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Abstract 
 
The rheological characterization of sewage sludge at different steps of wastewater treatment is important 
since it allows predicting and estimating sludge behavior when submitted to almost all treatment and disposal 
operations. Rotating biological contactor (RBC) is being widely used for wastewater treatment, which is a 
biological treatment process following primary treatment. The rheological characterization of RBC sludge at 
different solid contents (TSS = 32.2 g/L–50.2 g/L) and temperatures (5–40 C) was carried out using a rota-
tional viscometer. The RBC sludge showed a shear-thinning behavior, where the apparent viscosity de-
creased rapidly with the shear rate reaching the limiting viscosity ( ) at the infinite shear rate. An exponen-
tial relationship described the evolution of the limiting viscosity with the sludge TSS content. In addition, a 
dramatic increase in the limiting viscosity beyond a TSS concentration of 42.4 g/L has been observed. On the 
other hand, Bingham model described well the non-Newtonian behavior of sludge suspensions. It was clear 
that the yield stress is more sensitive than the Bingham viscosity for the variation in temperature and solid 
content. However, the rheological results revealed that both the limiting and Bingham viscosities have the 
same behavior with the TSS content and with the temperature. 
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1. Introduction 
 
Wastewater treatment process generates significant 
quantities of sludge from suspended solid in the feed, 
biomass generated by biological operations, and precipi-
tates from added chemicals. Since solid concentration is 
often below 5%, large volumes of sludge must be han-
dled. Sludge handling and disposal typically constitute 
25 to 40% of the total cost of wastewater treatment plant 
[1]. Raw sludge is an unstable solids suspension that 
must be subjected to specific and complex treatment be-
fore an environmentally acceptable product is obtained 
for final disposal. In a conventional activated sludge 
wastewater treatment plant, raw sludge is normally a 
mixture of the primary sludge and the excess biological 
sludge. In general, raw sludge has about 3-5% by weight 
total solids, among which about 70-80% is organic mat-
ter. Due to its high organic solids content, raw sludge 
must be stabilized by digestion processes in order to ob-

tain a stable product that is easier to handle and to dis-
pose. During the anaerobic digestion, heterotrophic bac-
teria reduce about 40-50% of the organic compounds, 
especially those less complex and readily biodegradable. 
These compounds are normally insoluble and of colloidal 
form and may be classified as a complex mixture of nutri-
ents, proteins, carbohydrates and organic acids. The bio-
logical assimilation of these solids reduces slightly the total 
solid concentration of the sludge but certainly changes the 
rheological properties of the digested sludge [2]. 

The rheological characterization of sewage sludge at 
different steps of wastewater treatment is important since 
it allows predicting and estimating sludge behavior when 
submitted to almost all treatment and disposal operations. 
In reality, the knowledge of rheological properties helps 
in the selection of the most proper equipment and pro-
cedure to be adopted. Rheological parameters are very 
important in sludge management, not only as designing 
parameters in transporting, storing, landfill and spreading 
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operations, but also as controlling ones in many treat-
ments, such as stabilization and dewatering [3]. 

At the moment, rheological parameters are essentially 
used in sludges conditioning or for optimizing sludge 
consistency for the storage, spreading [4–6] and as indi-
cators of sludge quality in aeration tanks [7]. In addition, 
Hasar et al. [8] have pointed out that the activated sludge 
viscosity has a major impact on pressure loss in pipes, 
transport phenomena near the membrane and sludge 
conditioning in next step. 

The rheological characteristics of sludge depend on 
many factors such as source, solid concentration, tem-
perature, and sludge treatment method [3,8,9] showed 
that rheological parameters are strongly dependent on the 
sludge type and total solid content. Battistoni et al. [10] 
has also observed that sludge rheology is strongly de-
pendent on feed characteristics and conditions applied. 
Rotating Biological Contactor (RBC) is being widely 
used for wastewater treatment but there is an apparent 
lack of knowledge about the rheological properties of the 
produced sludge. A rotating biological contactor or RBC 
is a biological treatment process used in the treatment of 
wastewater following primary treatment, which removes 
the grit and other solids through a screening process fol-
lowed by a period of settlement. The RBC process in-
volves allowing the wastewater to come in contact with a 
biological medium at the rotating biological cofactors in 
order to remove pollutants from the wastewater. A rotat-
ing biological contactor consists of a series of closely 
spaced, parallel discs mounted on a rotating shaft which 
is supported just above the surface of the waste water. 
Microorganisms grow on the surface of the discs where 
biological degradation of the wastewater pollutants takes 
place. The constant rotation of the disc causes mixing of 
the liquid, while the rotating disc surface alternately 
comes into contact between air and wastewater and thus 
acts as an aeration device for wastewater treatment. 
However, the basis of the practical use of the RBC is that 
the dissolved oxygen in the reactor did not have signifi-
cance on treatment efficiency because sufficient amount 
of oxygen could be supplied during the air exposure cy-
cle [11]. 

