volumetric flow rates for the PF system. Since the pipes are note

regulated in temperature, it has been verified that the variation

Fig. 1. Schematic representation of the experimental set-up.

Table 1

Geometrical characteristics of the experimental setup and operational conditions

applied in this study.

Parameter Unit Notation Pipe N�1 Pipe N�2 Bioreactor

Material - -- --- PVC PVC Plexiglas

Internal diameter mm D 17 13.6 110

Length m L 1 0.5 ---

Liquid height mm H -- - -- - 190

HRI height mm 95

Ribbon width mm 10

Bottom clearance mm 45

Ribbon pitch mm 47.5

Flow rate l/h Q 200–700 200–700 ---

Velocity m/s V 0.3–0.85 0.5–1.35 ---

Reynolds number --- Re 10–550 50–1000 <1

Temperature �C T 20 20 20
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in temperature is not significant between the entrance and the exit

of the pipes (circulation times in pipes of only a few seconds).

The main specifications of the experimental set-up are given in

Table 1.

2.3. Calculations

2.3.1. HRI system

In order to calibrate the HRI system for the viscosity curves or

rheograms measurements, the hydrodynamic coefficients of the

impeller have first to be determined using the Metzner–Otto prin-

ciple [24]. This method has extensively been used to estimate the

effective shear rate and shear stress in agitated reactors [25,26].

According to this method, an expression (in the laminar flow

region) can be defined to represent the apparent viscosity (ga),

using the relation existing between the rotational Reynolds num-

ber Re = qNd2/g and the dimensionless power number, Np = P/

qN3d5, in a mechanically stirred reactor. Where the Power P can

be calculated on the basis of the resistant torque (T) of the fluid

(P = 2pNT), given that the rheometer (RM200) has first been cali-

brated in the air at different rotation speeds:

Np ¼ kp � Re
�1 ð3Þ

where kp is a dimensionless constant function of the impeller geom-

etry for any Newtonian fluid [27]. This method can also apply to

find out the corresponding constant, k0
p, in the case of a shear

thinning fluid (Eq. (3)) using the modified Reynolds number,

Rem = qN2�nd2/K. The effective shear rate _cMO (s�1) and shear stress

s (Pa) are defined as follows:

_cMO ¼ KMON ð4Þ

s ¼ KsT ð5Þ

The KMO constant is the Metzner–Otto dimensionless constant

calculated from the Metzner–Otto principle [24,28].

From this principle, it can easily be demonstrated that KMO =

(k0
p/kp)

1/n�1.

Then the torque constant can be deduced from the following

relationship.

From Eq. (3) we deduce:

2pNT

qN3d5
¼

kpge
qNd2

! ge ¼
2pT

kpNd
3

s ¼ ge
_cMO ¼ geKMON ¼ 2pKMOT

kpd
3

ð6Þ

By comparing this latter relationship with Eq. (5), it follows that

Ks = 2pKMO/kpd
3, is the proportionality constant between the shear

stress and the torque (T).

The Metzner–Otto method has been widely used in chemical

engineering researches to estimate the average shear rate in

agitated vessels [29–32]. However, it makes approximates, consid-

ering that the KMO and Ks values are constant, even in a non-New-

tonian media.

For a more complete discussion on this point, the reader can

refer to a work of 2008 [24] in which the validity of this assump-

tion for identical sludge suspensions in an experimental device clo-

sely similar to the stirred reactor used in this work has been

experimentally verified.

For the purpose of the HRI constants calibration, a Newtonian

reference fluid (aqueous solution of glycerol, 96% in volume) as

well as a non-Newtonian reference fluid (aqueous guar solution,

1% in wt) are used at 20 �C. Average values of 170 ± 10 (�) and

23.3 ± 1.2 (�) are respectively obtained for kp and KMO constants

of the HRI system. This corresponds to a Ks constant of

1004 ± 100 (Pa/Nm).

To validate those values, a comparison between the rheograms

obtained with the HRI and a classical coaxial cylinders rheometer

(AR550, TA instrument) has first been performed for each fluid that

has been used in this study. The results obtained for reference flu-

ids are shown in Fig. 2. In the case of sludge suspensions, those

results do not appear on Fig. 3 for clarity purposes but they are

mentioned in the following discussion section.

A comparison of the values obtained for the kp and the KMO con-

stants with values calculated using literature correlations has also

been performed. In the case of the KMO constant, we can refer to the

correlation of Shamlou-Ayazi [33] that gives a calculated value of

26.8 in the case of our helical ribbon and reactor, to see that our

experimental value is in reasonable agreement.

