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Abstract 

Anaerobic digestion is widely used for waste treatment and energy production. Anaerobic digestion is a 

complex process which involved both physico-chemical reactions driven by four microbial groups and 

hydrodynamics phenomena. Consequently, many researches have been carried out on the process 

modelling. Research firstly focused on the development of various models based on kinetics. The 

different developed models are adapted to a specific waste or mix of waste. Moreover, parameters such 

as mass transfer and temperature influence the physicochemical and biological reactions. These latter 

are modelled with computational fluid dynamic (CFD). The knowledge of waste rheology is 

unavoidable for CFD modelling. In this paper, we present a literature review on waste rheology, 

mathematical models based on kinetics, and CFD models with the studies aims, numerical methods and 

turbulence modelling and lastly the thermal models. Finally, all these aspects are discussed. The general 

conclusion of this literature review is firstly, that rheological behaviour of manure and sludge are best 

described, however the rheological of behaviour a mix of biowaste is poorly known. Secondly, modified 

ADM1 will be used for the development of ADM2 and more research are needed. Thirdly, the aim of 

CFD modelling are numerous. In particular, it allows to provide knowledge and helps with the 

dimensioning of anaerobic digestion units. Fourthly, the thermal modelling are mainly useful in cold 

countries and those experiencing significant temperature variations. Few studies concerned the coupling 

of biochemical and CFD models. This strategy is of interest depending on the objectives of the study. It 

allows, however, to take into account both the biochemical aspects of the environment and the flows. 

Highlights: 

 The rheological behaviour of a mix of biowaste is poorly known. 

 Modified ADM1 will be used for the development of ADM2 and more research are needed. 

 CFD modelling allows to provide knowledge and help with the dimensioning of anaerobic 

digestion units. 

 The thermal modelling are mainly useful in cold countries and those experiencing significant 

temperature variations. 

 Few studies concerned the coupling of biochemical and CFD models. This strategy allows to take 

into account both the biochemical aspects of the environment and the flows. 

Keywords: Anaerobic digestion, kinetic models, CFD, rheology, waste, thermal model 

  



 

Abbreviations: 

ADM1 Anaerobic Digestion Model n°1 
ASM Activated Sludge Model 

CARPT Computer Automated Radioactive Particle Tracking 

CFD Computational Fluid Dynamics 

FIW Food Industry Waste 

HRT Hydraulic Retention Time 

KET Kinetic Energy Transport 

KTGF Kinetic Theory Of Granular Flow 

LDA Laser Doppler Anemometry 

LES Large Eddy Simulation 

MRF Multiple Reference Frame 

OFMSW Organic fraction of municipal solid waste 

RANS Reynolds-averaged Navier-Stokes 

RF Reference Frame 

RNG Re-Normalisation Group 

RSM Reynolds stress model 

SGS Subgrid-scale 

SHW Slaughter house waste 

SL Smagorinsky-Lilly 

SM Sliding Mesh 

SRT Solid retention time 

T Temperature (°C) 

Thix Thixotropy (Pa.s-1) 

TDS Total Dissolved Solid 

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

TSS Total Suspended Solid (%) 

UI Uniformity Index 

VFA Volatile Fatty Acids 

WALE Wall-Adapting Local Eddy-Viscosity 

WV Working volume (m3) 

R² Coefficient of determination 

k Consistency index (Pa.sn) 

c  Critical shear rate (s-1) 

  Density (kg.m-3) 

dyn  Dynamic viscosity (Pa.s or mPa.s)) 

FCI Flow consistency index (s) 

H  Hershel-Bulkley yield stress (Pa) 

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 Power law index 



 

p  Pseudoplastic viscosity (Pa.sn) 

  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) 

dyn  Yield stress obtained by dynamic measurements (Pa) 

flow   Yield stress obtained by flow measurements (Pa) 

  Viscosity (Pa.sn) 

 

  



 

1. Introduction 

The development of renewable and sustainable energies is generally growing in relation to the current 

context, particularly the depletion of fossil fuels and the need to limit the negative effects on the 

environment. Anaerobic digestion is one of the existing options. Indeed, this process makes it possible 

to produce a biogas rich in methane while respecting the natural carbon cycle. In addition, the raw 

material required is none other than organic waste. This solution also allows to manage a whole category 

of waste and thus to promote it energetically. This permits to solve two problems at the same time. The 

digesters, units necessary for anaerobic digestion have been existing for a long time. Originally, they 

were mainly used for the treatment of agricultural waste (manure and green waste) and wastewater, but 

they are nowadays studied for the treatment of other wastes such as food remains but also for cases of 

co-digestion of different waste. In addition, the current interest is mainly to guarantee both the quality 

and the quantity of biogas produced. Thus, numerical models are developed in order to understand the 

existing digesters but also to optimise future digester configurations. The general model for the 

conversion of biomass into biogas is the IWA ADM1 [30] which is based on mass transfers. Some 

authors proposed modified ADM1 and ADM2 models will probably be developed [31], based on 

modifications provided to the ADM1 model. However, given the industrialisation of this process, 

parameters such as mixing and pumping strategies, which require energy, must be optimised. These 

parameters are all the more important since solid-state digestion is gaining importance considering the 

treated waste, and whose interests are savings in water. Zhou and Wen (2019) highlighted that the 

number of publications with keywords “solid-state anaerobic digestion” has a major increase in interest 

in this area [36]. All these aspects, including the growing need for accurate flow simulations [8], justify 

the use of CFD. Indeed, Van Hulle and al. (2014) showed that at pilot scale (120 L), the mixing 

conditions (mixing and non-mixing conditions) impact the methane production due to VFA 

accumulation [8]. Indeed, the mixing drives mass and heat transfer through the digestion medium, thus 

the physicochemical and biological reactions. CFD enables the study of the fluid flow, with greater 

detail and accuracy [37]. The appropriate model varies according to the waste nature. The knowledge 

of the waste rheology is necessary for the CFD modelling of all of the type of waste. Moreover, the 

choice of the turbulence models adapted to the problem dealt with is significant. Indeed, an important 

condition is the contact between biomass and substrate thanks to mixing [37]. Therefore, turbulence 

becomes a crucial factor [37]. 

