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1. Introduction

Sewage sludge represents a multi-phase system with complex
flocculent structure with specific yield stress value (Zhou et al. 2014, Zhou
et al. 2017). The composition of sewage sludge can be varied, which de-
termines its physical, chemical and biological properties (Piecuch et al.
2013, Zawieja 2016). Evaluation of sludge properties often does not take
into consideration the rheological parameters which are important for the
hydraulic transport. Neglecting of these parameters may generate sub-
stantial design errors, thus functional difficulties of the whole system of
sludge treatment (Fryzlewicz-Kozak et al. 2015). Rheological examina-
tions are connected with non-Newtonian flow of sewage sludge (Wolny
et al. 2008, Liu et al. 2015).

Rheology deals with examination of the response of real sub-
stances to stress (Travnicek et al. 2013). Rheological problems do not
concern the motion of the body as a whole but the motion of certain body
components with respect to the other. The aim of the rheology is to antic-
ipate body behaviour with regards to the applied force system or to antic-
ipate the system of forces that will result in specific body behaviour
(Dong et al. 2012). The main task of rheology is to develop models used
for description of behaviour of bodies exposed to the effect of force
(Liang et al. 2017).

Rheological models allow for approximation of flow curves
(Sozanski et al. 1993). The flow curve becomes a straight line only at
a very high shear rate. The logarithmic diagram of the dependency of the
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shear stress and shear rate for the pseudoplastic fluid is often a straight
line with the slope from 0 to 1. The simplest mathematical rheological
model used to describe the flow curve for these fluids is the Ostwald-de
Waele power model (Ferguson et al. 1995):

t=k-(y) (1)
where: k — constant termed consistency coefficient, Pa:s; n — exponent,
termed yield exponent.

In the Bingham model, fluids flow only after applying the shear
stress 10, and, for smaller stress, they behave as a plastic solid:

T=To+MNpl " Y (2)
where: 1, — yield stress, Pa; n, — plastic viscosity, Pa-s.

Herschel-Bulkley models are mostly composed of three parame-
ters:
=T+ K- (y) 3)
where: 1, — yield stress, Pa; K — rheological parameter of the model;
n — yield exponent.

The results of rheological measurements are approximated by
means of specific rheological models, which can later be used for design-
ing wastewater transport and storage or operation of wastewater treat-
ment plants (Fryzlewicz-Kozak et al. 2008, Yang et al. 2009).

2. Materials and methods

Sewage sludge for the examinations was sampled from treatment
of the wastewater from the cellulose and paper industry. Dry matter con-
tent was 16.82 g/dm’, whereas initial hydration was 98.32%. Dry mass
content and initial hydration of sludge was determined based on the
standard PN-EN-12880. Modification of sludge was conducted using the
process of sonication for 60s under static conditions. Sludge sonication
used ultrasound field with intensity of: 2.2 (40%), 2.7 (60%); 3.2 (80%);
3.8 (100%) W/cm®. The process of sewage sludge sonication used ultra-
sound processor Sonics VCX-1500 with maximal power output of
1,500 W. Frequency of ultrasound field vibration was 20 kHz whereas
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maximal wavelength for the amplitude of 100% was 39.42 um. The de-
vice is used to transform electricity into mechanical energy supplied to
the titanium tip in the form of wave. Volume of the samples for soni-
cation was 500 cm® for sludge after fermentation both in the flasks and in
the bioreactor.

Fermentation of initially prepared sludge samples was performed
in order to determine the effect of stabilization on rheological parameters.
The process occurred in glass flasks that represented models of fermenta-
tion chambers and bioreactor. The sludge samples were placed in 10 la-
boratory flasks with volume of V = 0.5 dm’. On each day of the process,
rheological models were determined after removing one of the flasks
from the thermostat in order to evaluate rheological parameters. Rheolog-
ical parameters were determined using the rheometer RC20, with the
shear rate of 0-200s™, for the period of 120s.