In the case of the kp constant, the correlation proposed by Kap-

pel et al. [34] gives for our helical ribbon and reactor a calculated

value of 182 which is also in good agreement with the experimen-

tal value.

Once bioreactor rheograms sð _cMOÞ have been drawn, modelling

is performed for each TSS concentration using the HB model. HB

parameters are determined using an iteration calculation (Matlab�

program) that has been described in details in a previous paper [6].

2.3.2. Pipe flow system

Pipe flow viscometers have been used for rheological character-

isation in lots of studies [11,12,22,35–38] , among which some

have been conducted on biological suspensions [22] In the system

studied here, the applied volumetric flow rate (Q) and the mea-

sured pressure drop (DP) are used to calculate the apparent shear

rate _ca and the wall shear stress (sw) using the following

expressions:

sw ¼ Dh � DP=4L ð7Þ

where Dh is the hydraulic diameter of the pipe taken as the internal

diameter and DP is the pressure drop along the pipe length L.
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Fig. 2. Rheograms of (a) a newtonian fluid (aqueous solution of glycerol) and (b) a shear-thinning fluid (guar solution) using rheometer AR550 and both HRI and PF

configurations.
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Using the Rabinowitch-Money method, we obtain (Eq. (8)):

Q ¼
pD3

h

8s3w

Z sw

sy

s2 _cðsÞds ð8Þ

and considering the Herschel–Bulkley model for the rheological

behaviour of sludge suspensions ð _cðsÞ ¼
s�sy
K

� �1=n
Þ, we can deduce

the following equation:

Q ¼
pD3

h

8

n

3nþ 1

sw � sy

K

� �
1
n

1�
1

2nþ 1

sy

sw

� ��

�
2n

ð2nþ 1Þðnþ 1Þ

sy

sw

� �2

�
2n2

ð2nþ 1Þðnþ 1Þ

sy

sw

� �3
#

ð9Þ

which leads to the following definition for the Herschel–Bulkley

apparent shear rate:

_ca ¼
sw � sy

K

� �
1
n

¼
8Q

pD3
h

3nþ 1

n

�
1

1� 1
2nþ1

ð
sy

sw
Þ � 2n

ð2nþ1Þðnþ1Þ

sy

sw

� �2

� 2n2

ð2nþ1Þðnþ1Þ

sy

sw

� �3
� 	

0

B

B

@

1

C

C

A

ð10Þ

The calculation of the apparent shear rate from Eq. (9) is per-

formed using for the values of the HB model parameters sy and

n, values obtained with the bioreactor configuration that are used

as a reference (see discussion here-after).

The calculations presented here-above for the PF system allow

drawing pipe flow raw rheograms swð _caÞ that are discussed in

the following part.

Once some of the rheograms obtained with sludge suspensions

have been corrected for slip effects (PF systems), modelling is per-

formed for data obtained with both configurations and for each TSS

concentration using the HB model. HB parameters are still deter-

mined using the Matlab� iteration program [6].

3. Results and discussion

3.1. Calibration with reference fluids

The set-up has first been calibrated using a Newtonian refer-

ence fluid composed of an aqueous solution of glycerol 94% in vol-

ume (Fig. 2(a)) and a shear-thinning reference fluid consisting in a

1% in weight aqueous solution of guar (Fig. 2(b)). The Fig. 2 shows

the ability of HRI and PF configurations to accurately characterise

the rheological properties of both Newtonian and shear-thinning

single phase fluids.

Concerning the Newtonian fluid, we can observe that the results

approximately indicate the same viscosity of 568 mPa s for HRI and

PF systems which is close to the value measured with a classical

coaxial cylinders rheometer (AR550, TA instrument) (580 mPa s

for a 94% in volume glycerol solution at 20 �C) (Fig. 2(a)). We can

see that the different systems allow covering very different ranges

of shear rates. The HRI system works in the lower range of shear

rates (0–50 s�1), the pipe 1 (P1) works in an intermediate range

(50–100 s�1) and the pipe 2 (P2) in the upper range of shear rates

(60–180 s�1).

Concerning the shear-thinning reference fluid, Fig. 2(b) also

shows that all three systems measure identical rheological proper-

ties for this fluid. Indeed, the same shear thinning behaviour mod-

elled by an Ostwald power law with a consistency index of

3.8 Pa sn and a flow index of 0.36 is found for this solution what-

ever the measurement system over the global shear rate range

0–900 s�1. Closely identical values (K = 3.89 Pa sn and n = 0.37) of

the power law model coefficients have been confirmed with this

guar solution at 20 �C, using a classical coaxial cylinders rheometer

measurement (AR550, TA instrument) in the same shear rate

range. This measurement also appears on Fig. 2(b).