The objective of this work was to study the rheological 
characteristics of sewage sludge generated from Rotating 
Biological Contactors (RBC) technology. The effects of 
the temperature and the solid content on the rheological 
parameters of RBC sludge were investigated. Since the 
sludge samples were collected from the sludge tank that 
comes after the RBC unit, the rheological characteriza-
tion presented here can be used to improve the storage 
and transportation system of the RBC sludge and the 
conditioning process. 

2. Materials and Methods 
 
2.1. Sludge Sample and Treatment Plant 
 
The Sludge samples were collected from a wastewater 
treatment plant located in the campus of Jordan Univer-
sity of Science and Technology (JUST) and thereafter they 
were stored in a refrigerator at a temperature of 8 oC be-
fore being used in the tests. The sludge samples were col-
lected from the sludge tank that comes after the RBC unit. 

Wastewater from the General Services Buildings, 
King Abdullah Hospital, Student and Staff Housing are 
collected and treated at the JUST wastewater treatment 
plant. The average biological oxygen demand (BOD) of 
wastewater is about 400 mg/L. The BOD of the treated 
wastewater is no more than 10 mg/L. Wastewater passed 
through several steps of treatment, including physical as 
well as biological steps. Six rotating biological contac-
tors (RBC) are used in the bio-treatment step. The RBC 
contactors are made from plastic discs supported on a 
shaft passing perpendicularly through the center of each 
disc. The discs are slowly rotated at 1.25 rpm in a con-
tour-bottomed tank containing the wastewater. As the 
surfaces of the discs are alternately exposed to the 
wastewater and air, biological growth forms these sur-
faces. The biological growth will adsorb and assimilate 
the organic materials in solution. Air is also supplied to 
the wastewater in the tank to further increase the growth 
of bacteria. Excess biomass is sloughed off by shearing 
as the growth passes through the liquid and is kept in 
suspension by the mixing of the discs. The treated 
wastewater flows out of the tank into a clarifier to re-
move the suspended solids. The clarified wastewater was 
chlorinated before being pumped to the university lake to 
be used for irrigation purposes. The remaining solids and 
water in the clarifier, i.e. sludge, is pumped to the sludge 
tank as shown in Figure 1. Sludge samples tested in this 
work were collected from the bottom of the sludge tank. 

 

 
Figure 1. Block diagram for JUST wastewater treatment plant. 
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2.2. Viscometer 
 
The steady rheological properties of RBC sludge were 
measured using a concentric cylinder viscometer (Haake 
VT 500, MV1-system), which composed of an inner 
cylinder rotating in a stationary outer cylinder. The ra-
dius of the rotating cylinder is 20.04 mm, the length of 
the cylinder is 60 mm, and the gap width is 0.96 mm. For 
every point on the flow curves a constant shear rate was 
used. After attaining a constant the shear-stress signal, 
which required about 30 seconds, the values of shear 
stress and viscosity were recorded. The viscometer was 
thermostatically controlled with a water circulator (Ha-
ake D8) at the desired temperature. 

Experiments were performed to characterize the rheo- 
logical behavior of RBC sludge using flow curve meas-
urements. A fresh sample was loaded into the annular 
gap of the concentric cylinder viscometer. The apparent 
viscosity of RBC sludge as a function of shear rate was 
measured.  