3. Results and discussion

The examinations conducted in this study were used to evaluate
properties of sewage sludge exposed to the effect of ultrasound field wave
with different length and fermentation time. Presentation of the values in
the form of models allows for evaluation of rheological parameters of sew-
age sludge necessary for characterization of their pumpability or hydraulic
transport. Flow curves, which represent the relationship between shear
stresses and velocity gradient, illustrate the pattern in rheological models.
The values obtained for the correlation coefficient were high and ranged,
for the non-conditioned sludge: from 0.922-0.997; for sludge + UD40%:
0.847-0.999; for sludge + UD60%: 0.854-0.999; for sludge + UD80%:
0.822-0.999 and for sludge + UD100%: 0.882-0.999. Fig. 1 presents the
relationship between the consistency constant K and flow index » for the
model of Ostwald-de Waele at the temperature of 22°C.

An increase in flow index was found for each amplitude on each
day of the fermentation process (see Fig. 1). For all the conditioning
methods, the index value was below 1 (n<l), ranging, for the non-
conditioned sludge from 0.521 (0 day of fermentation) to 0.629 (25th day
of fermentation). For the sludge after conditioning with the ultrasound
field with intensity of 3.8 W/cm®, the flow index ranged from 0.382 (0
day of fermentation) to 0.539 (25th day of fermentation).
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Fig. 1. Relationship between the consistency constant K and flow index » for
Ostwald-de Waele model; a) non-conditioned sludge, b) sludge + UD40%,
¢) sludge + UD 60%, d) sludge + UD80%, ¢) sludge + UD100%
Rys. 1. Zaleznos¢ statej konsystencji K od wskaznika ptynigcia ptynu n dla
modelu Ostwalda-de Waele’a; a) osady niekondycjonowane, b) osady +
UD40%, c) osady + UD 60%, d) osady + UD80%, e) osady + UD100%
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Furthermore, sludge stabilization caused a reduction in consisten-
cy coefficient on each day of stabilization. The consistency constant,
which is a measure of viscosity, was the lowest for the non-conditioned
sludge compared to the sludge subjected to disintegration with ultrasound
field (Table 1 to 5).

Table 1. Values of parameters of selected rheological models of unconditioned
sewage sludge for y = 0-200 s™'; k — consistency coefficient, n — power
exponent, T, — yield stress, n — viscosity, K — rheological model parameter
Tabela 1. Wartosci parametréw wybranych modeli reologicznych
niekondycjonowanych osadow $ciekowych dla y = 0-200 s™; k — wspotczynnik
konsystencji, n — wyktadnik potegi, 1, — granica ptynigcia, n — lepkos¢,

K — parametr reologiczny modelu

Rheological Fermentation time, d
models 0 2 4 6 8 10 25

Ostwald- k 0.143 | 0.094 | 0.047 | 0.087 | 0.049 | 0.028 | 0.053
de Waele n 0.521 | 0.575 | 0.683 | 0.584 | 0.671 | 0.754 | 0.629

T, | 0466 | 0348 | 0.227 | 0.325 | 0.225 | 0.154 | 0.196

Bingham 17" ™01 [ 0.009 | 0.008 | 0.009 | 0.008 | 0.007 | 0007
Hereehol. |t | 0157 | 0.057 [ 0.074 | 0.091 | 0011 | 0.073 | 0.181

ST K [ 0.087 | 0075 | 007 | 006 | 0.054 | 0.048 | 0.014
Bulkley

n 0.604 | 0.613 | 0.611 | 0.648 | 0.656 | 0.661 0.87

Table 2. Values of parameters of selected rheological models of sewage sludge
conditioned with the ultrasound field UD 40% for y = 0-200 s™'; k — consistency
coefficient, n — power exponent, 1, — yield stress, n — viscosity, K — rheological
model parameter

Tabela 2. Wartosci parametréw wybranych modeli reologicznych
kondycjonowanych osadéw $ciekowych polem UD 40%, dlay = 0-200 s™';

k — wspotezynnik konsystencji, n — wyktadnik potegi, T, — granica plynigcia,

N — lepkos¢, K — parametr reologiczny modelu

Rheological Fermentation time, d
models 0 2 4 6 8 10 25
Ostwald- k 0.53 0.293 | 0.143 | 0.162 0.1 0.124 | 0.172

de Waele n 0.344 | 0416 | 0.498 | 0.452 | 0.539 | 0.501 | 0.474

T, 1.093 | 0.707 | 0.417 | 0418 | 0.326 | 0.357 | 0.474

Bingham 170013 [ 0.011 | 0.009 | 0.008 | 0.008 | 0.008 | 0.009
Horecnel. |t | 0856 [ 0677 [ 0374 | 0422 [ 0258 | 0356 | 0444