This set-up can now be used to perform the in situ rheological

characterisation of wastewater sludge suspensions with solid

contents ranging from 12 to 38 g L�1 in TSS using HRI and PF

configurations (P1 and P2).

3.2. Measurements with sludge suspensions

3.2.1. Raw measurements

Fig. 3 shows the raw data obtained with the 12/17/26/31 and

38 g L�1 sludge suspensions (data measured with the HRI repre-

sented by black filled symbols, data measured with the P1 system

represented by grey filled symbols and data obtained with the P2

system represented by empty symbols).

The dotted lines represent the Herschel–Bulkley model that

best fits the data obtained with the HRI system.

It has been verified for each solid concentration, that this HRI

extrapolated flow curve is in good agreement with the AR550

measurement.

It can be observed in Fig. 3 that, in the case of sludge suspen-

sions, the raw results obtained with the HRI system on one side

Fig. 3. Experimental measurements obtained in the HRI configuration (black filled symbols) and in the PF configuration for the pipe 1 (P1: grey filled symbols) and the pipe 2

(P2: white filled symbols).
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and the PF systems on the other side are no more consistent. In

particular, the data calculated for the PF systems seem to be shifted

to higher shear rates (see arrows on Fig. 3) when compared to what

should be expected on the basis of the HRI measurements (doted

lines giving the HRI flow curve extrapolated at higher shear rates).

The apparent drop in viscosity observed with pipes could be

explained by a wall slip effect. It is indeed well known that, work-

ing with complex fluids in all kind of rheometers, a slip phenome-

non can develop at the wall. The slip is known to be particularly

acute in the case of geometries giving rise to a shear stress gradient

away from the wall, as for instance capillary tubes [39,40].

On the contrary, the HRI system is a stirring type rheo-reactor

and could be qualified as a ‘‘no slip’’ reference system (often

referred as a vane system in articles) [39,40].

For this reason, in this work the flow curve that is calculated on

the basis of the HRI experiments and extrapolated at higher shear

rates will be used as a ‘‘no slip’’ reference flow curve for the pipe

flow experiments.

The slip phenomenon has been widely described in lots of arti-

cles [39–45] and is known to be due to a drop in solid concentra-

tion close to the moving geometry or close to the wall in the

case of pipes. The presence of a less concentrated thin layer of

lower viscosity close to the wall induces, for a given shear stress

a local enhancement of the shear rate. The rest of the suspension,

still at the average bulk concentration remains normally sheared

but slips onto this liquid thin layer.

It follows that the observed shear rate is bigger than the shear

rate corresponding to a homogeneous shearing of the suspension.

In order to correct flow measurements for slip, the calculation

of slip velocities is generally performed by comparing the results

obtained for a similar shear stress with geometries of different

sizes (capillary tubes of different internal diameters).

In the case of this study, the experimental set-up is equipped

with tubes of two different diameters. However, it is not possible

to cover an identical range of shear stresses with pipe 1 and pipe

2. This is due to the fact that experiments are limited by the pump

to a certain range of volumetric flow rates that corresponds to very

different shear rates and thus shear stresses ranges when the sus-

pension flows from pipe 1 to pipe 2. It is thus not possible here, to

compare data obtained with pipe 1 and pipe 2 and calculate the

slip velocities.

The correction for slip of raw data obtained with pipe 1 and 2

will thus be done by referring to the ‘‘no slip’’ reference flow curve

(HRI) and deduce, for a given TSS concentration, slip velocities that

allow corrected data from either pipe 1 and pipe 2 to overlap with

this reference curve.

3.2.2. Slip corrected measurements

The correlation for slip proposed by Cohen & Metzner [41,42]

for a power law Ostwald fluid can be adapted for a viscoplastic

Herschel–Bulkley fluid. This leads to the following equation for

the slip volumetric flow rate (Qs) as a function of the apparent vol-

umetric flow rate (Q):

Q s ¼
Q

1þ
s�sy
K

� �1=n R
aðsÞm

n
3nþ1

1� 1
2nþ1

sy

sw

� �

� 2n
ð2nþ1Þðnþ1Þ

sy

sw

� �2

� 2n2

ð2nþ1Þðnþ1Þ

sy

sw

� �3
� 	

ð11Þ

In Eq. (11), the apparent volumetric flow rate (Q) is taken as the

sum of the slip flow rate (Qs) and the true flow rate (Qt); ð
s�sy
K
Þ
1=n

in

which sy, K and n are determined on the basis of the HRI experi-

mental points, using the Herschel–Bulkley model, represents the

true shear rate and R
aðsÞm

n
3nþ1

½1� 1
2nþ1

ð
sy

sw
Þ � 2n

ð2nþ1Þðnþ1Þ
ð
sy

sw
Þ
2

� 2n2

ð2nþ1Þðnþ1Þ
ð
sy

sw
Þ
3
� represents the opposite of the slip shear rate.