 
3. Results and Discussions 
 
3.1. Effect of Total Suspended Solids 
 
The rheological properties of sludge material can be sig-
nificantly affected by variables such as shear rate, tem-
perature and total solids. In many cases, solid concentra-
tion was the most important parameter affecting the 
sludge rheology [8,12,13]. Sewage contains solid materi-
als like bones, stones, wood, rages, etc, which make 
pumping of sewage difficult. The percentage of solids in 
sewage gives an indication of the concentration and 
physical state of its principal constitutes. The combina-
tion of inorganic and organic solids is called “total sus-
pended solids” [14]. In this work, the effects of total 
suspended solids (TSS=32.2 g/L-50.2 g/L) and tem- 
perature (5-45 oC) on the rheological behavior of RBC 
sludge were investigated. 

 

200 600 1000
0 400 800 1200

Shear rate (1/s)

10000

30000

0

20000

40000

S
he

ar
 S

tr
es

s 
(m

P
a)

100

300

0

200

400

A
pp

ar
en

t V
is

co
si

ty
 (

m
P

a 
s)

T = 25 C
TSS= 50.2 g/L

Shear stress

Apparent viscosity

limiting viscosity

 

Figure 2. Typical rheological behavior of RBC sludge at 
TSS of 50.2 g/L and T of 25 C. 

Figure 2 shows the typical rheological behavior of 
RBC sludge at TSS = 50.2 g/L and temperature of 25 C. 
The shear stress ( ) was measured as the shear rate (  ) 

was increased from 11.7 to 1169 1s . As illustrated in 
Figure 2, the RBC sludge showed a shear-thinning be-
havior, where the apparent viscosity ( /app    ) de-

creased rapidly as the shear rate was increased, and be-
came constant at higher shear rate reaching the limiting 
viscosity ( ) at the infinite shear rate. The limiting 

viscosity was associated with the optimal orientation of 
the sludge in the direction of flow [12]. 

The limiting viscosity has been widely used as a pa-
rameter for characterizing sludge rheology [9,12,15]. The 
properties of suspended solids, such as particle size, 
shape and density, particle-particle interaction, floccula-
tion ability, etc, all have effects on the rheological prop-
erties of sludge [12,15]. Figure 3 shows that the limiting 
viscosity was greatly affected by the TSS content of the 
RBC sludge, which is in agreement with several other 
types of biological sludges [9,12,15]. An exponential 
relationship always describes the evolution of the limit-
ing viscosity (rheological parameter) with the sludge 
TSS content, as also observed in this study. It has been 
indicted that the increase of the limiting viscosity of ac-
tivated sludge was due to the increased interactions be-
tween the flocs at increased TSS content [9]. Figure 3 
also shows a dramatic increase in the limiting viscosity 
beyond a TSS concentration of 42.4 g/L. In this case two 
different exponential equations were needed to describe 
the dependence of the limiting viscosity on the whole 
range of TSS content. The point of the strongest viscos-
ity increase can be determined from the intersection of 
the two regression lines for low and high ranges of 
sludge solid content. This point is shown in Figure 3 as 
critical TSS. 
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Figure 3. Limiting viscosity as a function of TSS for    
different temperatures. 
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Figure 4. Limiting viscosity of RBC sludge as a function of 
temperature for different TSS. 
 
3.2. Effect of Temperature 
 
Moreover, temperature is another important factor af-
fecting the limiting viscosity of RBC sludge. Figure 4 
shows that the limiting viscosity decreased by increasing 
the temperature. The thermal motion of particles is more 
violent at higher temperature, and then the network 
strength between the particles is weekend, resulting in a 
decrease in viscosity [12]. The influence of temperature 
on the limiting viscosity can be described well by an 
Arrhenius type equation (see Figure 4): 

aE

RTKe                  (1) 

where  is the limiting viscosity, K is pre-exponential 

constant, T the absolute temperature, R is the universal 
gas constant and  is the limiting viscosity activation 

energy. Table 1 shows the regressed values of K and  

at different TSS content. It is clear that there is small 
increase in  with increasing the total solids. The low 

value of activation energy (0.094-0.127 ) sug-
gested low dependence of limiting viscosity of the RBC 
sludge on the temperature. The high regression coeffi-
cients of the above equation, which varied from 0.982 to 
0.997, suggested that the Arrhenius equation was able 
adequately to describe the relationships between the 
rheology of RBC sludges and temperature. 

aE

aE

aE

molJ /

 
3.3. Rheological Modeling 
 
Figure 5 illustrates the flow curves of RBC sludge at 
different TSS values. For all investigated TSS and tem-
peratures, the sludge samples showed shear-thinning 
behavior with a yield stress. Bingham model (Equation 2) 
has been used to describe the non-Newtonian behavior of 
sludge suspensions [3,12,13]: 

o B                     (2) 
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Figure 5. Flow curves of RBC sludge at different TSS. 
 

