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Abstract 

Anaerobic digestion is a widely used process for organic waste treatment and renewable energy production. This 

is a complex natural biodegradation of organic matter involving four main biochemical reactions through the 

action of four microbial groups. The performances of anaerobic digestion (biodegradation and biogas 

production) depend on the contact between the biodegradable materials and the micro-organisms. Consequently, 

hydrodynamics phenomena have a significant impact on the anaerobic digestion. Computational Fluid Dynamics 

(CFD) simulations allow to simulate the flow field within anaerobic digesters. In these models, the waste are 

characterized by their physical properties, specifically their rheological properties. Rheology consists in the 

study of the flow of liquids or viscous materials. In this respect, it involves the properties related to the flow 

behavior of liquids and the temporary and/or permanent deformation of materials. The knowledge on the 

rheological properties of the biowaste is crucial in order to describe the flows using CFD models. The aim of this 

review is to present the physical properties of different type of waste, as well as the rheological models. In 

conclusion, the rheological behaviors of wastewater, manure, and sludge are described in literature. However the 

rheological behaviors of a mix of biowaste and solid food waste are poorly known. Research should focus on the 

experimental measurements of these biowaste. These data are necessary for CFD modeling of flows in anaerobic 

reactors treating this type of waste. 
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Statement of Novelty 

Rheological characterization of organic waste is mandatory in order to carry out CFD simulations of anaerobic 

digesters. However, no review on the rheological properties of the different types of waste has ever been 

conducted. In this paper, the whole data on the rheological behavior of the waste (models and parameters) are 

summarized and discussed. We also present the data used in CFD simulations, indeed, when the rheological 

properties of a waste are unknown, the properties of another type of waste can be used. The interest is to make it 

easy to find data that can be used in CFD simulations. In addition, this study identifies missing data, such as the 

rheological properties of food waste and mix of waste. 

 

Highlights 

 Literature review of rheological properties of biowaste. 

 The rheological behaviors of wastewater, sludge, and manure are well-known. 

 The rheological behavior of solid biowaste is poorly known. 

 The parameters impacting the rheological properties are reviewed. 

 

Keywords: anaerobic digestion; CFD; rheological behavior; waste valorization; rheological models; literature 

review 

 

Word Count: 8,062  
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Abbreviations: 

 

ASM Activated Sludge Model 

CFD Computational Fluid Dynamics 

COD Chemical Oxygen Demand 

FIW Food Industry Waste 

OFMSW Organic fraction of municipal solid waste 

SHW Slaughterhouse waste 

T Temperature (°C) 

Thix Thixotropy (Pa.s-1) 

TDS Total Dissolved Solid 

TS Total Solid (% or g.L-1) 

TSS Total Suspended Solid (%) 

VFA Volatile Fatty Acids 

WV Working volume (m3) 

R² Coefficient of determination 

k Consistency index (Pa.sn) 

c  Critical shear rate (s-1) 

  Density (kg.m-3) 

  Dynamic viscosity (Pa.sn) 

FC Flow consistency of the Sisko model (s) 

0   High shear rate viscosity or Bingham viscosity (Pa.sn) 

IR   Infinite-rate viscosity (Pa.sn) 

lim  Limit viscosity (mPa.s) 

max  Maximum viscosity (Pa.sn) 

min   Minimum viscosity (Pa.sn) 

n Flow index (dimensionless) 

  Shear rate (s-1) 

  Shear stress (Pa) 

pC   Specific heat (J.kg-1.K-1) 

   Thermal conductivity (W.m-1.K-1) 

0  Yield stress (Pa) 

0dyn  Yield stress obtained by dynamic measurements (Pa) 

0 flow   Yield stress obtained by flow measurements (Pa) 
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1. Introduction 

 

Nowadays, the organic waste treatment is in high stakes insofar as sustainable development is at the center of the 

concerns [1]. On the one hand, the world's population is continuously growing, resulting in an increase in energy 

and water demand, but also in the production of organic waste [1]. On the other hand, organic waste disposal in 

landfills, which is the commonly used, led to major environmental issues due to the greenhouse gas emissions 

and soil pollution (leachate) [2]. Hence, there is an urgent need to develop environmentally friendly methods of 

waste treatment and renewable energy production. Anaerobic digestion is a natural process whereby the organic 

matter is converted into biogas and digestate through the action of a set of microorganisms [3]. This process is 

widely used in order to reduce the organic fraction of waste with material and energy valorization [4]. Indeed, 

the biogas produced is mainly composed of methane and carbon dioxide and the digestate is the residual matter 

that can be used as nutrient sources or soil amendment [1]. At industrial scale, anaerobic digestion is conducted 

in an industrial unit commonly called anaerobic digester (or reactor). 

All organic waste is potentially methanizable. There are the lignocellulosic biomass such as agriculture residues. 

This type of waste is hardly biodegradable through anaerobic digestion due to the presence of lignin, cellulose 

and hemicellulose [5, 6]. Therefore, this literature review does not include this category of waste. However, 

anaerobic digestion of animal manures (cattle, dairy, poultry manure),  is well-studied [7–11]. Indeed, in contrast 

to lignocellulosic materials, these waste present a high buffer capacity and low carbon to nitrate ratios [1]. 

Animal manure is of major interest as a substrate for anaerobic digestion. Sewage sludge (byproduct from 

municipal wastewater treatment plants) and wastewaters can also be treated by anaerobic digestion [4, 12–16]. 

Finally, there is food waste. This category comprises many types of waste of industrial (vegetal and animal 

sources) or household origin. The anaerobic digestion of the organic fraction of municipal solid waste (OFMSW) 

is increasingly studied despite the heterogeneity of this deposit [17–25]. The OFMSW are composed of 

cardboard, paper, putrescible matters, and fine elements [26]. The physical characterization of the OFMSW is 

complex because of the heterogeneity of the mix and the differences of the deposits according to the territories. 

The performances of anaerobic digestion (reduction of the pollutant content and biogas production) depend on 

the efficient contact between the biodegradable materials and the micro-organisms [27]. It is therefore essential 

to describe the flows within anaerobic reactors. The rheological behavior has a significant impact on the flow 

field within the anaerobic digester [28]. The rheology, which is the study of the flow of liquids or viscous 

materials, allows to model the flow field using Computational fluid dynamics (CFD) [29, 30]. In CFD models, 

the rheological behavior must be described [31, 32]. It involves the properties related to the flow behavior of 

liquids and the temporary and/or permanent deformation of materials. Rheological models describe the fluid 

flow as a function of the shear stresses applied to the fluid [33]. The knowledge on the rheological properties of 

the biowaste is crucial in order to choose the adequate rheological model in CFD modeling [34]. The rheological 

properties are obtained from experimentations (the slump test, the consistometer, the shear-box, etc.) [35–37]. As 

an example, Hernandez-Shek et al. (2021) developed devices based in order to determine the rheological 

properties of coarse biomass treated by dry anaerobic digestion [38]. The slump test provided the yield stress and 

the delayed period, the consistometer the flow profile, and the cohesion and friction angle were evaluated using 

the shear-box [38]. The yield stress, which represents the transition from elastic to plastic behavior, is the 

minimum stress at which a solid undergoes permanent deformation or plastic flow without significant increase in 

external load or force. Fluids can exhibit Newtonian or non-Newtonian behavior. The shear stress in linearly 

proportional to the shear rate for the Newtonian fluid. The behavior of Newtonian fluids is well understood. 

Non-Newtonian fluids present specific flow characteristics such as variable viscosity [39], high apparent 

viscosity, complex variations of rheology during mixing, and the necessity to exceed the elastic limit of the fluid 

to enable flow [40]. In the case of anaerobic reactors, we mainly deal with non-Newtonian fluids due to the high 

biomass concentration [39] and for reducing water consumption [40]. 

These fluids are grouped into three classifications [33]: 

 - Time-independent non-Newtonian fluids, where the shear rate is unique but is a nonlinear function of 

the shear stress. 

 - Time-dependent non-Newtonian fluids, where the relationship between shear stress and strain rate is 

more complex. The shear rate is not a single value. The shear rate depends on the duration of shear or previous 

shear rates experienced by the fluid. 

 - In the case of viscoelastic fluids, the shear strain as well as the strain rate are related to the shear stress. 

As opposed to a viscous fluid in which all of the strain energy is dissipated, some of the strain energy of a 

viscoelastic fluid can be recovered as during the deformation of an elastic solid. 

In literature, the physical properties used in order to carry out CFD simulations are chosen according to the type 

of waste studied [30, 41], the viscosity of the material [34, 42], the physical and chemical characteristics (particle 

size, solid content) [40] and the operational conditions such as the temperature [36, 37, 43, 44]. However, no 

review article provide a global vision on the available experimental data and limitations. In addition, no 

overview exist on the rheological parameters and models used for CFD simulations. 
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In this paper, a critical review on the rheological behavior of several waste is presented. A literature data dealing 

with the waste (vinasse, sewage sludges, manures, and food waste) rheological models is presented. The 

rheological properties are detailed and analyzed according to the rheological models, the type of waste and other 

parameters such as the total solids (TS) content or the temperature. Finally, a discussion is provided on the 

current state of knowledge and challenges concerning the rheological properties of biowaste. 

 

2. Rheological behavior of wastewater 

 

Wastewater includes all water contaminated by human activities, whether domestic, agricultural or industrial. 

These are characterized by a high content of pollutants and must be treated before their discharge into the natural 

environment [4, 45]. Anaerobic digestion of wastewater allows to reduce its organic content [15]. We present in 

this section the rheological properties of this waste, as well as the rheological model and parameters. 

The vinasse, which is a liquid effluent generated during alcohol production, can be considered as a Newtonian 

fluid [30, 33, 35, 46–49]. However, this assumption is valid when the TS content is less than 1 % in the liquid 

phase because the rheological behavior of the wastewater depends on the TS content [49]. We show in the Table 

1 the dynamic viscosity of the vinasse. The Newtonian fluids obeys to the following linear relation [50, 51]: 

  
u

y
  


 


  (1) 

  

 Dynamic viscosity of vinasse 

Source Substrate   (kg.m-3)   (Pa.s) 

[46] Vinasse 1044.69 1.0097x10-3 

[52] Sludge 999.66 6.5x10-2 

  a





   (2) 



  0

nk      (3) 

0 k  n

 

The Table 2 presents the yield stress, and the parameters of the models at different temperature. Indeed, the 

rheological properties are temperature dependent [35–37]. The yield stress decreases with the increase of the 

temperature from 20 to 35°C. This parameter traduces the maximum stress that can be developed in a material 

without causing plastic deformation. The consistency index decreases with the increase of the temperature. This 

parameter provides information on the viscosity of the fluid. From these results, we can conclude that the 

temperature has an impact on the flow behavior: the increase of the viscosity. Anaerobic digestion process 

commonly occurs in mesophilic conditions with a temperature of 37°C. In this case, the Hershel-Bulkley model 

can be utilized in order to characterize the flow behavior of the vinasse. However, the flow behavior index 

approaches the Newtonian behavior because the index n is close to 1 [35]. It is therefore preferable to use a 

Newtonian model for this waste. 