This paper is thus organised in the following way, the first part concerns the rheological models and the 

literature data used in rheological models of various waste (vinasse, wastewater, sludges, manures and 

biowaste). Next, the second part addresses the existing global models on anaerobic digestion with the 

kinetic models. Then, in the third part, we present a review on the CFD models, going through the model 

objectives, the numerical methods, the turbulence modelling and the meshing approach of stirred tanks. 

Hereafter, the thermal models are presented. Lastly, the contribution and future interests of CFD in 

numerical modelling are discussed. 

2. The substrates physical properties used in rheological models 

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

stirred-tank biogas reactors and operational conditions [38]. Both mono-digestion and co-digestion 

under mesophilic and thermophilic conditions were studied [38]. They studied various feedstocks: 

sewage sludge, primary and biological sewage sludge, FIW, whey, fodder residues, manure, starch, fat, 



 

OFMSW, and SHW [38]. The authors found correlation between TVS content and the apparent viscosity 

(shear rate of 20 s-1) and limit viscosity of reactor with sewage sludge substrate [38]. Moreover, they 

also found correlation between TS content and limit viscosity, in the case of thermophilic co-digestion 

reactors [38]. They did not found correlations in the case of mesophilic mono-digestion [38]. Thereby, 

the authors warn us about the necessary consideration of the operating conditions of continuously stirred 

digesters in the study of the rheology of digestion media [38]. Consequently, in this section, a review on 

the modelling of waste rheology is presented. A literature data about various waste (vinasse, sewage 

sludges, manures and other biowaste) rheological properties are compiled, specifying operational 

conditions. The data presented are thus valid for specific cases and additional studies must be carried 

out if the conditions change. 

2.1.  Wastewater 

Some authors characterised the vinasse as a Newtonian fluid [39–41]. We show in the Table 1 the 

dynamic viscosity of the vinasse. 

 Dynamic viscosity of vinasse 

Source Substrate   (kg.m-3) 
dyn  (Pa.s) 

[39] Vinasse 1044.69 0.001 009 7 

[42] Sludge 999.66 0.065 

In another study, the vinasse is characterised by the Herschel-Bulkley model [41]. The authors also show 

that the flow behaviour index approaches the Newtonian behaviour [41]. The Table 2 presents the yield 

stress, and the parameters of the models at different temperature. 

 Herschel-Bulkley model parameters of vinasse [41] 

T (°C) 0  (Pa) k (Pa.sn) n 

20 0.11177 1.774.103 1.1 

25 0.10537 1.68.103 1.08 

30 0.0998 1.479.103 1.05 

35 0.08950 1.392.103 1.01 

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

behaviour for temperatures between 10 and 20°C [43]. Indeed, when the temperature is superior to 30°C, 

the power-law index is close to 1, indicating an approach to the Newtonian model [43]. In the Table 3, 

we show power-law model parameters [43]. 

 Power-law model parameters (sugarcane vinasse) [43] 

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 



 

Yu et al. (2013), developed a multiphase model of settling and suspension in anaerobic digester. They 

made assumptions for the three phases. Concerning the liquid phase (wastewater), they considered the 

same properties of water at 35°C which is a Newtonian fluid [44]. This assumption is valid when TS is 

inferior to 1% in the liquid phase [44]. They highlighted that, depending on TS content, the fluid is 

Newtonian or non-Newtonian [44]. Thus, the shear stress equation for a non-compressive Newtonian 

fluid could not be suitable for wastewater with high concentration of colloidal solids [44]. 

2.2.  Sludges 

In this part, the experimental studies on sludge rheology measurements and models used by various 

authors are presented. The rheological data used in CFD modelling are also presented. 

In 2008, experimental studies were performed to determine the pseudoplastic viscosity and the power-

law index [45]. These parameters are related in the Table 4 [45]. The authors used equations to describe 

the relationships between the viscosity coefficients and the solid concentration [45]. The two equations 

describing the relationships are [45]: 

  
0.0710.018p

Xe    (38) 

  0.00690.68 Xn e   (39) 

 Anaerobic digestion sludge rheological properties in Pseudoplastic model (non-Newtonian) 

Data source Sludge Concentration (kg.m-3) p  (Pa.sn) n 

[45] 

19 0.085 0.58 

63 1.80 0.43 

72 3.0 0.41 

In 2013, Ratkovich et al. did a review on the data collection and modelling of activated sludge [46]. This 

work consisted in reviewing the measurements and experimental protocols, used to study the rheology 

of sludge [46]. As the authors pointed out, the quality and validity of the models resulting from 

rheological measurements depends on the accuracy of the experimental measurements and protocols 

[46]. Thus the authors did a critical analysis of the protocols and models found in literature [46]. The 

authors warn us about the precautions to take when using a model, they advise us to verify that the model 

has been developed properly [46]. 