Table 1. Regressed parameters of Equation 1. 

TSS ( /g L ) K ( ) .mPa s aE
R  ( K ) 2R  

32.2 292 0.0113 0.997 

37.3 442 0.0118 0.996 

42.4 554 0.0119 0.983 

47.5 1730 0.0141 0.982 

50.5 3267 0.0153 0.995 

 
where  is the shear stress, o  is the yield stress; B  

is the Bingham viscosity and   is the shear rate. In the 

sludge samples the yield stress must be reached before 
flow starts. Its presence is due to the resistance solid par-
ticles oppose to deformation, until the applied stress ex-
ceed the yield strength of the solid phase and that the 
sludge show flow. It is commonly admitted that the yield 
stress of suspensions is linked to the existence of an in-
terconnected three dimensional network of flocs. The 
value of the yield stress corresponds to the stress needed 
to be applied to overcome the cohesion Van der-Waals 
forces and induce the flow of the suspension [15]. 

Figure 5 also shows the flow curves of RBC sludge for 
different values of TSS fitted to the Bingham model; 
while the model parameters obtained by non-linear re-
gression for different TSS and temperatures are reported 
in Table 2. The high regressions coefficients (around 
0.99) indicated that the Bingham model describe ade-
quately the rheological behavior of RBC sludges under 
different conditions. As shown in Table 2, both the yield 
stress and Bingham viscosity decreased as the tempera-
ture was increased from 5 to 45 oC. However, at a given 
temperature when the solid content was increased the 
Bingham parameters ( o , B ) were found to increase 

accordingly. The obtained yield stress increased signifi-
cantly from 59 mPa at TSS=32.2 g/L and T=45 oC to 
5520 mPa at TSS=50.2 glL and T=5 oC. On the other 
hand, the Bingham viscosity exhibited less pronounced  

Copyright © 2010 SciRes.                                                                               JWARP 
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Table 2. Regressed parameter values of Bingham model 
used to describe the rheological data for different tempera-
tures and total solid content. 

TSS ( /g L ) 
Temperature 

( K ) 

o  

( ) mPa
B  

( mPa s ) 

278.15 1527 11.0 

288.15 1094 10.2 

298.15 697 9.6 

308.15 332 8.7 

32.2 

318.15 59 7.8 

278.15 2552 14.0 

288.15 2123 12.9 

298.15 1674 11.2 

308.15 1235 10.4 

37.3 

318.15 929 9.4 

278.15 3579 18.1 

288.15 3031 15.5 

298.15 2630 13.5 

308.15 2199 11.9 

42.3 

318.15 1701 11.4 

278.15 5033 29.7 

288.15 4432 27.7 

298.15 3794 22.0 

308.15 3351 20.0 

47.5 

318.15 2980 17.3 

278.15 5520 43.0 

288.15 4864 35.9 

298.15 4354 30.0 

308.15 3865 26.3 

50.5 

318.15 3302 23.5 
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Figure 6. Dependence of the yield stress on TSS content. 

Table 3. Exponential parameters of the correlation between 
the yield stress and the sludge TSS content. 

Temperature (C) A B 2R  

278.15 167.45 0.071 0.982 

288.15 89.58 0.082 0.970 

298.15 35.55 0.098 0.952 

308.15 7.00 0.130 0.921 

318.15 0.19 0.204 0.835 

 
Table 4. Regressed parameters of Equation 4. 