 

 Herschel-Bulkley model parameters of vinasse [35] 

T (°C) 0  (Pa) k (Pa.sn) n 

20 0.11177 1.774x103 1.1 

25 0.10537 1.68x103 1.08 

30 0.0998 1.479x103 1.05 
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35 0.08950 1.392x103 1.01 

 

The power-law (Ostwald) model also enables to describe the pseudoplastic fluids behavior [50, 51]. Ostwald's 

power law is stated as follows: 

  nk    (4) 

 k k  

n
 

In a study conducted by Chacua et al. (2016), it has been shown that vinasse has a pseudoplastic behavior for 

temperatures between 10 and 20 °C [53]. Indeed, when the temperature is superior to 30 °C, the power-law index 

is close to 1, indicating an approach to the Newtonian model [53]. The power-law model parameters 

(consistency index and power-law index) are presented in the Table 3. In contrast to the previous study [35], the 

consistency index and the power-law index increase with the increase of temperature [53]. At 40°C, the 

temperature closest to the mesophilic regime, the power-law index is 1.01, characterizing Newtonian behavior. 

This result meets the conclusions of the previous works [35, 46, 47]. In conclusion, the vinasse behavior in the 

mesophilic regime should be modeled by as a Newtonian fluid. 

 

 Power-law model parameters (sugarcane vinasse) [53] 

Soluble solids content (°Brix) T ( °C) k (Pa.sn) n 

44 
20 

0.04 0.89 

60 0.40 0.74 

44 
30 

0.03 1.09 

60 0.18 1.02 

44 
40 

0.02 1.12 

60 0.11 1.01 

 

3. Rheological behavior of sludges 

 

Sewage sludge is the residue of the biological activity of the micro-organisms present in sewage treatment 

plants, which transforms aerobically the materials carried by the wastewater so that they can be extracted. 

Sludges constitute the main waste of wastewater treatment plants and are mainly composed of organic matter 

(dead bacteria), animal, vegetable and wet mineral organic matter. This waste is therefore a potential substrate 

for anaerobic digestion. The rheological data used in CFD modeling are also outlined. Since experimental data 

are not necessarily generated by numerical scientists, the strategy is usually to select rheological properties from 

the literature that most closely approximate the fluid being studied. 

Experimental studies were performed to determine the pseudoplastic viscosity and the power-law index of 

sludge in function of the sludge concentration inside the digester [54]. These parameters are related in the Table 

4. It was shown that the rheological parameters depend on the sludge concentration. The pseudoplastic viscosity 

increases with the increase of the sludge concentration whereas the flow index decreases. This result is logical 

because the non-Newtonian behavior of this fluid results from the viscous character of the sludge. The more the 

mixture is concentrated in sludge, the more it will present a resistance to flow. These experimental results show 

the impact of the sludge concentration on the viscosity characterizing this flow resistance. Within the framework 

of anaerobic digestion and the optimization of industrial units, it will be necessary to question the interest of 

diluting the sludge to facilitate the agitation or not diluting it to save the water resource but to consume more 

energy for the agitation. Another alternative is to co-digest the sludge with another liquid waste to provide 

additional water and thus reduce the viscosity of the mixture. The authors proposed the following equations to 

describe the relationships between the viscosity coefficients and the solid concentration [54]. The two equations 

describing the relationships were [54]: 

  0.0710.018 Xe    (5) 

  0.00690.68 Xn e   (6) 

 

 AD sludge rheological properties in Pseudoplastic model (non-Newtonian) 

Source Sludge Concentration (kg.m-3)   (Pa.sn) n 

[54] 

19 0.085 0.58 

63 1.80 0.43 

72 3.0 0.41 
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A review on the data collection and modeling of activated sludge was carried out by Ratkovich et al. (2013) [55]. 

In particular, the measurements and experimental protocols, used to study the rheology of sludge [55]. As the 

authors pointed out, the quality and validity of the models obtained from rheological measurements depended on 

the accuracy of the experimental measurements and protocols [55]. A critical analysis of the protocols and 

models found in literature was done [55]. In conclusion, precautions should be taken before using an existing 

model, by verifying that the model was properly developed [55].  

 

3.1. Impact of temperature on the sludge rheology 

 

The rheological behavior of the sludge is impacted by the temperature [36]. Rheological measurements of 

anaerobic digested sludge at different temperatures (10, 25, 40 and 60 °C) were carried out [36]. The viscosity 

and the yield stress decreased with the temperature increasing [36]. This means that the flow of sludge will be 

favored by an increase in temperature. Anaerobic digestion can take place at different temperature ranges: 

psychrophilic digestion (6 - 15°C), mesophilic digestion (30 - 35°C) and thermophilic digestion (> 45°C). The 

temperature regime of the process therefore has an impact on the agitation of the digester and therefore on the 

energy consumption. A compromise must be found between the energy expenditure to guarantee the optimal 

temperature (variable according to the temperature regime) and the agitation of the medium. In general, the most 

widespread regime is the mesophilic regime because it allows to drastically reduce the energy consumptions. As 

for the CFD simulations, it is necessary to use the rheological properties of the fluid at the studied temperature to 

guarantee the quality of the results. In addition, the rheological behavior of the sludge is irreversibly modified by 

the thermal history [36]. Farno et al. (2014) assessed the impact of the temperature, and the thermal history (20 

to 80 °C, then to 20 °C) on the sludge rheology [43]. The authors concluded that the changes in temperature, 

previously cited, affected irreversibly the rheology and the yield stress [43]. Moreover, a proportionality was 

found between the soluble chemical oxygen demand (COD), and the yield stress, and infinite viscosity [43]. The 

variation of the yield stress, and the apparent viscosity of the digested sludge (in the case of thermal treatment) 

can be estimated by the soluble COD measurement [44]. Farno et al. (2015) studied the impact of the 

temperature, and the duration of thermal treatment on anaerobic digested sludge [44]. The modified Hershel-

Bulkley model was used by coupling the Herschel–Bulkley and Bingham model, developed by [36, 44]: 

  
0 0

nk         (7) 

Where 0  is the Herschel-Bulkley yield stress, 
0/   is dimensionless shear stress, 

0  is the high shear rate 

viscosity,   is the shear rate, and n  is the power-law index. A new model for the prediction of yield stress and 

apparent viscosity at various temperatures, and thermal histories is proposed [44]. 

 

Baroutian et al. (2013) carried out rheological measurements on a mixture of primary and secondary sewage 

sludge [37]. During wastewater treatment, the sludge undergoes various stages of treatment. The primary sludge 

comes from the primary treatment by decantation. Biological sludge (also called secondary sludge) is the sludge 

resulting from biological treatment through oxygenation of the medium by aerators, and is largely composed of 

dead aerobic microorganisms. The aim was to study the impact of solid concentration and temperature on the 

rheological behavior [37]. The Hershel-Bulkley model was used because it allowed to study the rheogram on the 

complete range of shear rate, while the Ostwald model only allows rheogram to be studied in the case of the 

modeling of the shear-thinning zone [37]. The authors concluded that the Hershel-Bulkley model fitted well with 

the experimental data [37]. Moreover, the solid concentration and the temperature had a significant impact on the 

yield stress and the model parameters [37]. Lotito and Lotito (2014) carried out rheological measurements on 

sewage sludge in the aim to design pump [56]. The Bingham model was used and the Ostwald model provided 

good correlation coefficients [56]. The Bingham plastic model is suitable for viscoplastic fluids that behave like 

a perfect fluid at low stresses and then like a viscous fluid above a threshold stress. Bingham plastic fluids 

exhibit a yield stress at zero shear rate, followed by a linear relationship between shear stress and shear rate. The 

governing equations of a Bingham plastic fluid is [50, 51, 57]: 

  0      (8) 


0 

 

3.2. Impact of the sludge age on the rheological behavior 

 

Craig et al. (2013) performed CFD simulations of anaerobic digester with variable sewage sludge rheology and 

age (0 and 40 days) [31]. This study is of major interest because the hydraulic retention time (also called 

residence time) of the waste in an industrial digester is about 30 days. This parameter depends on the operational 

parameters defined by a compromise between the rate of degradation of the organic matter and the volume of the 
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reactor. The Table 5 shows the rheological properties used in different models. The consistency index is 

significantly lower for the sludge of 40 days (0.0017 Pa.sn) than for the sludge of 0 day (0.5 and 0.75 Pa.sn). In 

contrary, the flow index is larger for the sludge of 40 days (1.15) and lower for the sludge of 0 day (0.5 and 

0.66). In both cases, the sludge exhibits a non-Newtonian behavior. The critical shear rate does not vary (0 or 

0.01 s-1. The yield stress decreases from 0.9 and 0.7 Pa (0 day sludge) to 0.3 Pa (40 day sludge). This means that 

the flow is favored with the age of the mud. The agitation could therefore be adapted according to the hydraulic 

retention time with a greater agitation at the time of filling. In the CFD model developed by López-Jiménez et al. 

(2015), different TDS contents sludge were used in simulations (2.5, 5.4 and 9.1 TDS), according to the sludge 

treated in a Wastewater treatment plant anaerobic digester. At the beginning, the fluid was considered 

Newtonian. The physical parameters are given in the Table 1 [52]. This hypothesis was supported by viscosity 

measurements from a rotating viscometer [52]. The physical parameters are shown in the Table 5. As a second 

assumption, the sludge was considered as non-Newtonian, the rheological properties used in the CFD model are 

those of liquid manure [52]. 

 

 Sludge rheological properties used in Hershel-Bulkley model 

Model using data T (°C) TS (%) Sludge age (days) k (Pa.sn) n c  (s-1) 
0  (Pa) 

[31] 

 3-4 0 0.5 0.5 0 0.9 

 3-4 0 0.75 0.66 0.01 0.7 

 3-4 40 0.0017 1.15 0.01 0.3 

[36, 58] 

25 

1.85 - 0.169 0.308 0.01-30 0.092 

[36] 

2.55 - 0.436 0.308 0.01-30 0.293 

3.25 - 0.905 0.308 0.01-30 0.711 

4.90 - 2.769 0.308 0.01-30 2.300 

 

According to Hong et al. (2015), the solid concentration, the temperature, and the sludge age affected the 

viscosity, the yield stress, the flow index, and the flow consistency [59]. The sludge rheology was affected by a 

low temperature storage (4 °C), and thus by the sludge age [59]. The sludge age should be taken into account 

during CFD simulations in order to provide accurate results. Indeed, the hydraulic retention time of anaerobic 

digesters is approximately thirty days, therefore the sludge age varies between 0 and 30 days inside the 

bioreactor [4]. The Table 6 presents the rheological parameters of the Bingham and Sisko models of sludge for 

different sludge age (1, 15 and 32 days). The Sisko model is [59]: 

 1nk   

   (9) 

 

The TS and volatile solids (VS) contents decrease in function of the time. Concerning the Bingham model, the 

yield stress and the viscosity decrease with the increase of the sludge age. Regarding the Sisko model, the 

infinite-rate viscosity is near-constant and the flow consistency index and flow index decreased with the increase 

of sludge age. The impact of the age and the mixing of sludge was also a decrease of the viscosity and the yield 

stress with an increase of the adhesive effect [60]. 