Baudez et al. (2013) carried out a study on the impact of temperature on the rheological behaviour of 

anaerobic digested sludge [47]. The authors did rheological experimental measurements at different 

temperatures: 10°C, 25°C, 40°C and 60°C [47]. The viscosity and the yield stress decrease with the 

temperature increasing [47]. They also showed that the rheological behaviour is irreversibly modified 

by the thermal history [47]. Craig et al. (2013) did CFD simulations of anaerobic digester with variable 

sewage sludge rheology [48]. The Table 5 shows the rheological properties used in different models. 

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

sewage sludge with the aim of studying the impact of solid concentration and temperature [49]. They 

used the Hershel-Bulkley model because it allows 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 modelling of the 

shear-thinning zone [49]. The authors concluded that the Hershel-Bulkley model fits well with the 



 

experimental data [49]. Moreover, the solid concentration and the temperature have a significant impact 

on the yield stress and the model parameters [49]. 

 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) 

[48] 

 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 

[47, 50] 

25 

1.85 - 0.169 0.308 0.01-30 0.092 

[47] 

2.55 - 0.436 0.308 0.01-30 0.293 

3.25 - 0.905 0.308 0.01-q30 0.711 

4.90 - 2.769 0.308 0.01-30 2.300 

Lotito and Lotito (2014) carried out rheological measurements on sewage sludge in the aim to design 

pump [51]. The 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 temperature (10 to 30°C) [51]. The Bingham model was used and the 

Ostwald model provided good correlation coefficients [51]. The authors concluded that the yield stress 

and consistency coefficient increased with TS concentration and decreased with temperature [51]. 

Moreover, they suggested that the raw mixed sludge would be pumped most easily and the return 

activated sludge the less easily [51]. The coefficients of the three sludge studied at 30°C are shown in 

the Table 6 [51]. 

 Bingham coefficients and thixotropy at 30°C [51] 

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 

Jiang et al. (2014) published a paper on the characteristics of highly concentrated anaerobic digested 

sludge with TS upper to 8% [52]. The impact of TS (8 to 16%) and temperature (35, 55 and 70°C) were 

studied [52]. The Hershel-Bulkley model was used to model the sludge rheology [52]. The authors 



 

concluded that the sludge rheology is more impacted by the TS than the temperature [52]. The Table 7 

presents the yield stress obtained by flow and dynamic measurements [52]. 

 Yield stress obtained by flow and dynamic measurements [52] 

TS (%) flow  (Pa) dyn  (Pa) 

8 25.3 35 

10 81 91 

13 171 300 

16 319.2 420 

Dai et al. (2014) studied the rheology evolution of sludge through high-solid anaerobic digestion [53]. 

The influence of the SRT and the temperature were studied [53]. The authors also used the Hershel-

Bulkley model [53]. In conclusion, shear stress, viscosity, yield stress, consistency index are lower and  

flow index is higher with longer SRT [53]. Furthermore, the TS of the thermophilic digester is higher 

than the TS of the mesophilic digester, but has a better flowability [53]. The authors said that the sludge 

rheology could be a controlling parameter of anaerobic digestion process [53]. 

 Rheological properties and models [54] 

Digested substrate 
TS 

(%) 
Viscosity curve behaviour dyn  

(mPa.s) 

lim  

(mPa.s) 

Slaughter house 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 modelling of rheogram data [54] 

Digested substrate 

Herschel-Bulkley Ostwald Bingham 

0  

(Pa) 
n k (Pa.sn) R² n 

k 

(Pa.sn) 
R² 

0  

(Pa) 
R² 

Slaughter house 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 5.10-10 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 

Farno et al. (2014) studied the impact of temperature and thermal history (20°C to 80°C, then to 20°C) 

on the sludge rheology [55]. The authors concluded that the changes in temperature, previously cited, 

affect irreversibly the rheology and the yield stress [55]. Moreover, a proportionality was found between 

the soluble COD and the yield stress and infinite viscosity [55]. Next, Farno et al. (2015) studied the 

impact of temperature and duration of thermal treatment on anaerobic digested sludge [56]. The authors 

used a modified Hershel-Bulkley model by coupling the Herschel–Bulkley and Bingham model, 

developed by [47, 56]: 



 

  0

n

HO k         (40) 

Where / HO   is dimensionless shear stress. A new model for the prediction of yield stress and apparent 

viscosity at various temperatures and thermal histories is proposed [56]. Moreover, 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 [56]. 

In the CFD model developed by López-Jiménez et al. (2015), according to the sludge treated in a 

Wastewater treatment plant anaerobic digester, different TDS contents sludge were used in simulations: 

2.5, 5.4 and 9.1 TDS. At the beginning, the fluid was considered Newtonian. The physical parameters 

are given in the Table 1 [42]. This hypothesis was supported by viscosity measurements from a rotating 

viscometer [42]. The physical parameters are given in the Table 5. As a second assumption, the sludge 

was considered non-Newtonian, the rheological properties used in the CFD model are those of liquid 

manure given in the Table 17 [42]. 

According to the study conducted by Hong et al. (2015), the solid concentration, the temperature, and 

the sludge age affect the viscosity, the yield stress, the flow index and the flow consistency [57]. The 

authors also noted that a low temperature storage (4°C), thus the sludge age, affected the sludge rheology 

[57]. Moreover, they tested various rheological models: Bingham, power law (Ostwald), Herschel-

Bulkley, Casson, Sisko, Careau and Cross models [57]. They concluded that the Bingham plastic and 

Sisko models best fitted with experimental data [57]. The yield stress and viscosity (Bingham model), 

and the infinite-rate viscosity, flow consistency index and flow index (Sisko model) for different 

temperature are shown in the Table 10. The Table 11 presents the rheological parameters of sludge for 

different sludge age. The Table 12 presents the yields and the viscosity for varying TS. 