SN K [ 0117 | 004 | 0028 | 0.02 | 0.027 | 0.019 | 0.028
Bulkley

n 0.58 | 0.747 | 0.782 | 0.807 | 0.766 | 0.83 0.781
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Table 3. Values of parameters of selected rheological models of sewage sludge
conditioned with the ultrasound field UD 60% for y = 0-200 s™'; k — consistency
coefficient, n — power exponent, 1, — yield stress, 1 — viscosity, K — rheological
model parameter

Tabela 3. Wartosci parametréw wybranych modeli reologicznych
kondycjonowanych osadéw $ciekowych polem UD 60%, dlay = 0-200s™;

k — wspotezynnik konsystencji, n — wyktadnik potegi, 1, — granica plynigcia,

N — lepkos¢, K — parametr reologiczny modelu

Rheological Fermentation time, d
models 0 2 4 6 8 10 25

Ostwald- k 0.541 | 0.293 | 0.248 0.15 0.128 | 0.146 | 0.238
de Waele n 0.351 | 0.437 | 0.428 | 0.503 | 0.514 | 0.484 0.44

T, 1.134 | 0.758 | 0.633 | 0.439 | 0.382 | 0.403 | 0.602

Bingham 17 770,014 | 0013 | 0.01 | 0.01 | 0.009 | 0.008 | 0011
Herschol. || 0-877 | 0.584 | 0469 | 0.4 | 0.371 | 0425 | 0.616

e K [ 0122 [ 0.071 | 0.065 | 0.028 | 0.021 | 0.018 | 0.028
Bulkley

n 0.584 | 0.672 | 0.649 0.79 0.825 | 0.848 | 0.803

Table 4. Values of parameters of selected rheological models of sewage sludge
conditioned with the ultrasound field UD 80% for y = 0-200 s™'; k — consistency
coefficient, n — power exponent, 1, — yield stress, 1 — viscosity, K — rheological
model parameter

Tabela 4. Warto$ci parametrow wybranych modeli reologicznych
kondycjonowanych osadéw $ciekowych polem UD 80%, dla y = 0-200 s™';

k — wspotezynnik konsystencji, n — wyktadnik potegi, T, — granica plynigcia,

N — lepkos¢, K — parametr reologiczny modelu

Rheological Fermentation time, d
models 0 2 4 6 8 10 25

Ostwald- k 0.561 | 0.642 | 0.616 | 0303 | 0.266 | 0.198 | 0.165
de Waele n 0.37 0.32 0.381 | 0.453 | 0.457 | 0.473 | 0.507

T, 1.227 | 2.161 | 1.387 | 0.808 | 0.707 | 0.526 | 0.481

Bingham N | 0016 | 0.023 | 0.019 | 0.014 | 0.013 | 0.011 0.011
To 1.059 1.606 1.107 | 0.666 | 0.653 | 0.581 0.464
Herschel-
K 0.098 | 0.273 | 0.131 0.065 | 0.044 0.02 0.027
Bulkley

n 0.651 | 0.535 0.63 0.712 | 0.763 | 0.871 | 0.819
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Table 5. Values of parameters of selected rheological models of sewage sludge
conditioned with the ultrasound field UD 100% for y = 0-200 s™';

k — consistency coefficient, n — power exponent, 1, — yield stress, n — viscosity,
K — rheological model parameter

Tabela 5. Warto$ci parametrow wybranych modeli reologicznych
kondycjonowanych osadéw $ciekowych polem UD 100%, dlay = 0-200 s™';

k — wspotczynnik konsystencji, n — wyktadnik potegi, T, — granica plyniecia,

n — lepko$¢, K — parametr reologiczny modelu

Rheological Fermentation time, d
models 0 2 4 6 8 10 25
Ostwald- k 0.585 | 0.693 0.3 0.089 | 0.098 | 0.076 | 0.128
de Waele n 0.382 | 0364 | 0432 | 0.574 | 0.528 0.59 0.539
T, 1.325 | 1.502 | 0.749 | 0.308 0.29 0.276 | 0.404