 

 Yield stress and viscosity (Bingham model), and the infinite-rate viscosity, flow consistency index and 

flow index (Sisko model) for different sludge age [59] 

Days TS (g.L-1) VS (g.L-1) 
Bingham model Sisko model 

0  (Pa)   (Pa.s) 
IR  (Pa.s) FC (s) n 

1 29 25.4 5.8 0.020 0.02 3.9 0.3 

15 28 24.9 6.1 0.019 0.01 1.9 0.1 

32 25 21.65 4.9 0.016 0.01 2.2 0.2 

 

In addition, various rheological models were tested by Hong et al.: Bingham, power law (Ostwald), Herschel-

Bulkley, Casson, Sisko, Careau, and Cross models [59]. In conclusion, the Bingham plastic and the Sisko models 

best fitted with experimental data [59]. The yield stress and the viscosity (Bingham model), the infinite-rate 

viscosity, the flow consistency index, and the flow index (Sisko model) for different temperature are shown in 

the Table 7. The yield stress (Bingham model) and the flow consistency (FC) (Sisko model) decrease with the 

augmentation of the temperature. The maximum yield stress (Bingham model) and FC (Sisko model) are 

obtained at 35 °C and the minimum yield stress and FC at 55 °C. 

 

  Yield stress and viscosity (Bingham model), and the infinite-rate viscosity, flow consistency and flow 

index (Sisko model) for different temperature [59] 

T ( °C) Bingham model Sisko model 
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0  (Pa)   (Pa.s) 
IR  (Pa.s) FC (s) n 

25 6.8 0.02 0.02 3 0.2 

30 7.9 0.02 0.02 5 0.1 

35 8 0.02 0.01 3 0.2 

40 5.8 0.02 0.02 4 0.1 

55 4.5 0.01 0.01 2 0.2 

 

3.3. Impact of TS content on the rheological behavior of sludge 

 

Rheological measurements were done at different solid concentrations (1.69 to 9.35 % for anaerobically digested 

sludge, 3.37 to 12.16 % for raw mixed sludge and 1.30 to 7.55 % for return activated sludge) and different 

temperatures (10 to 30 °C) [56]. The Bingham coefficients of the three sludge studied at 30 °C are shown in the 

Table 8 [56]. The yield stress and consistency coefficient increase with TS concentration and decreased with 

temperature [56]. In function of the TS content, the yield stress ranges from 0.518 to 85.30 Pa for the 

anaerobically digested sludge, from 0.920 to 62.10 Pa for the raw mixed sludge, and from 1.195 to 120.5 Pa for 

the return activated sludge. The consistency index of the three fluids increases with the augmentation of the TS 

content from 0.0065 to 0.1123 Pa.sn for the anaerobically digested sludge, from 0.0084 to 0.0663 Pa.sn for the 

raw mixed sludge, and from 0.0092 to 0.1524 Pa.sn for the return activated sludge. These results allow to 

consider the impact of the anaerobic digestion process on the rheological behavior of the sludge. In fact, in order 

to perfectly model the flow field within anaerobic digesters, we should take into account the evolution of the 

rheological behavior in function of the digestion as well as the variation of the TS content. 

 Bingham coefficients and thixotropy at 30 °C [56] 

Sludge TS (%) 0  (Pa) k (Pa.sn) Thix (Pa.s-1) 

Anaerobically digested sludge 

1.69 0.518 0.0065 22.18 

3.48 4.365 0.0185 95.67 

5.07 11.04 0.0500 153.3 

6.39 28.87 0.0841 315.3 

7.96 44.92 0.1165 1197 

9.35 85.30 0.1129 2260 

Raw mixed sludge 

3.37 0.920 0.0084 6.416 

5.07 4.103 0.0189 51.06 

7.43 9.140 0.0253 147.6 

9.02 24.46 0.0362 506.4 

9.66 36.92 0.0619 864.8 

12.16 62.10 0.0663 2311 

Return activated sludge 

1.30 1.195 0.0092 5.446 

3.50 13.97 0.0547 308.0 

4.88 34.88 0.0913 633.8 

5.88 48.56 0.1193 1620 

7.55 120.5 0.1524 3990 

 

The study of the characteristics of highly concentrated anaerobic digested sludge with TS upper to 8 % was 

investigated [61]. The impact of TS (8 to 16 %) and temperature (35, 55 and 70 °C) were evaluated [61]. The 

Hershel-Bulkley model was used to model the sludge rheology [61]. The sludge rheology was more impacted by 

the TS content than by the temperature [61]. The Table 9 presents the yield stress obtained by flow and dynamic 

measurements [61]. 

 

 Yield stress obtained by flow and dynamic measurements [61] 

TS (%) 0 flow  (Pa) 0dyn  (Pa) 

8 25.3 35 

10 81 91 

13 171 300 

16 319.2 420 

 

Dai et al. (2014) investigated the rheology evolution of sludge through high-solid anaerobic digestion [16]. The 

anaerobic digestion is considered as high-solid digestion when the TS content is higher than 10 % [62]. The use 
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of solid digestion reduces the volume of the reactor. There is therefore an economic interest. In the study carried 

out by Dai et al., the Hershel-Bulkley model was also used [16]. The shear stress, the viscosity, the yield stress, 

and the consistency index were lower and the flow index was higher with longer solid retention time [16]. 

Furthermore, the TS of the thermophilic digester was higher than the TS of the mesophilic digester, but had a 

better flowability [16]. This work showed that the sludge rheology could be a controlling parameter of the 

anaerobic digestion process [16]. The rheological behaviour of slaughterhouse waste, Biosludge paper mill 

industry, wheat stillage and cereal residues was evaluated [63]. These waste demonstrated viscoplastic or 

thixotropic viscosity behavior as shown in Table 10 [63]. In addition, the rheological parameters are presented in 

Table 11 for the three mathematical models: Herschel-Bulkley, Ostwald and Bingham [63]. 

 

 Rheological properties and models [63] 

Digested substrate 
TS 

(%) 
Viscosity curve behavior 

  

(mPa.s) 
lim  

(mPa.s) 

Slaughterhouse waste 3.9 Viscoplastic 18 6 

Biosludge paper mill industry1 3.8 Thixotropic 436 8 

Biosludge paper mill industry2 3.7 Viscoplastic 267 29 

Wheat stillage 3.0 Pseudoplastic or viscoplastic 33 6 

Cereal residues 7.7 Viscoplastic 443 36 

 

 Obtained results from mathematical modeling of rheogram data [63] 

Digested substrate 

Herschel-Bulkley Ostwald Bingham 

0  

(Pa) 
n k (Pa.sn) R² n 

k 

(Pa.sn) 
R² 0  

(Pa) 
R² 

Slaughterhouse waste 0.24 1.06 0.003 0.93 0.69 0.35 0.8 0.21 0.92 

Biosludge paper mill 

industry1 
2.57 3.40 5.x10-10 0.45 0.08 2.28 0.002 1.88 0.12 

Biosludge paper mill 

industry2 
2.89 0.59 0.42 0.99 0.44 1.23 0.99 6.36 0.95 

Wheat stillage 0 0.65 0.04 0.88 0.64 0.04 0.87 0.33 0.95 

Cereal residues 2.38 0.49 0.98 0.96 0.39 1.98 0.96 8.31 0.91 

 

Liang et al. (2017) proposed a protocol of uniaxial compression test for studying the transition between solid and 

fluid behavior of sludge (TS around 20 %) [60]. Several samples were studied: raw sludge, six days aging 

sludge, 5 min mixing sludge, and 20 min mixing sludge [60]. As a result, the viscosity and yield stress were the 

most sensitive rheological factors to operational conditions [60]. The Table 12 presents the yields and the 

viscosity for varying TS [59]. Three rheological models were studied: Casson, Bingham and Power models. The 

yield stress (Casson and Bingham) increases with the TS content increase. The viscosity (Bingham, Casson and 

Power) varies in function of the TS content with a maximum viscosity obtained at 25 °C for the Casson and 

Bingham models and at 30 °C for the power model. The power-law index is lower than 1 for the three 

temperatures and increases with the decrease of the temperature. Cao et al. (2016) studied the rheology of 

municipal sewage sludge (with and without AD) [64]. Rheological measurements at 20, 35 and 55 °C, and at TS 

concentration from 4 to 10 % were performed [64]. Three rheological models (Ostwald de Waele, Herschel-

Bulkley and Bingham) were compared [64]. The Ostwald model best fitted with experimental data [64]. In 

addition, the TS concentration and temperature impacted sludge rheology critically [64]. 

 

 Yield stress and viscosity for different TS [59] 

TS (g.L-1) Rheological model 0  (Pa)   (Pa.s) n R² 

30 

Casson 4.6 0.010 - 0.99 

Bingham 7.4 0.021 - 0.98 

Power - 1.100 0.46 0.94 

25 

Casson 0.8 0.017 - 0.99 

Bingham 2.1 0.024 - 0.97 

Power - 0.154 0.73 0.99 

20 

Casson 0.3 0.015 - 0.98 

Bingham 1.1 0.018 - 0.98 

Power - 0.061 0.83 0.99 
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Hong et al. (2017) demonstrated that the yield stress and the viscosity of digested sludge increased with the 

increase of TS and VS concentration [65]. Moreover, Hii et al. (2017) highlighted that the treated sludge 

viscosity and the yield stress decreased linearly with temperature [66]. Furthermore, the soluble COD presented 

a linear correlation with yield stress and apparent viscosity [66]. The Hershel-Bulkley model was used and the 

calculated parameters were provided [66]. Seyssiecq et al. (2015) carried out in situ rheological characterization 

of wastewater sludge in order to compare stirred bioreactor (helical ribbon impeller equipped with a rheometer) 

and the pipe flow configurations [67]. As a result, the Hershel-Bulkley model best fitted with the experimental 

data obtained with the helical ribbon impeller [67]. Nonetheless, the measurements on suspensions were not 

consistent, and thus required an adjustment due to the wall slip effect [67]. The model parameters were provided 

in function of total suspended solids (TSS) concentration [67]. The principal interest of in situ characterization 

was to overcome the effects of the study of a sample, especially since it will not necessarily be representative of 

the medium in the case of heterogeneous fluid. Moreover, this method facilitated the study of the medium during 

digestion process in real-time. Bobade et al. (2017) studied the impact of gas injection on the apparent viscosity 

and viscoelastic property of waste activated sewage sludge [68]. A linear relationship between the variation of 

viscoelastic properties, and the variation of other physiochemical properties were proposed [69]. Cao et al. 

(2018) studied the effect of TSS content and heat and anaerobic digestion treatments on the rheological 

properties of municipal sludge [70]. The sludge exhibited shear-thinning behavior [70]. The viscosity of the 

anaerobically digested sludge was the lowest, then it was fresh mixed sludge, and the thermal hydrolyzed sludge 

was the most viscous [70]. The Hershel-Bulkley model fitted well with the experimental results [70]. Feng et al. 