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

index and flow index (Sisko model) for different temperature [57] 

T (°C) 
Bingham model Sisko model 

0  (Pa)   (Pa.s) 
IR  (Pa.s) FCI (s) FI 

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 

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

index and flow index (Sisko model) for different sludge age [57] 

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

0  (Pa)   (Pa.s) 
IR  (Pa.s) FCI (s) FI 

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 

  Yield stress and viscosity for different TS [57] 

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 

Seyssiecq et al. (2015) carried out in situ rheological characterisation of wastewater sludge in order to 

compare stirred bioreactor (helical ribbon impeller equipped with a rheometer) and pipe flow 

configurations [58]. The use of the two configurations is discussed in the paper [58]. The authors 

concluded that the Hershel-Bulkley model best fits with the experimental data obtained with the helical 

ribbon impeller [58]. Nonetheless, the measurements on suspensions were not consistent, and thus 

required an adjustment du to wall slip effect [58]. The model parameters are given in function of TSS 

concentration [58]. The principal interest of in situ characterisation is 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 facilitates the study of the medium during digestion process 

in real time. 

Cheng and Li (2015) studied the rheological behaviour of sewage sludge with TS content ranging from 

2 to 15% [59]. They found that the influence of organic content was non-significant at low TS (inferior 

to 6%) [59]. A new model was developed, combining the exponential model and power model in order 

to describe the relation between TS, shear rate and viscosity of the high solids sludge [59]. 

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

digested and secondary sludge mixtures [60]. The sludge studied (1.4 to 7% TS) were chosen because 

it can be treated in anaerobic digester [60]. A master curve was developed in order to predict the sludge 

flow behaviour independently of TS concentration [60]. 

Feng et al. (2016) studied the rheological behavior of the sludge in an anaerobic digester (105 days) 

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

compared [61]. The Herschel-Bulkley model best fitted [61]. The authors observed that the TSS 

concentration influenced the viscosity [61]. 

Al-Dawery (2016) studied the effects of suspended solid and polyelectrolyte on the settling and the 

rheological properties of municipal activated sludge [62]. The authors used the Bingham model [62]. 

They concluded that yield stress and limit viscosity increased with the increase of TS and the limit 

viscosity is strongly dependent on TS [62]. 

Zhang et al. (2016) studied the variation of the rheological characteristics of high-solid (15-20% TS) 

municipal sludge during the anaerobic digestion process [63]. The two-part Hershel-Bulkley model was 

used to characterise the rheological behaviour of the sludge [63]. The model parameters at different 

stage of digestion are given in the paper [63]. The authors observed that the yield stress, viscosity, and 

critical shear rate decreased with the digestion [63]. 

Cao et al. (2016) studied the rheology of municipal sewage sludge (with and without anaerobic 

digestion) [64]. The authors performed rheological measurements at 20, 35 and 55°C, and at TS 

concentration from 4 to 10% [64]. In this study, the authors compared three rheological models (Ostwald 



 

de Waele, Herschel-Bulkley and Bingham), and found that Ostwald de Waele model best fitted with 

experimental data [64]. The authors concluded that the TS concentration and temperature impacted 

sludge rheology critically [64]. 

Markis et al. (2016) established an equation to predict the viscosity in function of the pH [65]. The 

authors worked on various mixtures of primary, secondary and anaerobically digested sewage sludge 

[65]. The equation developed is [65]: 

  20.0135 0.1965 0.667pH pH       (41) 

The authors [65] used a dimensionless Hershel-Bulkley form, developed by Markis et al. (2014) [66]. 

In this paper, the authors studied the impact of TS content on the viscosity of the sludge [66]. The study 

showed that the apparent viscosity, the yield stress and the fluid consistency increased with the 

increasing of TS concentration [66]. 

Hong et al. (2017) showed that the yield stress and the viscosity of digested sludge increased with the 

increasing of TS and VS concentration [67]. Moreover, Hii et al. (2017) showed that the treated sludge 

viscosity and the yield stress decrease linearly with temperature [68]. Furthermore, the soluble COD has 

linear correlation with yield stress and apparent viscosity [68]. The authors used the Hershel-Bulkley 

model and gave the calculated parameters [68]. 

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

solid and fluid behaviour of sludge (TS around 20%) [69]. They studied various samples: raw sludge, 

six days aging sludge, 5 min mixing sludge and 20 min mixing sludge [69]. It was found that the 

viscosity and yield stress are the most sensitive rheological factors to operational conditions [69]. The 

impact of the aging and the mixing of sludge is a decrease of the viscosity and the yield stress with an 

increase of the adhesive effect [69]. 

Abbà et al. (2017) studied the rheology and microbiology of sludge from a thermophilic aerobic 

membrane reactor [70]. The Hershel-Bulkley model fitted with experimental data [70]. In this work, the 

authors studied the influence of pH, aeration, temperature and suspended solid concentration (biomass 

concentration) on rheological behaviour of sludge [70]. 

Bobade et al. (2017) studied the impact of gas injection on the apparent viscosity and viscoelastic 

property of waste activated sewage sludge [71]. In another study published in 2018, the authors proposed 

a linear relationship between the change of viscoelastic properties and the change of other 

physiochemical properties [72]. 