The slip velocity is taken as an empirical power function of the

wall shear stress according to Eq. (12):

Us ¼ aðswÞ
m ð12Þ

In Eq. (12), no critical shear stress for the appearance of slip is

taken into consideration on the contrary of Chen et al. in their

study of the slip flow of coal water slurries [43]. This is justified

by the fact that, in the case of the sludge suspensions tested here,

slip may be observed at even low shear stress as it will be dis-

cussed later on.

Parameters a and m are adjusted on experimental data for each

TSS concentration, so that the corrected pipe flow measurements

obtained for either pipe 1 and pipe 2 are the closest to the extrap-

olated HRI flow curve. The values obtained for a and m are then

given in Table 2 together with the Herschel–Bulkley parameters

of the corrected rheograms as a function of the TSS.

Fig. 4 shows the evolution of calculated slip velocities as a func-

tion of the wall shear stress for different solid concentrations. It is

worth noting that these calculated slip velocity values are of the

same order of magnitude than experimentally measured slip veloc-

ities in the case of suspensions published by Chen et al. [43,44].

Fig. 4 shows that slip velocities decrease with increasing solid

concentrations, at a constant effective shear stress, but following

different laws according to the solid concentration range.

The slip velocities of the two lowest solid concentrations (12

and 17 g L�1) show a linear increase with the effective shear stress

giving rise to high slip velocities values at even low shear stresses.

This behaviour is known to be due to the formation of a slip layer

under the control of static wall depletion effects. Indeed, close to

the solid boundaries, the solid particles cannot occupy the space

as efficiently as in the bulk of the suspension. This phenomenon

leads to the formation of a liquid-rich layer adjacent to the wall

which is present even under zero shear rate. It follows that the sus-

pension will start to slip significantly onto this liquid-rich layer

Table 2

Model parameters obtained for different TSS concentrations.

TSS (g L�1) Herschel–Bulkley model parameters Slip velocity parameters

sc (Pa) K (Pa sn) n (�) a (m Pa�1 s�1) m (�)

12 1.13 0.3 0.49 0.09 1

17 1.7 0.81 0.46 0.05 1

26 7.1 1.49 0.45 0.015 1.2

31 9.5 2.9 0.42 0.014 1.2

38 21 5.1 0.36 0.0047 1.3

Us = 0.09τ Us = 0.05τ Us = 0.015τ1,2

Us = 0.014τ1,2

Us = 0.0047τ1,3
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Fig. 4. Evolution of calculated slip velocities as a function of the wall shear stress

for different TSS concentrations.
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even at very low shear stresses. The linear increase of the slip

velocity with the shear stress indicates that the slip layer keeps

the same thickness and viscosity as the shear stress increases.

In the case of more concentrated suspensions (26–38 g L�1),

static wall depletion effects are not the only slip mechanism and

the formation of the slip layer also begins to be affected by

shear-induced particles migration effects. Above a certain concen-

tration level, the addition of more solid particles induces a signifi-

cant increase of inter-particles interactions. This phenomenon

results in the appearance of a significant yield stress ðsyÞ for these

suspensions: 12 & 17 g L�1 suspensions have very small yield stres-

ses sy = 1.13 & 1.7 Pa, whereas for 26/31 & 38 g L�1 suspensions,

the yield stress value becomes significant with sy = 7.1/9.5 &

21 Pa respectively.

However, the addition of more and more solid particles also

leads to an important increase in interactions between the bulk

suspension and the walls, reducing in turn the thickness of the

liquid-rich layer due to static wall depletion effects. If this layer

becomes small compared to the roughness of the wall, significant

slip can no more develop under low shear stresses. When the wall

shear stress increases however, and becomes much larger than the

yield stress of the suspension so that there is a significant shear

deformation of the bulk suspension, a large number of particles

begin to migrate from the wall to the centre of the pipe (bulk of

the suspension), resulting in a shear-induced creation of a liquid-

rich slip layer. This explains why the slip velocity increases with

the shear stress according to a power law (Eq. (12)) with an expo-

nent (m) being more and more important as the solid concentra-

tion increases.