(2016) evaluated the rheological behavior of the sludge in an anaerobic digester (105 days) [39]. The Herschel-

Bulkley model, the Bingham Law equation, and the Power-Law equation were compared [39]. The Herschel-

Bulkley model best fitted [39]. The authors observed that the TSS concentration influenced the viscosity [39]. 

Cheng and Li (2015) studied the rheological behavior of sewage sludge with TS content ranging from 2 to 15 % 

(cf. Table 13) [71]. The influence of organic content was non-significant at low TS (inferior to 6 %) [71].  The 

consistency increases whereas the flow index decreases with the increase of TS content from 2 to 15 %. 

Therefore, the TS content has a significant impact on the rheological behavior of the sludge. A new model was 

developed, combining the exponential model and power model, in order to describe the relation between the TS, 

the shear rate, and the viscosity of the high solids sludge [71]. Al-Dawery (2016) investigated the effects of 

suspended solid and polyelectrolyte on the settling, and the rheological properties of municipal activated sludge 

[72]. The Bingham model was used [72]. In conclusion, the yield stress and the limit viscosity increased with the 

increase of TS, and the limit viscosity was strongly dependent on TS [72]. The variation of the rheological 

characteristics of high-solid (15-20 % TS) municipal sludge during the anaerobic digestion process was studied 

[73]. The two-part Hershel-Bulkley model was used to characterize the rheological behavior of the sludge [73]. 

The authors observed that the yield stress, the viscosity, and the critical shear rate decreased with the digestion 

[73]. 

 

 Ostwald model parameters in function of the sludge TS content [71] 

TS (%) k (mPa.sn) n R² 

2 182.56 0.536 0.9435 

4 3,367.6 0.256 0.9988 

6 1,773.2 0.264 0.9926 

7 3,235.8 0.222 0.9859 

10 18,185 0.160 0.9828 

13 44,511 0.078 0.9959 

15 117,648 -0.100 0.9989 

 

Eshtiaghi et al. (2016) carried out a study on the prediction of apparent viscosity and yield stress of digested, and 

secondary sludge mixtures [74]. The sludge studied (1.4 to 7 % TS) could be treated in anaerobic digester [74]. 

A master curve was developed in order to predict the sludge flow behavior independently of the TS 

concentration [74]. The apparent viscosity and yield stress of mixtures of primary, secondary and anaerobically 

digested sewage sludge were predicted by Markis et al. (2016) [75]. They established an equation to predict the 

viscosity in function of the pH [75]. The equation developed was [75]: 

 

  20.0135 0.1965 0.667pH pH       (10) 

 

A dimensionless Hershel-Bulkley form, previously developed [76], was used by Markis et al. [75]. The impact 

of TS content on the viscosity of the sludge was studied [76]. The study showed that the apparent viscosity, the 

yield stress and the fluid consistency increased with the TS concentration increase [76]. Abbà et al. (2017) 

evaluated the rheology and microbiology of sludge from a thermophilic aerobic membrane reactor [77]. The 

Hershel-Bulkley model fitted with experimental data [77]. In this work, the influence of pH, aeration, 
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temperature, and suspended solid concentration (biomass concentration) on rheological behavior of sludge were 

studied [77]. Björn et al. (2018) studied the rheology of sewage sludge [78]. The Bingham model, the Ostwald 

model and the Hershel-Bulkley model fitted with experimental data, depending on the sample [78]. The 

rheological models and parameters are shown in the Table 14. 

 

  Rheological models and parameters of primary and biological sewage sludge [78] 

TS (%) 
TVS 

(%) 
T ( °C) 

WV 

(m3) 
Rheological model 0  (Pa) k (Pa.sn) n R² 

2.4 1.6 51-53 1.70 
Ostwald - 0.1900 0.4627 0.48 

Bingham 0.6404 0.0047 - 0.90 

3.0 1.8 36-38 

2.00 

Ostwald - 0.3377 0.4448 0.98 

Hershel-Bulkley 0.9130 0.0372 0.7479 0.96 

3.9 2.4 36-38 
Ostwald 1.8640 0.1559 0.6128 0.97 

Hershel-Bulkley 1.5385 0.0913 0.6862 0.98 

 

Björn et al. (2018) studied the relationship between the rheological properties of 12 full-scale continuous stirred-

tank biogas reactors and operational conditions [78]. Both mono-digestion and co-digestion under mesophilic 

and thermophilic conditions were studied [78]. Several feedstocks were evaluated: sewage sludge, primary and 

biological sewage sludge, FIW, whey, fodder residues, manure, starch, fat, OFMSW, and SHW [78]. 

Correlations were found between TVS content and the apparent viscosity (shear rate of 20 s-1) and limit viscosity 

of reactor with sewage sludge substrate [78]. Moreover, they also found correlation between TS content and 

limit viscosity, in the case of thermophilic co-digestion reactors [78]. No correlation was found in the case of 

mesophilic mono-digestion [78]. Thereby, it is necessary to consider the operating conditions of continuously 

stirred digesters in the study of the rheology of digestion media [78]. The data presented are valid for specific 

cases and additional studies must be carried out if the conditions change. Gienau et al. (2018) carried out study 

on the rheological characterization of 16 anaerobic sludge from agricultural and bio-waste biogas plants [79]. 

The power-law equation was used to describe the rheological behavior, and the Arrhenius law was used for the 

temperature dependency [79]. The authors highlighted that the temperature-dependent rheology was essential for 

engineering utilizations such as pressure drops, agitators and pumps design [79]. 

 

4. Rheological behavior of manure 

 

In this section, we focus on the rheological properties of animal manure. Achkari-Begdouri and Goodrich (1992) 

carried out rheological measurements on Moroccan dairy cattle manure at different TS content and temperature 

[80]. This waste was studied for TS content between 2.5 and 12.1 % and temperature from 20 to 60 °C [80]. We 

present in the Table 18 the rheological parameters k and n for different TS content at 35 °C [80]. The consistency 

coefficient k  and the power-law index n of liquid manure were expressed as [80–82]: 

 

    104830 0.58319
8.722 10

T TS
k e    

  
   (11) 

   0.6894 0.0046831 273 0.042813n T TS        (12) 

 

The density, the specific heat and thermal conductivity were expressed as [80, 81, 83, 84]: 

 

  4187.5 28.9pC TS     (13) 

  0.6173 0.0069 TS      (14) 

  3 20.0367 2.38 14.6 1000TS TS TS         (15) 

 

Rheological properties of liquid manure depend on the TS content [84]. Moreover, the viscosity and the shear 

stress increase exponentially with the increase of the TS content [84]. Non-linear regression technique was used 

in order to provide the following relations [84]: 

 

  0.4620.001 TSe    (16) 

  0.4620.157 STe    (17) 

 

The rheological properties used in this study are shown in the Table 18. Bakker et al., (2009) carried out 

numerical modeling of non-Newtonian slurry, using Hershel-Bulkley and Bingham models (cf. Table 15) [40]. 
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The rheological properties are given in function of the solid concentration (40 and 50 wt%) and the density. The 

consistency and the yield stress increase with the increase of the solid concentration. In addition, the consistency 

and the yield stress are greater when the slurry density is higher. 

 

 Bindura nickel ore slurry rheological properties used in Hershel-Bulkley and Bingham models [40] 

Model Solid concentration (wt%) k (Pa.sn) n   (kg.m-3) 
0  (Pa) 

Hershel-Bulkley 

40 0.439 0.34 1364 0.456 

50 2.130 0.323 1500 2.130 

50 3.774 0.565 1667 3.774 

Bingham 

40 6.79x10-3 - 1364 1.945 

50 1.47x10-2 - 1500 8.189 

50 7.42x10-2 - 1667 52.180 

 

Thota Radhakrishnan et al. (2018) studied the rheology of two types of slurries using a narrow gap couette 

rheometer: black water (consisting of human fecal waste, urine, and flushed water from vacuum toilets) (sample 

1) and black water with ground kitchen waste (sample 2) [85]. Depending on the percentage of TSS, the slurry 

rheological behavior was described by the Hershel-Bulkley model, the Bingham model or the linear model [85]. 

The viscosity increased with the increase in TSS concentration, and decreased with the increase of temperature 

[85]. The authors concluded that the Hershel-Bulkley model best suited. The physical properties (at 30 °C) are 

related in the Table 16 and the Table 17. In their model, Wu (2010) considered that the manure slurry exhibited 

non-Newtonian pseudo-plastic fluid behavior when TS was superior to 2.5 % [86]. The rheological properties of 

liquid manure are presented in the Table 18. 

 

 Slurry rheological properties at 30 °C (sample 1) [85] 

Model TSS (%) k (Pa.sn) n 0  (Pa) 

Hershel-Bulkley 

 

11.2 0.9462 0.45 1.07 

10 0.28666 0.56 0.803 

7.2 0.08741 0.65 0.325 

5 0.02123 0.78 0.135 

3.9 0.01187 0.82 0.073 

3.2 0.00764 0.87 0.053 

Bingham 
2.6 0.00293 1 0.052 

1.8 0.00223 1 0.011 

Linear 

1.4 0.00204 1 0 

0.7 0.00152 1 0 

0.4 0.00125 1 0 

 

 Slurry rheological properties at 30 °C (sample 2) [85] 

Model TSS (%) k (Pa.sn) n 0  (Pa) 

Hershel-Bulkley 3 0.01021 0.85 0.054 

Bingham 

2.6 0.00343 1 0.074 

2.1 0.00303 1 0.061 

1.8 0.00278 1 0.044 

1.2 0.00244 1 0.035 

1 0.00227 1 0.023 

Linear 0.8 0.00159 1 0 

 

 Liquid manure rheological parameters used in Pseudoplastic model [10, 52, 80, 81, 83, 84, 86–88] 

TS 

(%) 

Manure 

type 

T 

( °C) 

k 

(Pa.sn) 
n   (s-1) 

  

(kg.m-3) 
min  

(Pa.s) 

max  

(Pa.s) 

pC  

(J/kg.K) 

  

(W/(m.K) 

2.5 

DC 

35 0.042 0.710 
226-

702 
1000.36 0.006 0.008 4186.78 0.6171 

5.4 35 0.192 0.562 
50-

702 
1000.78 0.01 0.03 4185.94 0.6169 

7.5 35 0.525 0.533 
11-

399 
1001.00 0.03 0.17 4185.33 0.6168 
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8.9 
17-

24 
2.6 0.42 - - - - - - 

9.1 
35 

1.052 0.467 
11-

156 
1001.31 0.07 0.29 4184.87 0.6167 

12.1 5.885 0.367 3-149 1001.73 0.25 2.93 4184.00 0.6165 

10 

DC 

17-

24 

5.3 0.11 
0.90-

23.90 
999.6 - - - - 

S 2.7 0.33 
0.90-

23.90 
1008.3 - - - - 

P 8.9 0.29 
0.96-

24.14 
1036.5 - - - - 

Pi 2.2 0.21 
0.90-

23.90 
1025.7 - - - - 

DC 

35 16.1 0.348 - - - - - - 

40 16.7 0.325 - - - - - - 

50 13.0 0.332 - - - - - - 

14.2 DC 
17-

24 
22.9 0.41 - - - - - - 

15 

DC 

17-

24 

31.3 0.3 
0.61-

24.37 
973 3.35 44.24 4183.17 0.6163 

S 19.4 0.29 
0.70-

23.90 
965.1 2.04 24.99 4183.17 0.6163 

P 2.4 0.38 
0.80-

23.90 
1063.6 0.34 2.76 4183.17 0.6163 

Pi 2.4 0.38 
0.96-

23.90 
967.7 0.34 2.46 4183.17 0.6163 

20 

P 35.4 0.29 
0.64-

24.14 
1091.8 3.69 48.6 4181.72 0.6159 

Pi 56.8 0.35 
0.24-

23.90 
1090 7.22 143.62 4181.72 0.6159 

- 35 56.8 0.35 
0.24-

23.90 
1090 34.47 172.5 - - 

(DC=dairy cattle, S=sheep, P=poultry, Pi=pig). 