Gienau et al. (2018) carried out study on the rheological characterisation of 16 anaerobic sludge from 

agricultural and bio-waste biogas plants [73]. The power-law equation was used to describe the 

rheological behaviour and the Arrhenius law was used for the temperature dependency [73]. The authors 

highlighted that the temperature-dependent rheology is essential for engineering utilisations such as 

pressure drops, agitators and pumps design [73]. 

Cao et al. (2018) studied the effect of TSS content and heat and anaerobic digestion treatments on the 

rheological properties of municipal sludge [74]. They found that the sludge exhibits shear-thinning 

behaviour [74]. The viscosity of the anaerobically digested sludge is the lowest, then it is fresh mixed 

sludge and the most viscous is the thermal hydrolysed sludge [74]. The Hershel-Bulkley model fits well 

with the experimental results [74]. 



 

Björn et al. (2018) studied the rheology of sewage sludge [38]. They found that the Bingham model, the 

Ostwald model and the Hershel-Bulkley model fitted with experimental data, depending on the sample 

[38]. The rheological models and parameters are shown in the Table 13. 

  Rheological models and parameters of primary and biological sewage sludge [38] 

TS (%) 
TVS 

(%) 
T (°C) 

WV 

(m3) 
Rheological model 0  (Pa) k (Pa.s) 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 

2.1. Manure 

Achkari-Begdouri and Goodrich (1992) carried out rheological measurements on Moroccan dairy cattle 

manure at different TS content and temperature [75]. They studied this fluid between 2.5 and 12.1% TS 

and from 20 to 60°C [75]. We present in the Table 17 the rheological parameters k and n for different 

TS content at 35°C [75]. The consistency coefficient k  and the power-law index n of liquid manure are 

expressed [75–77]: 

    104830 0.58319
8.722 10

T TS
k e    

  
   (42) 

   0.6894 0.0046831 273 0.042813n T TS        (43) 

The density, the specific heat and thermal conductivity are expressed [75, 76, 78, 79]: 

  4187.5 28.9pC TS     (44) 

  0.6173 0.0069 TS      (45) 

  3 20.0367 2.38 14.6 1000TS TS TS          (46) 

Rheological properties of liquid manure are dependent on TS [79]. Moreover, viscosity and shear stress 

increase exponentially with the increase of TS [79]. The authors used non-linear regression technique 

to get the following relations [79]: 

  0.4620.001 TSe    (47) 

  0.4620.157 STe    (48) 

The rheological properties used in this study are shown in the Table 17. (Bakker et al., 2009) carried 

out numerical modelling of non-Newtonian slurry, using Hershel-Bulkley and Bingham models [80]. 

We show in the Table 14, the rheological properties used in the models for the simulations [80]. 

 

 Bindura nickel ore slurry rheological properties used in Hershel-Bulkley and Bingham 

models [80] 

Model wf % k (Pa.s) 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 6.79.10-3 - - 1.945 

50 1.47.10-2 - - 8.189 

50 7.42.10-2 - - 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 faecal waste, urine, and flushed water from vacuum 

toilets) (sample 1) and black water with ground kitchen waste (sample 2) [81]. Depending on the 

percentage of TSS, the slurry rheological behaviour is described by the Hershel-Bulkley model, the 

Bingham model or the linear model [81]. The viscosity increases with increase in TSS concentration 

and decreases with increase of temperature [81]. The authors concluded that the Hershel-Bulkley model 

best suits. The physical properties (at 30°C) are related in the Tables 15 and 16. In their model, Wu 

(2010) considered that the manure slurry exhibits non-Newtonian pseudo-plastic fluid behaviour when 

TS is superior to 2.5% [82]. The rheological properties of liquid manure are presented in the Table 17. 

 Slurry rheological properties at 30°C (sample 1) [81] 

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) [81] 

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, 42, 75, 76, 78, 79, 82–84] 

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 

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).



 

2.2.  Other types of biowaste 

There is very little research on the rheology of solid waste such as food waste. However anaerobic 

digestion of biowaste is worthwhile. (Diamante and Umemoto, 2015) presented a review on the 

rheological properties of fruits and vegetables [85]. The corresponding models and source to specific 

categories of waste are presented in the Table 18. 

 Rheological models of fruits and vegetables 

Model Waste Source 

Hershel-Bulkley 

Berry fruits products [86–90] 

Stone fruits [90–97] 

Coriander puree [98] 

Mint puree [98] 

Tamarind juice [99] 

Tomato juice [100, 101] 

Power-Law 

Citrus fruit juice [102, 103] 

Kiwifruit juice [102] 

Guava products [104, 105] 

Fenugreek paste [106] 

Tomato ketchup [107] 

Bingham 
Sloe juice [96] 

Pineapple juice [108] 

Newtonian 

Cherry juice [92] 

Carrot juice [109] 

Apple juice [91, 110] 

Pear juice [103, 110] 

A study was conducted in 2017 in order to characterise treated and non-treated putrescible food waste 

[111]. In this study, the authors worked on anaerobically digested and diluted carbohydrates, vegetables 

& fruits, and meat samples [111]. Rheological measurements were performed at different temperature 

(25, 35 and 45°C) using a model ARG2 stress-controlled rotational rheometer (TA Instrument Ltd, US) 

[111]. They concluded that food waste exhibits shear-thinning flow behaviour; viscosity is a function of 

temperature and composition; the composition affects the flow properties; at a given temperature, the 

viscosity decreased as the carbohydrate proportion increased, thus the high water content of vegetable 

and fruits (or TS) is a key controlling factor of the rheology; and the Hershel-Bulkley model is used to 

characterise the food waste flow behaviour [111]. 