It is also worth noting that the percentages of slip velocity with

respect to the average fluid velocity are high varying from 50%

(12 g L�1 sludge under the highest shear stress) to 99% (38 g L�1

sludge under the smallest shear stress).

This is in good agreement with results from Chen et al. [43] for

slip flow of coal water slurries in pipelines obtained with particles

of several hundreds of lm in diameter (sludge flocs have been esti-

mated here at about 150 lm in mean diameter).

The slip corrected flow curves are presented on Fig. 5 for the

three configurations: HRI (black filled symbols), pipe 1 (grey filled

symbols) and pipe 2 (empty symbols).

The Herschel–Bulkley model parameters that best fit the exper-

imental data, for the different biomass concentrations, are given in

Table 2. They show classical variations with the TSS concentration

corresponding to an increase in both viscoplasticity and shear-

thinning as the solid concentration increases.

It can also be observed that, for each TSS concentration, taking

into account slip velocities on the basis of the values presented in

Fig. 4 allow the experimental data obtained with both pipes to

come rather close to the extrapolated HRI ‘‘no slip’’ reference flow

curve.

The agreement between data obtained with the three different

systems is however lower as the solid concentration increases.

4. Conclusions

In this study, we have measured rheological properties of

wastewater sludge suspensions at different biomass contents

(12–38 g L�1) using two different systems (HRI and PF systems).

A helical ribbon impeller in a stirred bioreactor coupled with a rhe-

ometer apparatus (RM 200) first allowed to in situmeasure the rhe-

ological behaviour of activated sludge under stirred conditions. The

pressure drop as well as the sludge flow rate recorded along the

pipe line configurations (PF systems), also allowed direct calcula-

tions of the shear stress and shear rates at the wall for the sludge

under pumping conditions.

Although both types of configurations can be used to accurately

determine the rheogram of Newtonian or shear-thinning mono-

phasic ‘‘simple’’ fluids, measurements performed with activated

sludge suspensions are more complex to interpret.

The bioreactor HRI system allows performing measurements in

a low shear rates range without any artefacts, provided that the

constants of the system (Ks & KMO) have been accurately measured

using calibration fluids and validated with measurements made

with classical rheometer and geometry.

On the contrary, in the case of the PVC pipes that have been

used in this work, the pipe flow systems , show an important wall

slip phenomenon that needs to be subtracted from the raw results

in order to determine the correct flow curve of activated sludge

suspensions.

Taking the HRI extrapolated flow curve as a ‘‘no slip’’ reference

curve, it was possible to calculate slip velocities so that the pipe

flow curves can overlap with this reference curve.

The calculated slip velocities that are needed to correct these

measurements are of the same order of magnitude than experi-

mental slip velocities measured by other authors. They show

variations with shear stress pointing out that slip by wall static

Fig. 5. Experimental measurements obtained in the HRI configuration (black filled symbols) and corrected data for the PF configuration for the pipe 1 (P1: grey filled symbols)

and the pipe 2 (P2: white filled symbols).
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depletion effect is the main slip mechanism for low solid concen-

trations suspensions (12 & 17 g L�1).

When the solid concentration becomes sufficient for the solid

phase to interact with the walls (26–38 g L�1), the main slip mech-

anism turns to a shear induced migration mechanism.

In the current state of development of our set-up, correction

calculations that have been presented in this paper are needed to

access the true rheological properties of sludge suspensions from

the pipe line configurations. However, the simplest experimental

method to reduce slip (whatever the measuring geometry is) con-

sist in increasing the wall roughness, so that it becomes large

enough compared to the material structural units (SU) size (flocs

size in the case of sludge) for the SU concentration to be kept con-

stant between the wall and the bulk and thus avoid slip by static

wall depletion.

The pipes used in this work are made of PVC because it is a low

cost material easy to work with. However, it is also a very low

roughness material (only a few lm) that will, as a consequence,

be very sensitive to wall slip appearance.

One of the prospects of this work is to equip our set-up with

high roughness pipes made of rough steel for example. In this

way, the wall roughness could be increased to the same order of

magnitude than the solid particles size (sludge flocs about

150 lm in mean diameter here), so that the slip at the wall could

be reduced. An increase in wall roughness should indeed at least

avoid slip phenomena that are due to wall static depletion effects

and allow direct measurements of the true rheological properties

for sludge suspensions with the smaller TSS, for which the slip

mechanism is supposed to be mainly due to such static depletion

effects.
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