 

5. Rheological behavior of food waste 

 

Few researches were carried out on the rheology of solid waste such as food waste. However, anaerobic 

digestion of food waste is worthwhile and growing interest [1, 89–91]. In addition, the impact of hydrodynamics 

on the performances of anaerobic digestion of high-solid waste is significant [62, 92]. Solely, a review was 

carried out on the rheological properties of fruits and vegetables [93]. The Table 19 shows the rheological 

models able to describe the behavior of different types of biowaste, mostly fruits, purees, pastes and juices. It can 

be observed that the Newtonian model can only describe the rheological behavior of juices (cherry, carrot, apple 

and pear). It can be explained by the high water content of juices, which is consider as a key controlling factor of 

the rheology [94]. However, we notice that the behavior of other type of juices is described by non-Newtonian 

models: 

- Tamarind and tomato juices are described by the Hershel-Bulkley model. 

- Kiwifruit juice is modeled by the Power-Law model. 

- Sloe and pineapple juices are described by the Bingham model. 

Therefore, the water content is not the unique parameter able to deduce the appropriate rheological model of fruit 

juices. 

 

All the fruits and vegetables products, purees, or pastes, are characterizes by a non-Newtonian rheological 

model: Hershel-Bulkley and Power-Law models. Baroutian et al. (2017) obtained similar results: the Hershel-

Bulkley was used in order to characterize the flow behavior of fruits and vegetables [94]. The aim of their study 

was to characterize treated and non-treated putrescible food waste [94]. Rheological measurements were 

performed at different temperature (25, 35, and 45 °C) using a model ARG2 stress-controlled rotational 

rheometer (TA Instrument Ltd, US) [94]. Food waste exhibited shear-thinning flow behavior; viscosity was a 
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function of temperature and composition; the flow properties were affected by the waste composition; at a given 

temperature, the viscosity decreased as the carbohydrate proportion increased [94].  

 

 Rheological models of fruits and vegetables 

Model Waste Sources 

Hershel-Bulkley 

Berry fruits products [95–99] 

Stone fruits [99–106] 

Coriander puree [107] 

Mint puree [107] 

Tamarind juice [108] 

Tomato juice [109, 110] 

Power-Law 

Citrus fruit juice [111, 112] 

Kiwifruit juice [111] 

Guava products [113, 114] 

Fenugreek paste [115] 

Tomato ketchup [116] 

Bingham 
Sloe juice [105] 

Pineapple juice [117] 

Newtonian 

Cherry juice [101] 

Carrot juice [118] 

Apple juice [100, 119] 

Pear juice [112, 119] 

 

Björn et al. (2018) studied the rheology of full-scale digester feedstocks, in mesophilic and thermophilic 

conditions (cf. Table 20) [78]: 

- Feedstock 1: OFMSW (62 %), SHW (9 %), fodder residues (13 %), other waste (16 %). 

- Feedstock 2: SHW (45 %), Manure (29 %), whey (14 %), fat (12 %). 

- Feedstock 3: OFMSW (23 %), SHW (45 %), Manure (32 %). 

- Feedstock 4: OFMSW/SHW (32 %), Manure (68 %). 

- Feedstock 5: OFMSW (57 %), SHW (12 %), starch (21 %), other waste (10 %). 

- Feedstock 6: OFMSW (95 %), fat (5 %). 

- Feedstock 7: SHW (in majority), FIW. 

The different types of feedstock are constituted of different proportions of OFMSW ranging from 23 to 95 %. 

The TS and TVS contents are presented in the Table 20 as well as the rheological models and model parameters. 

The TS and TVS contents are comprised between 2.7 and 5.3%, and 1.6 and 3.8% respectively. All the 

feedstocks are characterized by a non-Newtonian rheological model. No correlation between the feedstock 

composition, TS and TVS contents and the appropriate rheological model can be deduced from these 

experimental results. However, it can be seen that the rheological properties depend on the TS content, TVS 

content and the temperature. 

The Table 20 presents the rheological models and parameters proposed by Björn et al. (2018) for different mix of 

feedstocks: OFMSW, SHW, manure, whey, fat, starch and FIW [78]. The TS content is comprised between 2.1 

and 5.3 % and the TVS between 1.5 and 3.8 %. In addition, the rheological models and parameters are given for 

different temperatures: around 37 °C and 50 °C. Three non-Newtonian rheological models fitted in function of 

the feedstock and process temperature: Ostwald, Bingham and Hershel-Bulkley models. Despite the low TS 

content, the fluids present a non-Newtonian behavior. The feedstock1 is modelled by the Ostwald model 

 

  Rheological models and parameters [78] 

Feedstock 
WV 

(m3) 

TS 

(%) 

TVS 

(%) 

T 

(°C) 

Rheological 

model 
0  

(Pa) 

k 

(Pa.sn) 
n R² 

OFMSW (62 %), SHW (9 %), 

fodder residues (13 %), na* 

(16 %) 

3.20 

2.7 1.6 

52-

55 

Ostwald - 0.0000 2.0831 0.97 

Ostwald - 0.0000 2.2345 0.89 

3.6 1.8 
Ostwald - 0.0000 1.8681 0.99 

Ostwald - 0.0000 2.0276 0.94 

SHW (45 %), Manure (29 %), 

whey (14 %), fat (12 %) 
1.70 5.0 3.8 

51-

53 

Ostwald - 0.0001 1.5865 0.92 

Ostwald - 0.0003 1.4265 0.93 
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OFMSW (23 %), SHW (45 %), 

Manure (32 %) 
6.50 3.9 2.8 37 

Bingham 0.1394 0.0074 - 0.96 

Bingham 0.4527 0.0102 - 0.95 

OFMSW/SHW (32 %), Manure 

(68 %) 
2.25 

4.0 2.9 

38 

Hershel-

Bulkley 
0.3322 0.0001 1.5581 0.69 

3.5 2.5 Ostwald - 0.0001 1.6643 0.98 

4.0 2.9 Ostwald - 0.0007 1.2796 0.70 

OFMSW (57 %), SHW (12 %), 

starch (21 %), na* (10 %) 
2.90 

4.2 2.5 

37 

Hershel-

Bulkley 
1.2207 0.0370 0.7618 0.71 

Hershel-

Bulkley 
0.5489 0.0193 0.8754 0.99 

4.1 2.5 

Bingham 3.4542 0.0068 - 0.52 

Hershel-

Bulkley 
1.0244 0.0227 0.8519 0.91 

OFMSW (95 %), fat (5 %) 1.10 2.1 1.5 53 Ostwald - 0.0000 1.9554 0.90 

SHW (in majority), FIW na 5.3 3.8 37 Bingham 0.8060 0.0119 - 0.95 

* Information not available. 

 

6. Discussions 

 

Many studies have been carried out on the rheological characterization of different type of organic waste. The 

authors agreed on the appropriate rheological models in order to characterize each type of waste. The choice of 

the rheological model depended on different parameters such as the type of waste, the temperature, the age of the 

waste, and the total solid content. 

The choice of the rheological model is crucial for CFD simulations. Literature data if the rheological behavior of 

the studied fluid is known can be used. Otherwise, it is possible to use the data of a similar fluid or rheological 

measurements must be carried out. 

The vinasse was mostly characterized by a Newtonian model at temperatures above 30 °C, even if the Hershel-

Bulkley model or the power-law model were also suitable. The rheological behavior of sludge has been well 

studied. For this purpose, the Hershel-Bulkley model, the modified Hershel-Bulkley model, the Bingham model, 

and the Sisko model were evaluated. The rheological behavior of the manure was modeled by the Hershel-

Bulkley model or the Bingham model, depending on the study. Moreover, some authors highlighted the relation 

between soluble COD, pH, and the viscosity of the sludge. These relations allowed to estimate the viscosity from 

these parameters. The relationships are valid for the studied waste. 

Concerning the food waste, rheological measurements have been carried out only on fruits and vegetables, 

showing both the Newtonian and non-Newtonian behavior depending on the biowaste type. Most of the studies 

were done on one fruit or vegetable, but not on a mixture. A lack of experimental data of the rheological 

behavior of this category of waste was noted. Hershel-Bulkley model, power-law model and Bingham models 

were used in order to model the rheological behavior of fruits and vegetables. However, because of the diversity 

of biowaste, there were only specific studies of biowaste rheological behavior, and few literature data of a mix of 

biowaste were reported. It is important to note that the rheological properties depended on the mix of biowaste, 

the total solid and volatile solid contents. Thus, the data available in the literature allowed to obtain a general 

idea of the rheological behavior of some biowaste: manure, vinasse, sludge, fruits, vegetables, mix of OFMSW, 

SHW, starch, fat, whey, fodder residues. However, in the case of anaerobic digestion of specific biowaste or 

biowaste mixture, rheological measurements on the specific waste mixture should be performed. 

 

7. Conclusion 

 

In conclusion, the knowledge on the waste rheology is required in order to model and describe the flows using 

CFD. The rheological behavior of manure and sludge are well described, however the rheological behavior of a 

mix of biowaste is poorly known and requires further investigations. The rheological characterization of solid 

waste is still barely studied and requires further work to be able to model the flows of this type of medium using 

CFD. The main difficulty is related to the existing measurement equipment, which is not well adapted to 

rheological measurements of heterogeneous materials. 

 

8. Acknowledgements 

 



18 

 

This work was supported by the Region of Reunion Island (France) as part of the funding of a research thesis in 

the PIMENT (Physics and Mathematical Engineering for Energy, Environment and Building) laboratory at the 

University of Reunion Island. 