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

conditions [38]. The rheological models and parameters are shown in the Table 19. 



 
  Rheological models and parameters [38] 

Feedstock 
WV 

(m3) 

TS 

(%) 

TVS 

(%) 

T 

(°C) 

Rheological 

model 
0  

(Pa) 

k 

(Pa.s) 
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 

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.



 

2.3.  Gas 

The physical properties of the biogas used in the CFD model developed by (Yu et al., 2013) are presented 

in the Table 20. 

 Gas rheological properties 

Source   (kg.m-3)   (Pa.s) Bubble diameter (mm) 

[44] 1.139 1.9.10-5 0.1 

3. Global models: kinetic models 

Anaerobic digesters are subject to various instabilities that can lead to process failure. On an industrial 

scale, the consequence can go as far as stopping the digester and sludge or chemicals addition to relaunch 

the unit. As the costs generated are very important, it is essential to put in place strategies to avoid 

malfunctions. Models are thus developed in order to adapt the industrial parameters (hydraulic residence 

time, applied organic load, agitation, etc.) according to the composition of the inputs. For this reason, 

research on the biochemical modeling of anaerobic digestion and the adaptation of models to various 

substrates are carried out. In this part, we present the evolution of biochemical models of anaerobic 

digestion. Their improvements, leading to the development of more and more complex models, are 

possible thanks to measurements of intermediate products and kinetics of reactions. 

A review on the modelling of anaerobic digestion was published by Lyberatos and Skiadas (1999). This 

review addresses the mathematical models developed before 1999 [112]. The first models were limited 

to the modeling of the rate-limiting step, also called the rate-determining step, which is the slowest [112, 

113]. However, depending of parameters, such as hydraulic loading rate, temperature and so on, the 

rate-limiting step is not always the same [112]. This is how various models are developed, based on 

different rate-limiting step [112]. Thus, the author pointed out that in considering the limiting-step 

hypothesis, we obtain simple and readily models, but the models do not describe very well the digester 

behaviour [112]. The limiting-step considered in literature are the hydrolysis, the acetogenesis and the 

methanogenesis [112]. Depending of the models, different inhibitions are taken into account, the 

different key parameters are the unionised VFA, the unionised NH3, the unionised acetate, the toxic 

substances, the total VFA, the H2 partial pressure, the unionised propionate and butyrate and the pH 

[112]. The different developed models are adapted to various substrates: soluble organics matter, animal 

waste, easily fermentable substrates, biodegradable organic particulate, glucose and soluble 

carbohydrates [112]. 

Andrew and Graef developed a dynamic model of anaerobic digestion [114]. The methanogenesis was 

considered as the rate-limiting step [114]. They integrated an inhibition function for volatile acids 

concentration and specific growth rate for methanogens [114]. The unionized acid as the growth limiting 

substrate and inhibiting agent were considered [114]. Finally, the consideration of the interactions 

between the liquid phase, the gas and the biological phases was included. Then, Graef and Andrews 

(1974) added an expression for organism death due to a conservative toxic agent [115]. The unionised 

VFA inhibition was accounted [112, 115]. 

Hill and Barth (1977) included a group of hydrolytic bacteria to consider the degradation of the soluble 

substrate into acetic acid [113]. The model is suitable for animal waste anaerobic digestion [113]. The 

formation of gases, the carbonate equilibrium and the nitrogen balance were added [113]. The 



 

mathematical model predicted the percent of methane, the percent of carbon dioxide and the percent of 

ammonia [113]. The authors considered two microbial culture model, composed of the acid-formers 

(facultative heterotrophs) and the methane-formers (obligate anaerobes) [113]. They took into account 

the inhibitions due to unionised VFA and unionised NH3 [112, 113]. Furthermore, the kinetics is in 

function of process temperature [112, 113]. 

Thanks to advances in microbiology, Hill (1982) developed a more complete model which considered 

the acidogenesis; the acetogenesis, the homoacetogenesis and the methanogenesis steps [116]. The H2 

methanogenic archaea and the acetate methanogenic archaea were considered separately [112, 116]. The 

acetogenesis was the limiting-step [112, 116]. The inhibitions due to total VFAs concentrations were 

accounted [112, 116]. The model is valid for swine, dairy, beef and poultry manures [116]. 

Kleinstreuer and Poweigha (1982) developed a transient two-culture anaerobic digestion model [117], 

suitable for various substrates [112]. The acetogenesis and the methanogenesis were integrated in the 

model [117]. The mathematical model consisted in 11 coupled, non-linear first-order rate equations 

based on mass conservation and biochemical reaction kinetics [117]. The unionised acetate and toxic 

substances were accounted as inhibition at each reactions [112, 117]. Moreover, the kinetics is in 

function of process temperature and pH [112, 117]. 

Bryers (1985) considered the four chemical reactions of anaerobic digestion process and the 

acetogenesis as the limiting-step [112, 118]. The kinetics are modelled with the Monod model and the 

Monod kinetic is a function of pH for the methanogenesis step [112, 118]. The equations were 

transformed to a unit mass of COD [118]. His model is suitable to biodegradable organic particulate 

substrates [112]. Moletta et al. (1986) also considered a two-stages model with acidogenesis and 

methanogenesis [119]. The model is suitable for the digestion of easily fermentable substrates [112]. 

Moreover, as [113, 117], the inhibitory effects of the unionised acid concentration on microorganisms 

growth rate and the methane production from acetate were taken into account separately [119]. 