TSS ( /g L ) C ( ) mPa yE
R  ( K ) 2R  

32.2 124.3 10  0.077 0.887 

37.3 63.2 10  0.025 0.991 

42.4 55.6 10  0.018 0.987 

47.5 52.0 10  0.013 0.998 

50.5 51.8 10  0.013 0.996 

 
evolution, where it increased from 7.8 mPa s  at TSS 

=32.2 g/L and T=45 oC to 43  at TSS=50.2 glL 
and T=5 oC. It is clear that the yield stress is more sensi-
tive than the Bingham viscosity for the variation in tem-
perature and solid content.  

smPa 

An exponential law (Equation 3) can describe the rela-
tionship between the yield stress and the TSS content on 
the entire range of TSS investigated, see Figure 6: 

( [ ])B TSS
o Ae                (3) 

Table 3 shows the values obtained form the applica-
tion of the exponential model for different sludge tem-
peratures. It is clear that the deviation from the exponen-
tial behavior increased with increasing the temperature. 

In addition, the effect of temperature on the yield 
stress of the RBC sludge can be also well described by 
the Arrhenius equation type, see Figure 7: 

yE

RT
o Ce                    (4) 

where C is the pre-exponential constant, and  is the 

yield stress activation energy. Table 4 shows the re-
gressed parameters of Equation 4. 

yE

The evolution of the Bingham viscosity ( B ) with the 

TSS content followed the same trend of the limiting vis-
cosity, where a dramatic increase in the Bingham viscos-
ity beyond a TSS concentration of 42.4 g/L was observed, 
see Figure 8. Several authors [16,17] have shown that on 
a weak TSS variation range (about 4 g/L of variation), 
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the evolution of Bingham parameters can be described 
by a linear law. The particle-particle interactions increase 
with TSS content and thus increase drastically the Bing-
ham viscosity as well as the rheological properties of 
sludge [16]. 

On the other hand, the Arrhenius type equation well cor-
related the relationship between the Bingham viscosity  
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Figure 7. Dependence of the yield stress on the temperature. 
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Figure 8. Dependence of the Bingham viscosity of the TSS content. 
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Figure 9. Dependence of the Bingham viscosity of the temperature. 

Table 5. Regressed parameters of Equation 5. 

TSS ( /g L ) D ( mPa s ) BE
R  ( K ) 2R  

32.2 117 0.008 0.987 

37.3 234 0.010 0.992 

42.4 480 0.012 0.969 

47.5 1512 0.014 0.977 

50.5 2870 0.015 0.989 

 
and the temperature, see Figure 9: 

BE

RT
B De                   (5) 

where D is the pre-exponential constant, and  is the 

Bingham viscosity activation energy. Table 5 shows the 
regressed parameters of Equation 5. As evident from 
Tables 4 and 5, the activation energy for yield stress de-
creased with solid content, in contrast, the activation 
energy of Bingham viscosity increased. However, the 
activation energies of both parameters were equal at TSS 
content above the TSS-critical.  

BE

The results here comply with those of several authors 
who have shown an exponential [17–20] or power [10] 
law between sludge TSS content and Bingham parameters. 

On the other hand, the activation energy of the Bing-
ham viscosity varied between 0.0665 /J mol  at TSS= 
32.2 g/L and 0.125 /J mol  at TSS=50.2 g/L, which was 
approximately similar to the activation energy of the 
limiting viscosity. Results revealed that both the limiting 
and Bingham viscosities have the same behavior with the 
TSS content and with the temperature. 
 
4. Conclusions 
 
In this work, the dependence of rheological properties of 
RBC sludge on solid content (TSS) and temperature has 
been experimentally investigated. Results revealed that 
the RBC sludge behaved like a Bingham fluid. The lim-
iting viscosity and the Bingham parameters have been 
used to characterize the RBC sludge. An exponential 
relationship was employed to describe the evolution of 
the limiting viscosity with the sludge TSS content, and 
the dramatic increase in the limiting viscosity beyond a 
TSS concentration of 42.4 g/L. The influence of tem-
perature on the limiting viscosity has been well described 
by an Arrhenius type equation. It has been found that 
both the yield stress and Bingham viscosity decreased as 
the temperature was increased from 5 to 45 oC. However, 
at a given temperature when the solid content was in-
creased the Bingham parameters ( o , B ) found to in-

crease accordingly. It was clear that the yield stress was 
more sensitive than the Bingham viscosity for the varia-
tion in temperature and solid content. 

Copyright © 2010 SciRes.                                                                               JWARP 
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