 

List of References 

 

1.  Lin, L., Xu, F., Ge, X., Li, Y.: Improving the sustainability of organic waste management practices in the 

food-energy-water nexus: A comparative review of anaerobic digestion and composting. Renewable and 

Sustainable Energy Reviews. 89, 151–167 (2018). https://doi.org/10.1016/j.rser.2018.03.025 

2.  Shukor, J.A., Omar, M.F., Kasim, M.M., Jamaludin, M.H., Naim, M.A.: Assessment of Composting 

Technologies for Organic Waste Management. IJTech. 9, 1579 (2018). 

https://doi.org/10.14716/ijtech.v9i8.2754 

3.  Di Maria, F., Sisani, F., Norouzi, O., Mersky, R.L.: The effectiveness of anaerobic digestion of bio-waste 

in replacing primary energies: An EU28 case study. Renewable and Sustainable Energy Reviews. 108, 347–

354 (2019). https://doi.org/10.1016/j.rser.2019.03.047 

4.  Caillet, H., Adelard, L.: Start-Up Strategy and Process Performance of Semi-Continuous Anaerobic 

Digestion of Raw Sugarcane Vinasse. Waste Biomass Valor. (2020). https://doi.org/10.1007/s12649-020-

00964-z 

5.  Tuomela, M.: Biodegradation of lignin in a compost environment: a review. Bioresource Technology. 72, 

169–183 (2000). https://doi.org/10.1016/S0960-8524(99)00104-2 

6.  Kasinath, A., Fudala-Ksiazek, S., Szopinska, M., Bylinski, H., Artichowicz, W., Remiszewska-Skwarek, 

A., Luczkiewicz, A.: Biomass in biogas production: Pretreatment and codigestion. Renewable and 

Sustainable Energy Reviews. 150, 111509 (2021). https://doi.org/10.1016/j.rser.2021.111509 

7.  Angelidaki, I., Ahring, B.K.: Anaerobic thermophilic digestion of manure at different ammonia loads: effect 

of temperature. Water Research. 28, 727–731 (1994) 

8.  Kaparaju, P., Buendia, I., Ellegaard, L., Angelidakia, I.: Effects of mixing on methane production during 

thermophilic anaerobic digestion of manure: Lab-scale and pilot-scale studies. Bioresource Technology. 99, 

4919–4928 (2008). https://doi.org/10.1016/j.biortech.2007.09.015 

9.  Li, C., Strömberg, S., Liu, G., Nges, I.A., Liu, J.: Assessment of regional biomass as co-substrate in the 

anaerobic digestion of chicken manure: Impact of co-digestion with chicken processing waste, seagrass and 

Miscanthus. Biochemical Engineering Journal. 118, 1–10 (2017). https://doi.org/10.1016/j.bej.2016.11.008 

10.  Zhai, X., Kariyama, I.D., Wu, B.: Investigation of the effect of intermittent minimal mixing intensity on 

methane production during anaerobic digestion of dairy manure. Computers and Electronics in Agriculture. 

155, 121–129 (2018). https://doi.org/10.1016/j.compag.2018.10.002 

11.  Wang, K., Yun, S., Xing, T., Li, B., Abbas, Y., Liu, X.: Binary and ternary trace elements to enhance 

anaerobic digestion of cattle manure: Focusing on kinetic models for biogas production and digestate 

utilization. Bioresource Technology. 323, 124571 (2021). https://doi.org/10.1016/j.biortech.2020.124571 

12.  Gebreeyessus, G., Jenicek, P.: Thermophilic versus Mesophilic Anaerobic Digestion of Sewage Sludge: A 

Comparative Review. Bioengineering. 3, 15 (2016). https://doi.org/10.3390/bioengineering3020015 

13.  Cruz-Salomón, A., Ríos-Valdovinos, E., Pola-Albores, F., Meza-Gordillo, R., Lagunas-Rivera, S., Ruíz-

Valdiviezo, V.M.: Anaerobic treatment of agro-industrial wastewaters for COD removal in expanded 

granular sludge bed bioreactor. Biofuel Research Journal. 4, 715–720 (2017). 

https://doi.org/10.18331/BRJ2017.4.4.3 

14.  Barros, V.G. de, Duda, R.M., Oliveira, R.A. de: Biomethane production from vinasse in upflow anaerobic 

sludge blanket reactors inoculated with granular sludge. Brazilian Journal of Microbiology. 47, 628–639 

(2016). https://doi.org/10.1016/j.bjm.2016.04.021 

15.  Caillet, H., Madyira, D.M., Adelard, L.: Study of the performances of a vinasse mesophilic anaerobic 

digester behavior submitted to intermittent mixing: Monitoring of the physicochemical properties of the 

digestate and local samples of the digester. Bioresource Technology Reports. 16, 100837 (2021). 

https://doi.org/10.1016/j.biteb.2021.100837 

16.  Dai, X., Gai, X., Dong, B.: Rheology evolution of sludge through high-solid anaerobic digestion. 

Bioresource Technology. 174, 6–10 (2014). https://doi.org/10.1016/j.biortech.2014.09.122 

17.  Angelidaki, I., Alves, M., Bolzonella, D., Borzacconi, L., Campos, J.L., Guwy, A.J., Kalyuzhnyi, S., 

Jenicek, P., van Lier, J.B.: Defining the biomethane potential (BMP) of solid organic wastes and energy 

crops: a proposed protocol for batch assays. Water Science & Technology. 59, 927 (2009). 

https://doi.org/10.2166/wst.2009.040 

18.  Bocher, P.B.T., Parker, C.-P.P.J., Friss, D., Stern, T.R.M.: Increased Recovery of Solid Waste by Improving 

Scalability for Anaerobic Co-Digestion of Organic Solid Wastes. (2014) 



19 

 

19.  Buffiere, P., Loisel, D., Bernet, N., Delgenes, J.-P.: Towards new indicators for the prediction of solid waste 

anaerobic digestion properties. Water Science and Technology. 53, 233–241 (2006). 

https://doi.org/10.2166/wst.2006.254 

20.  El Ibrahimi, M., Khay, I., El Maakoul, A., Bakhouya, M.: Energy performance of an unmixed anaerobic 

digester with submerged solid waste: Effects of temperature distribution. Energy. 231, 120926 (2021). 

https://doi.org/10.1016/j.energy.2021.120926 

21.  Trzcinski, A.P., Stuckey, D.C.: Continuous treatment of the organic fraction of municipal solid waste in an 

anaerobic two-stage membrane process with liquid recycle. Water Research. 43, 2449–2462 (2009). 

https://doi.org/10.1016/j.watres.2009.03.030 

22.  Nielfa, A., Cano, R., Fdz-Polanco, M.: Theoretical methane production generated by the co-digestion of 

organic fraction municipal solid waste and biological sludge. Biotechnology Reports. 5, 14–21 (2015). 

https://doi.org/10.1016/j.btre.2014.10.005 

23.  Fatolahi, Z., Arab, G., Razaviarani, V.: Calibration of the Anaerobic Digestion Model No. 1 for anaerobic 

digestion of organic fraction of municipal solid waste under mesophilic condition. Biomass and Bioenergy. 

139, 105661 (2020). https://doi.org/10.1016/j.biombioe.2020.105661 

24.  Derbal, K., Mossaab, B.-L., Hassen, M.A.: Production of biogas from sludge waste and organic fraction of 

municipal solid waste. INTECH Open Access Publisher (2012) 

25.  Lebon, E., Caillet, H., Akinlabi, E., Madyira, D., Adelard, L.: Kinetic study of anaerobic co-digestion, 

analysis and modelling. Procedia Manufacturing. 35, 321–326 (2019). 

https://doi.org/10.1016/j.promfg.2019.05.047 

26.  Lebon, É., Madushele, N., Adelard, L.: Municipal Solid Wastes Characterisation and Waste Management 

Strategy Evaluation in Insular Context: A Case Study in Reunion Island. Waste Biomass Valor. 11, 6443–

6453 (2020). https://doi.org/10.1007/s12649-019-00860-1 

27.  Karim, K., Varma, R., Vesvikar, M., Al-Dahhan, M.H.: Flow pattern visualization of a simulated digester. 

Water Research. 38, 3659–3670 (2004). https://doi.org/10.1016/j.watres.2004.06.009 

28.  O’Neil, D.J.: Rheology and mass/heat transfer aspects of anaerobic reactor design. Biomass. 8, 205–216 

(1985) 

29.  Koerich, D.M., Rosa, L.M.: Numerical evaluation of the low Reynolds turbulent flow behaviour in a 

bioreactor. International Journal of Simulation and Process Modelling. 11, 66–75 (2016) 

30.  Caillet, H., Bastide, A., Adelard, L.: CFD Simulations in Mechanically Stirred Tank and Flow Field 

Analysis: Application to the Wastewater (Sugarcane Vinasse) Anaerobic Digestion. In: Promising 

Techniques for Wastewater Treatment and Water Quality Assessment. IntechOpen (2020). 

https://doi.org/10.5772/intechopen.93926 

31.  Craig, K.J., Nieuwoudt, M.N., Niemand, L.J.: CFD simulation of anaerobic digester with variable sewage 

sludge rheology. Water Research. 47, 4485–4497 (2013). https://doi.org/10.1016/j.watres.2013.05.011 

32.  Servati, P., Hajinezhad, A.: CFD simulation of anaerobic digester to investigate sludge rheology and biogas 

production. Biomass Conv. Bioref. 10, 885–899 (2020). https://doi.org/10.1007/s13399-020-00793-z 

33.  Caillet, H.: Optimisation de la digestion anaérobie de la vinasse de canne à sucre: modélisation et 

expérimentations à l’échelle du laboratoire. (Doctoral dissertation, Université de la Réunion). (2019) 

34.  Ryma, A., Dhaouadi, H., Mhiri, H., Bournot, P.: CFD Study of the Fluid Viscosity Variation and Effect on 

the Flow in a StirredTank. World Academy of Science, Engineering and Technology, International Journal 

of Mechanical, Aerospace, Industrial, Mechatronic and Manufacturing Engineering. 7, 470–478 (2013) 

35.  Cantu-Lozano, D., Velazquez Macario, M.V., Vallejo Cantu, N.A., Mauro, M.A., Del Bianchi, V.L., Telis-

Romero, J.: Rheological behaviour of vinasses from a mexican bioethanol factory. (2010) 

36.  Baudez, J.C., Slatter, P., Eshtiaghi, N.: The impact of temperature on the rheological behaviour of anaerobic 

digested sludge. Chemical Engineering Journal. 215–216, 182–187 (2013). 

https://doi.org/10.1016/j.cej.2012.10.099 

37.  Baroutian, S., Eshtiaghi, N., Gapes, D.J.: Rheology of a primary and secondary sewage sludge mixture: 

Dependency on temperature and solid concentration. Bioresource Technology. 140, 227–233 (2013). 

https://doi.org/10.1016/j.biortech.2013.04.114 

38.  Hernandez-Shek, M.A., Mottelet, S., Peultier, P., Pauss, A., Ribeiro, T.: Development of devices for the 

determination of the rheological properties of coarse biomass treated by dry anaerobic digestion. 