Afterwards, models using H2 as control parameter are developed [112]. We find the model of Mosey 

(1983) [120] and Costello et al. (1991) [121]. They both modelled the acidogenesis, the acetogenesis 

and methanogenesis steps [112, 120, 121]. The acetogenesis was the limiting-step [112, 120, 121]. 

Concerning the bacterial groups, they both took into account the acid-forming bacteria, the propionic 

acid bacteria, the butyric acid bacteria, the acetoclastic methane archaea and the hydrogen-utilising 

archaea [112, 120, 121]. Costello et al. regarded in addition the lactic acid bacteria [112, 121]. 

Angelidaki et al. (1993) accounted more inhibition in their model of anaerobic digestion of cattle manure 

in continuously stirred tank reactor [122]. The inhibition due to total VFA, the acetate and free ammonia 

were taken into account [112, 122]. In addition, the pH and the temperature of the process were also 

accurately predicted because these two parameters strongly impact the free ammonia content [122]. The 

mathematical model is complex with the account of the enzymatic hydrolytic step, four bacterial steps 

and 12 chemical compounds [122]. The acetogenesis is the limiting step and the failure of the digester 

is predicted by the pH drop [112, 122]. 

Siegrist et al. (1993) developed a mathematical model for the mesophilic anaerobic digestion of sludge 

[123]. The hydrolysis, the fermentation of aminoacids and sugars anaerobic oxidation of fatty acids, the 

anaerobic oxidation of propionate, the acetate conversion to methane and the hydrogen conversion to 

methane were included in the model [112, 123]. The limiting step was the acetogenesis step [123] as 



 

[122]. Furthermore, the inhibitions due to the H2 partial pressure, the acetate, the pH and the free 

ammonia were considered in this model [112, 123]. 

Batstone et al. (2002) developed the ADM1, with the aim of developing a generalised anaerobic 

digestion model. The ADM1 considers the substrate composition, the kinetic of micro-organisms, the 

biochemical (cellular step: acidogenesis, acetogenesis of both VFAs and LCFAs and methanogenesis; 

extracellular step: disintegration and hydrolysis) and physico-chemical (ion association/dissociation, 

and gas-liquid transfer) processes and the inhibition phenomena. Precipitation phenomenon is not 

included in this model [30]. 

Keshtkar et al. (2003) developed a kinetic model for cattle manure which takes into account the mixing 

conditions of the digester [124]. Indeed, the authors highlighted that existing models consider optimum 

mixing conditions while imperfect mixing patterns are more common [124]. The authors are able to 

evaluate the effects of the hydraulic retention time, the composition of feed, the initial conditions of the 

reactor and the degree of mixing on process performance [124]. They concluded that mixing had 

significant effect on the reactor performance [124]. 

Wu et al. (2006) developed a three-dimensional model for the prediction of the biogas production of 

liquid manure [125]. The authors neglected the momentum and turbulence, considering very low flow 

rate [125]. The model is based on the mass conservation equation, the energy equation, the species 

transport equations and the chemical reaction equations [125]. The simulations results are validated with 

experimental data [125]. 

Lübken et al. (2007) used and modified the ADM1 for simulating the energy production from cattle 

manure and renewable energy crops [126]. The simulations showed that a continuous feeding has a 

negative effect on the net energy yield [126]. Moreover, the ratio of co-substrate to liquid manure 

impacted the energy production when the inflow load was split [126]. 

Yasui et al. (2008) proposed a modified ADM1 structure for the modelling of municipal primary sludge 

hydrolysis [127]. They considered a more elaborate particle disintegration/hydrolysis model for 

considering the degradation of large-sized particles, which requires disintegration before hydrolysis 

[127]. 

Ramirez et al. (2009) developed a modified ADM1 disintegration and hydrolysis structures for 

modelling batch thermophilic anaerobic digestion of thermally pre-treated waste activated sludge. The 

Contois model (1959) [128] was first introduced for the disintegration and the hydrolysis steps instead 

of first-order kinetics and the Hill function was used for modelling the ammonia inhibition of aceticlastic 

methanogens instead of a non-competitive function [129]. 

Fezzani and Ben Cheikh (2009) proposed an extension of ADM1 for including phenolic compounds 

biodegradation processes to simulate the anaerobic co-digestion of olive mill waste at thermophilic 

temperature. The general structure of the ADM1 was unchanged except for the modifications related to 

the inclusion of phenolic compounds degradation processes into acetate and into methane and CO2. The 

impact of soluble phenolic compounds on the pH was considered in the pH simulation equations. The 

inhibitory effect of phenolic compounds on the fermenting process and methanogenic sub-populations 

was considered by the use of non-competitive inhibition functions [130]. 



 

Galí et al. (2009) developed a modified version of ADM1 for agro-waste [131]. Astals et al. (2011) 

proposed a modified ADM1 to model the co-digestion of pig manure and glycerine. It appeared useful 

to predict the methane production and the limitations related to the lack or excess of nitrogen [132]. 

Soda (2011) applied the modified ADM1 to long-term experiments for methane and hydrogen 

production from organic waste [133]. Antonopoulou et al. (2012) modelled the fermentative hydrogen 

production from sweet sorghum extract based on modified ADM1 which included lactate and ethanol 

among the metabolites [134]. 

Abbassi-Guendouz et al. (2012) studied anaerobic digestion at TS content ranging from 10 to 35% [135]. 