Bingham Ny | 0018 | 0.019 | 0.013 | 0.009 | 0.007 | 0.008 0.01
To 1.046 | 1.109 | 0.732 | 0.208 | 0.319 | 0.189 | 0.364
Herschel-
K 0.128 | 0.173 0.04 0.031 | 0.012 | 0.027 | 0.027
Bulkley

n 0.627 | 0.583 | 0.771 | 0.759 | 0.893 | 0.769 | 0.811

The use of sludge conditioning with the ultrasound field increased
the level of yield stress. In the Bingham model, the value t, for non-
conditioned and non-stabilized sludge was 0.466Pa. In the case of modi-
fication with the ultrasound field, the value of yield stresses were: 1.093
(UD40%); 1.134 (UD60%); 1.227 (UD80%); 1.325Pa (UD100%). Expo-
sure of sludge modified with energy of ultrasound field to fermentation
led to a reduction in the values of the parameter discussed. They were
lower on consecutive days of stabilization compared to the sludge which
was not modified before. Similar relationship was found for the three-
parameter Herschel-Bulkley model.

4. Conclusions

One of the most basic problems of contemporary civilization is
manufacturing, processing, utilization and degradation of liquid com-
pounds. Therefore, it is essential to properly determine physical proper-
ties and rheological and technological parameters of liquids. Proper ad-
justment of the rheological model to behaviour of real liquid minimizes
errors of the calculated values, such as character of flow, flow resistance
in the circulation system and particle sedimentation. This study aimed to
evaluate rheological parameters of the sludge from the cellulose and pa-
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per industry subjected to conditioning at different intensities of the ultra-

sound field and then stabilization in flasks and a bioreactor.

The findings of the study lead to the following conclusions:

- the sewage sludge analysed in the study belongs to shear-thinning
fluids. The values of flow index for all the tests is n<1;

- the examined types of sewage sludge had a yield stress values. The
values of the discussed index increased with the intensity of the ultra-
sound field wave. With the use of the fermentation process, yield
stress decreased as fermentation time elongated;

- the rheological models used for characterization of sewage sludge
represented the rheological parameters accurately for different values
and modification methods. The consistency coefficient (which is
a measure of viscosity) and plastic viscosity increased as the ultra-
sound field intensity rose, while it was decreasing on consecutive days
of anaerobic stabilization.
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Analiza modeli reologicznych modyfikowanych
osadow sciekowych

Streszczenie

W artykule przedstawiono wyniki badan prowadzone na osadach $cie-
kowych z przemyshu celulozowo-papierniczego. Celem prowadzonych badan
byto wyznaczenie modeli reologicznych (Ostwalda-de Waele, Binghama, Her-
schela-Bulkley’a) dla osadow $ciekowych niekondycjonowanych oraz podda-
nych dziataniu pola ultradzwigkowego przy réznych jego natezeniach, a nastgp-
nie stabilizacji w kolbach i bioreaktorze. Poznanie wtasciwosci reologicznych
osadéw umozliwia doktadng charakterystyke ich pompowalnosci oraz zdolnosci
podczas transportu hydraulicznego. W wyniku przeprowadzonych badan
stwierdzono zwigkszenie granicy plynigcia, jak réwniez konsystencji poprzez
zastosowanie energii pola ultradzwickowego. Wartosci omawianych parame-
trow ulegaty obnizenie podczas kolejnych dni prowadzenia procesy stabilizacji.
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Abstract

This paper presents the results of examinations of sewage sludge from
cellulose and paper industry. The aim of the study was to determine rheological
models (the Ostwald-de Waele, Bingham and Herschel-Bulkley models) of non-
conditioned sewage sludge and the sludge exposed to the effect of the ultra-
sound field at its different intensities and then stabilized in flasks and in the
bioreactor. Evaluation of rheological properties of sewage sludge allows for
a detailed characterization of their pumpability and abilities during the hydraulic
transport. The examinations revealed the increase in the yield stress and con-
sistency coefficient through application of the energy of the ultrasound field.
The values of the parameters discussed were reduced on consecutive days of the
stabilization process.

Stowa kluczowe:
osady $ciekowe, modele reologiczne, nadzwickawianie, stabilizacja

Keywords:
sewage sludge, rheological models, sonication, stabilization
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