Bioresource Technology Reports. 15, 100686 (2021). https://doi.org/10.1016/j.biteb.2021.100686 

39.  Feng, X., Tang, B., Bin, L., Song, H., Huang, S., Fu, F., Ding, J., Chen, C., Yu, C.: Rheological behavior of 

the sludge in a long-running anaerobic digestor: Essential factors to optimize the operation. Biochemical 

Engineering Journal. 114, 147–154 (2016). https://doi.org/10.1016/j.bej.2016.06.022 

40.  Bakker, C.W., Meyer, C.J., Deglon, D.A.: Numerical modelling of non-Newtonian slurry in a mechanical 

flotation cell. Minerals Engineering. 22, 944–950 (2009). https://doi.org/10.1016/j.mineng.2009.03.016 

41.  Dabiri, S., Noorpoor, A.: CFD analysis for evaluating agitation via mixer in a cattle manure anaerobic 

digestion. 13 (2018) 



20 

 

42.  Madhania, S., Cahyani, A.B., Nurtono, T., Muharam, Y., Winardi, S., Purwanto, W.W.: CFD study of 

mixing miscible liquid with high viscosity difference in a stirred tank. IOP Conference Series: Materials 

Science and Engineering. 316, 012014 (2018). https://doi.org/10.1088/1757-899X/316/1/012014 

43.  Farno, E., Baudez, J.C., Parthasarathy, R., Eshtiaghi, N.: Rheological characterisation of thermally-treated 

anaerobic digested sludge: Impact of temperature and thermal history. Water Research. 56, 156–161 (2014). 

https://doi.org/10.1016/j.watres.2014.02.048 

44.  Farno, E., Baudez, J.C., Parthasarathy, R., Eshtiaghi, N.: Impact of temperature and duration of thermal 

treatment on different concentrations of anaerobic digested sludge: Kinetic similarity of organic matter 

solubilisation and sludge rheology. Chemical Engineering Journal. 273, 534–542 (2015). 

https://doi.org/10.1016/j.cej.2015.03.097 

45.  Caillet, H., Lebon, E., Akinlabi, E., Madyira, D., Adelard, L.: Influence of inoculum to substrate ratio on 

methane production in Biochemical Methane Potential (BMP) tests of sugarcane distillery waste water. 

Procedia Manufacturing. 35, 259–264 (2019). https://doi.org/10.1016/j.promfg.2019.05.037 

46.  Koerich, D.M., Rosa, L.M.: Optimization of bioreactor operating conditions using computational fluid 

dynamics techniques. The Canadian Journal of Chemical Engineering. 95, 199–204 (2017). 

https://doi.org/10.1002/cjce.22635 

47.  Ramos-Vaquerizo, F., Cruz-Salomón, A., Ríos-Valdovinos, E., Pola-Albores, F., Lagunas-Rivera, S.: 

Anaerobic Treatment of Vinasse from Sugarcane Ethanol Production in Expanded Granular Sludge Bed 

Bioreactor. Journal of Chemical Engineering and Process Technology. 9, 3 (2018) 

48.  Caillet, H., Bastide, A., Chuppa, G., Petit, T., Adelard, L.: Anaerobic digestion of vinasse and CFD 

modelling approach. Presented at the WasteEng (2018) 

49.  Yu, L., Ma, J., Frear, C., Zhao, Q., Dillon, R., Li, X., Chen, S.: Multiphase modeling of settling and 

suspension in anaerobic digester. Applied Energy. 111, 28–39 (2013). 

https://doi.org/10.1016/j.apenergy.2013.04.073 

50.  Hughes, W.F., Brighton, J.A.: Theory and problems of fluid dynamics. Shaum’s outline (1999) 

51.  Hughes, W.F., Brighton, J.A.: Non-Newtonian fluids. In: Theory and problems of fluid dynamics (1999) 

52.  López-Jiménez, P.A., Escudero-González, J., Montoya Martínez, T., Fajardo Montañana, V., Gualtieri, C.: 

Application of CFD methods to an anaerobic digester: The case of Ontinyent WWTP, Valencia, Spain. 

Journal of Water Process Engineering. 7, 131–140 (2015). https://doi.org/10.1016/j.jwpe.2015.05.006 

53.  Chacua, L.M., Ayala, G., Rojas, H., Agudelo, A.C.: Mathematical models for prediction of rheological 

parameters in vinasses derived from sugar cane. International Agrophysics. 30, (2016). 

https://doi.org/10.1515/intag-2015-0083 

54.  Terashima, M., Goel, R., Komatsu, K., Yasui, H., Takahashi, H., Li, Y., Noike, T.: CFD simulation of 

mixing in anaerobic digesters. Bioresource Technology. 100, 2228–2233 (2009). 

https://doi.org/10.1016/j.biortech.2008.07.069 

55.  Ratkovich, N., Horn, W., Helmus, F.P., Rosenberger, S., Naessens, W., Nopens, I., Bentzen, T.R.: Activated 

sludge rheology: A critical review on data collection and modelling. Water Research. 47, 463–482 (2013). 

https://doi.org/10.1016/j.watres.2012.11.021 

56.  Lotito, V., Lotito, A.M.: Rheological measurements on different types of sewage sludge for pumping design. 

Journal of Environmental Management. 137, 189–196 (2014). 

https://doi.org/10.1016/j.jenvman.2014.02.005 

57.  Bingham, E.C.: An investigation of the laws of plastic flow. (1917) 

58.  Dapelo, D., Bridgeman, J.: Euler-Lagrange Computational Fluid Dynamics simulation of a full-scale 

unconfined anaerobic digester for wastewater sludge treatment. Advances in Engineering Software. 117, 

153–169 (2018). https://doi.org/10.1016/j.advengsoft.2017.08.009 

59.  Hong, E., Yeneneh, A.M., Sen, T.K., Ang, H.M., Kayaalp, A., Kayaalp, M.: Rheological characteristics of 

mixture of raw primary and thickened excess activated sludge: impact of mixing ratio, solid concentration, 

temperature and sludge age. Desalination and Water Treatment. 1–12 (2015). 

https://doi.org/10.1080/19443994.2015.1115374 

60.  Liang, F., Sauceau, M., Dusserre, G., Arlabosse, P.: A uniaxial cyclic compression method for characterizing 

the rheological and textural behaviors of mechanically dewatered sewage sludge. Water Research. 113, 171–

180 (2017). https://doi.org/10.1016/j.watres.2017.02.008 

61.  Jiang, J., Wu, J., Poncin, S., Li, H.Z.: Rheological characteristics of highly concentrated anaerobic digested 

sludge. Biochemical Engineering Journal. 86, 57–61 (2014). https://doi.org/10.1016/j.bej.2014.03.007 

62.  Cui, M.-H., Zheng, Z.-Y., Yang, M., Sangeetha, T., Zhang, Y., Liu, H.-B., Fu, B., Liu, H., Chen, C.-J.: 

Revealing hydrodynamics and energy efficiency of mixing for high-solid anaerobic digestion of waste 

activated sludge. Waste Management. 121, 1–10 (2021). https://doi.org/10.1016/j.wasman.2020.11.054 

63.  Kumar, S.: Biogas. InTech, Rijeka (2012) 



21 

 

64.  Cao, X., Jiang, Z., Cui, W., Wang, Y., Yang, P.: Rheological Properties of Municipal Sewage Sludge: 

Dependency on Solid Concentration and Temperature. Procedia Environmental Sciences. 31, 113–121 

(2016). https://doi.org/10.1016/j.proenv.2016.02.016 

65.  Hong, E., Yeneneh, A.M., Sen, T.K., Ang, H.M., Kayaalp, A.: The relationship between physico-chemical 

and rheological characteristics of digested sludge, biosolid, centrate and the effects on dewatering 

performance (A case study). Journal of Water Process Engineering. 19, 193–204 (2017). 

https://doi.org/10.1016/j.jwpe.2017.07.022 

66.  Hii, K., Parthasarathy, R., Baroutian, S., Gapes, D.J., Eshtiaghi, N.: Rheological measurements as a tool for 

monitoring the performance of high pressure and high temperature treatment of sewage sludge. Water 

Research. 114, 254–263 (2017). https://doi.org/10.1016/j.watres.2017.02.031 

67.  Seyssiecq, I., Karrabi, M., Roche, N.: In situ rheological characterisation of wastewater sludge: Comparison 

of stirred bioreactor and pipe flow configurations. Chemical Engineering Journal. 259, 205–212 (2015). 

https://doi.org/10.1016/j.cej.2014.07.102 

68.  Bobade, V., Baudez, J.C., Evans, G., Eshtiaghi, N.: Impact of gas injection on the apparent viscosity and 

viscoelastic property of waste activated sewage sludge. Water Research. 114, 296–307 (2017). 

https://doi.org/10.1016/j.watres.2017.02.039 

69.  Bobade, V., Evans, G., Baudez, J.C., Eshtiaghi, N.: Impact of gas injection on physicochemical properties 

of waste activated sludge: A linear relationship between the change of viscoelastic properties and the change 

of other physiochemical properties. Water Research. 144, 246–253 (2018). 

https://doi.org/10.1016/j.watres.2018.07.041 

70.  Cao, X., Jiang, K., Wang, X., Xu, G.: Effect of total suspended solids and various treatment on rheological 

characteristics of municipal sludge. Research on Chemical Intermediates. 44, 5123–5138 (2018). 

https://doi.org/10.1007/s11164-018-3413-1 

71.  Cheng, Y., Li, H.: Rheological behavior of sewage sludge with high solid content. Water Science and 

Technology. 71, 1686–1693 (2015). https://doi.org/10.2166/wst.2015.152 

72.  Al-Dawery, S.: Effects of suspended solid and polyelectrolyte on settling and rheological properties of 

municipal activated sludge. Journal of Environmental Chemical Engineering. 4, 4731–4743 (2016). 

https://doi.org/10.1016/j.jece.2016.11.009 

73.  Zhang, J., Haward, S.J., Wu, Z., Dai, X., Tao, W., Li, Z.: Evolution of rheological characteristics of high-

solid municipal sludge during anaerobic digestion. Appl Rheol. 26, 32973 (2016) 

74.  Eshtiaghi, N., Markis, F., Zain, D., Mai, K.H.: Predicting the apparent viscosity and yield stress of digested 

and secondary sludge mixtures. Water Research. 95, 159–164 (2016). 

https://doi.org/10.1016/j.watres.2016.03.002 

75.  Markis, F., Baudez, J.-C., Parthasarathy, R., Slatter, P., Eshtiaghi, N.: Predicting the apparent viscosity and 

yield stress of mixtures of primary, secondary and anaerobically digested sewage sludge: Simulating 

anaerobic digesters. Water Research. 100, 568–579 (2016). https://doi.org/10.1016/j.watres.2016.05.045 

76.  Markis, F., Baudez, J.-C., Parthasarathy, R., Slatter, P., Eshtiaghi, N.: Rheological characterisation of 

primary and secondary sludge: Impact of solids concentration. Chemical Engineering Journal. 253, 526–

537 (2014). https://doi.org/10.1016/j.cej.2014.05.085 

77.  Abbà, A., Collivignarelli, M.C., Manenti, S., Pedrazzani, R., Todeschini, S., Bertanza, G.: Rheology and 

Microbiology of Sludge from a Thermophilic Aerobic Membrane Reactor. Journal of Chemistry. 2017, 1–

19 (2017). https://doi.org/10.1155/2017/8764510 

78.  Björn, A., Šafarič, L., Karlsson, A., Danielsson, Å., Ejlertsson, J., Svensson, B.H., Yekta, S.S.: Substrate 

and operational conditions as regulators of fluid properties in full-scale continuous stirred-tank biogas 

reactors – implications for rheology-driven power requirements. Water Science and Technology. 78, 814–

826 (2018). https://doi.org/10.2166/wst.2018.352 

79.  Gienau, T., Kraume, M., Rosenberger, S.: Rheological Characterization of Anaerobic Sludge from 

Agricultural and Bio-Waste Biogas Plants. Chemie Ingenieur Technik. 90, 988–997 (2018). 

https://doi.org/10.1002/cite.201700102 

80.  Achkari-Begdouri, A., Goodrich, P.R.: Rheological properties of Moroccan dairy cattle manure. 

Bioresource Technology. 40, 149–156 (1992) 

81.  Wu, B.: Advances in the use of CFD to characterize, design and optimize bioenergy systems. Computers 

and Electronics in Agriculture. 93, 195–208 (2013). https://doi.org/10.1016/j.compag.2012.05.008 

82.  Wu, B.: Large eddy simulation of mechanical mixing in anaerobic digesters. Biotechnology and 

Bioengineering. 109, 804–812 (2012). https://doi.org/10.1002/bit.24345 

83.  Landry, H., Laguë, C., Roberge, M.: Physical and rheological properties of manure products. Applied 

Engineering in Agriculture. 20, 277 (2004) 

84.  Wu, B., Chen, S.: CFD simulation of non-Newtonian fluid flow in anaerobic digesters. Biotechnology and 

Bioengineering. 99, 700–711 (2007). https://doi.org/10.1002/bit.21613 



22 

 

85.  Thota Radhakrishnan, A.K., van Lier, J.B., Clemens, F.H.L.R.: Rheological characterisation of concentrated 

domestic slurry. Water Research. (2018). https://doi.org/10.1016/j.watres.2018.04.064 

86.  Wu, B.: CFD simulation of mixing in egg-shaped anaerobic digesters. Water Research. 44, 1507–1519 

(2010). https://doi.org/10.1016/j.watres.2009.10.040 

87.  Yu, L., Ma, J., Chen, S.: Numerical simulation of mechanical mixing in high solid anaerobic digester. 

Bioresource Technology. 102, 1012–1018 (2011). https://doi.org/10.1016/j.biortech.2010.09.079 

88.  Elmashad, H., Vanloon, W., Zeeman, G., Bot, G.: Rheological properties of dairy cattle manure. Bioresource 

Technology. 96, 531–535 (2005). https://doi.org/10.1016/j.biortech.2004.06.020 

89.  Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R.: Dry anaerobic 

digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion 

proportions. Bioresource Technology. 233, 166–175 (2017). https://doi.org/10.1016/j.biortech.2017.02.126 

90.  El Ibrahimi, M., Khay, I., El Maakoul, A., Bakhouya, M.: Food waste treatment through anaerobic co-

digestion: Effects of mixing intensity on the thermohydraulic performance and methane production of a 

liquid recirculation digester. Process Safety and Environmental Protection. 147, 1171–1184 (2021). 

https://doi.org/10.1016/j.psep.2021.01.027 

91.  Wang, F., Zhang, C., Huo, S.: Influence of fluid dynamics on anaerobic digestion of food waste for biogas 

production. Environmental Technology. 38, 1160–1168 (2017). 

https://doi.org/10.1080/09593330.2016.1220429 

92.  Hu, Y., Zheng, X., Zhang, S., Ye, W., Wu, J., Poncin, S., Li, H.Z.: Investigation of hydrodynamics in high 

solid anaerobic digestion by particle image velocimetry and computational fluid dynamics: Role of mixing 

on flow field and dead zone reduction. Bioresource Technology. 319, 124130 (2021). 

https://doi.org/10.1016/j.biortech.2020.124130 

93.  Diamante, L., Umemoto, M.: Rheological Properties of Fruits and Vegetables: A Review. International 

Journal of Food Properties. 18, 1191–1210 (2015). https://doi.org/10.1080/10942912.2014.898653 

94.  Baroutian, S., Munir, M.T., Sun, J., Eshtiaghi, N., Young, B.R.: Rheological characterisation of biologically 

treated and non-treated putrescible food waste. Waste Management. 71, 494–501 (2017). 

https://doi.org/10.1016/j.wasman.2017.10.003 

95.  Tonon, R.V., Alexandre, D., Hubinger, M.D., Cunha, R.L.: Steady and dynamic shear rheological properties 

of açai pulp (Euterpe oleraceae Mart.). Journal of Food Engineering. 92, 425–431 (2009). 

https://doi.org/10.1016/j.jfoodeng.2008.12.014 

96.  Antonio, G.C., Faria, F.R., Takeiti, C.Y., Park, K.J.: Rheological behavior of blueberry. Food Science and 

Technology. 29, 732–737 (2009) 

97.  Haminiuk, C.W.I., Sierakwoski, M.-R., Izidor, D.R., Maciel, G.M., Scheer, A. de P., Masson, M.L.: 

Rheological characterization of blackberry pulp. Ciência e Tecnologia de Alimentos. 29, (2009) 

98.  Sharoba, A.M., Ramadan, M.F.: rheological behavior and physicochemical characteristics of goldenberry 

(physalis peruviana) juice as affected by enzymatic treatment: rheological behavior of goldenberry juice. 

Journal of Food Processing and Preservation. 35, 201–219 (2011). https://doi.org/10.1111/j.1745-

4549.2009.00471.x 

99.  Maceiras, R., Álvarez, E., Cancela, M.A.: Rheological properties of fruit purees: Effect of cooking. Journal 

of Food Engineering. 80, 763–769 (2007). https://doi.org/10.1016/j.jfoodeng.2006.06.028 

100.  Ahmed, J., Ramaswamy, H.S.: Dynamic and steady shear rheology of fruit puree based baby foods. Journal 

of food science and technology. 44, 579 (2007) 

101.  Juszczak, L., Fortuna, T.: Effect of temperature and soluble solids content on the viscosity of cherry juice 

concentrate. International Agrophysics. 18, 17–22 (2004) 

102.  Bhattacharya, S., Rastogi, N.K.: Rheological properties of enzyme-treated mango pulp. Journal of food 

engineering. 36, 249–262 (1998) 

103.  Ahmed, J., Ramaswamy, H.S., Hiremath, N.: The effect of high pressure treatment on rheological 

characteristics and colour of mango pulp. International Journal of Food Science and Technology. 40, 885–

895 (2005). https://doi.org/10.1111/j.1365-2621.2005.01026.x 

104.  Augusto, P.E.D., Cristianini, M., Ibarz, A.: Effect of temperature on dynamic and steady-state shear 

rheological properties of siriguela (Spondias purpurea L.) pulp. Journal of Food Engineering. 108, 283–289 

(2012). https://doi.org/10.1016/j.jfoodeng.2011.08.015 

105.  Ibarz, A., Garvin, A., Costa, J.: Rheological behaviour of sloe (Prunus spinosa) fruit juices. Journal of Food 

Engineering. 27, 423–430 (1996) 

106.  Pereira, E.A., Brandão, E.M., Borges, S.V., Maia, M.C.: Influence of concentration on the steady and 

oscillatory shear behavior of umbu pulp. Revista Brasileira de Engenharia Agrícola e Ambiental. 12, 87–90 

(2008) 

107.  Rudra, S.G., Sarkar, B.C., Shivhare, U.S., Basu, S.: Rheological properties of coriander and mint leaf puree, 

(2007) 



23 

 

108.  Ahmed, J., Ramaswamy, H.S., Sashidhar, K.C.: Rheological characteristics of tamarind (Tamarindus indica 

L.) juice concentrates. LWT - Food Science and Technology. 40, 225–231 (2007). 

https://doi.org/10.1016/j.lwt.2005.11.002 

109.  Augusto, P.E.D., Ibarz, A., Cristianini, M.: Effect of high pressure homogenization (HPH) on the rheological 

properties of tomato juice: Time-dependent and steady-state shear. Journal of Food Engineering. 111, 570–

579 (2012). https://doi.org/10.1016/j.jfoodeng.2012.03.015 

110.  da Mota, R.V., Lajolo, F.M., Cordenunsi, B.R., Ciacco, C.: Composition and functional properties of banana 

flour from different varieties. Starch-Stärke. 52, 63–68 (2000) 

111.  Chin, N.L., Chan, S.M., Yusof, Y.A., Chuah, T.G., Talib, R.A.: Modelling of rheological behaviour of 

pummelo juice concentrates using master-curve. Journal of Food Engineering. 93, 134–140 (2009). 

https://doi.org/10.1016/j.jfoodeng.2009.01.005 

112.  Falguera, V., Vélez-Ruiz, J.F., Alins, V., Ibarz, A.: Rheological behaviour of concentrated mandarin juice 

at low temperatures: Rheological behaviour of mandarin juice. International Journal of Food Science & 

Technology. 45, 2194–2200 (2010). https://doi.org/10.1111/j.1365-2621.2010.02392.x 

113.  Ditchfield, C., Tadini, C.C., Singh, R., Toledo, R.T.: Rheological Properties of Banana Puree at High 

Temperatures. International Journal of Food Properties. 7, 571–584 (2004). https://doi.org/10.1081/JFP-

200032973 

114.  Corrêa, R.C.G., Haminiuk, C.W.I., Sora, G.T.S., Bergamasco, R., Vieira, A.M.S.: Antioxidant and 

rheological properties of guava jam with added concentrated grape juice: Characterization of guava jam with 

added grape juice. Journal of the Science of Food and Agriculture. 94, 146–152 (2014). 

https://doi.org/10.1002/jsfa.6233 

115.  Işıklı, N.D., Karababa, E.: Rheological characterization of fenugreek paste (çemen). Journal of Food 

Engineering. 69, 185–190 (2005). https://doi.org/10.1016/j.jfoodeng.2004.08.013 

116.  Koocheki, A., Ghandi, A., Razavi, S.M.A., Mortazavi, S.A., Vasiljevic, T.: The rheological properties of 

ketchup as a function of different hydrocolloids and temperature. International Journal of Food Science & 

Technology. 44, 596–602 (2009). https://doi.org/10.1111/j.1365-2621.2008.01868.x 

117.  Shamsudin, R., Ling, C.S., Adzahan, N.M., Daud, W.R.W.: Rheological properties of ultraviolet-irradiated 

and thermally pasteurized Yankee pineapple juice. Journal of Food Engineering. 116, 548–553 (2013). 

https://doi.org/10.1016/j.jfoodeng.2012.12.031 

118.  Vandresen, S., Quadri, M.G.N., Souza, J.A.R. de, Hotza, D.: Temperature effect on the rheological behavior 

of carrot juices. Journal of Food Engineering. 92, 269–274 (2009). 

https://doi.org/10.1016/j.jfoodeng.2008.11.010 

119.  Vitali, A.A., Rao, M.A.: Flow behavior of guava puree as a function of temperature and concentration. 

Journal of Texture Studies. 13, 275–289 (1982) 

 

 