They noted a decrease in methane yields with the increase of the dry matter content from 10 to 25% 

[135]. Then, they noticed two different behaviours when increasing from 25 to 35% [135]. One of the 

digesters saw its production identical while the other encountered inhibitions of the process [135]. Thus, 

the authors take into account in the ADM1 model mass transfers, which explain the inhibitions of 

anaerobic digestion at significant dry matter levels [135]. The effect of the reduction of mass transfer is 

the reduction of the microbial hydrolysis rate [135]. A mass transfer coefficient was integrated, taking 

into account the difference between the diffusivity coefficient in the digestate and in water [135]. The 

authors recommended to carried more studies to understand the impact of TS content on the microbial 

community for both wet and dry anaerobic digestion [135]. 

Mottet et al. (2013) proposed a new model structure for the hydrolysis step [136] as (Yasui et al., 2008) 

[127]. They introduced the new model in the ADM1 to improve the representation of the bioaccessibility 

of particulate organic matter [136]. Two particulate organic matter fractions were determined: a readily 

hydrolysable fraction and a slowly hydrolysable fraction [136]. 

Hinken et al. (2014) developed a modified ADM1 to model an up-flow anaerobic sludge blanket reactor 

laboratory plant treating starch wastewater. Lactic acid fermentation (formation, degradation and 

inhibition processes) was added to ADM1 [137]. 

Batstone et al. (2015) presented a review on the application and future needs concerning the 

mathematical modelling of anaerobic digestion processes. They observed an increased demand on 

mathematical modelling in terms of complexity, particularly in anabolic processes, need to consider 

complex behaviour (distributed parameter and non-linear characteristics in space) and the need to better 

characterise inputs and their primary conversion processes, as well as supporting models such as the 

chemistry models [31]. 

Flores Alsina et al. (2015) proposed extensions to the ADM1 in order to describe the interactions among 

phosphorus, sulphur, iron and their potential effect on total biogas production (CO2, CH4, H2 and H2S) 

during sludge stabilisation processes in wastewater treatment plants [32]. 

Barrera et al. (2015) developed a modified ADM1 for the modelling of the anaerobic digestion of cane 

molasses vinasse, extending the ADM1 with sulphate reduction for a very high strength and sulphate 

rich wastewater [138]. The authors included volatile fatty acids (propionic and acetic acids) in the 

sulphate degradation reactions, hereby including an accurate prediction of the concentrations of total 

aqueous sulphide, free sulphides and gas phase sulphides [138]. 

Bai et al. (2015) developed a modified ADM1 to simulate substrate degradation and the influence of pH 

on VFAs production. They found that the Monod model best simulated the soluble protein and 



 

carbohydrate degradation, whereas the Contois model best simulated the particle protein and 

carbohydrate degradation [139]. 

Xie et al. (2016) published a critical review of mathematical modelling on anaerobic co-digestion [140]. 

Compared to anaerobic digestion models, the transient variation in pH and inhibitory intermediates must 

be considered in the anaerobic co-digestion model [140]. Moreover, the conversion and distribution of 

sulphur, phosphorus, and nitrogen need to be developed in anaerobic co-digestion model [140]. 

Bai et al. (2017) developed a modified ADM1 for modelling free ammonia inhibition in anaerobic 

acidogenic fermentation with high-solid sludge [141]. The modification made to the model allows to 

simulate the VFA (acetate, propionate, butyrate and valerate) generation in batch, semi-continuous and 

full scale sludge [141]. The authors tested simple inhibition, Monod and non-inhibition forms [141]. 

The VFA accumulation were successfully simulated with the three models [141]. They concluded that 

the simple inhibition model provides accurate outcomes on VFA generation [141]. The predictions of 

the VFA production with the non-inhibition model are lower than in the experiments [141]. The Monod 

model was the better model in case of semi-continuous fermentation [141]. 

4. Local models: CFD modelling 

4.1. Work Contributions 

In this part, we expose the work contributions of CFD modelling studies. Indeed, this tool has been 

widely used for anaerobic digester or stirred tank flow modelling and process optimisation. The 

contributions are manifold. The Figure 2 presents a histogram showing the number of work per 

contributions. Most of the work have been done on the mixing mode or design, the multiphase study 

and the effect of rheology and TS content. Other studies also include the dead zone study, the turbulent 

flow modelling, the bioreactor configuration, the settling and suspensions modelling and the scale-up 

effect. The Table 21 shows the objectives of the CFD simulations carried out between 2005 and 2019 

and the corresponding papers. 

The mixing mode and design was the most studied aspect, with 34 papers between 2005 and 2019. It 

regroups the choice of mixing system (mechanical mixing, gas mixing or mechanical pumping) [142–

147], the choice of technology (for instance the type of impeller) [83, 142, 146, 148–155], the optimum 

impeller rotational velocity [9, 10, 82, 144, 147, 150, 151, 155–166] or liquid/gas velocity inlet [50, 147, 

154, 167–172] and the position of stirring system [144, 154]. The aims of these studies were the 

reduction of energy consumption. In the same context, studies have also been carried out on the 

bioreactor configurations [82, 143, 146, 149, 151, 165, 167, 169, 172, 173]. 

The study if the effect of substrate rheology and TS content on the flow pattern was also carried out by 

many authors. In fact, the choice of mechanical system is linked to the substrate rheology. Therefore, 

these works allowed to evaluate the impact of the substrate on the power input. It is useful for 

engineering applications. As detailed in the previous part on waste rheology, the choice of rheological 

model and waste characterisation are essential for flow modelling. 



 

Furthermore, the turbulent modelling study is worth of interest. In fact, turbulent flow generally appears 

with stirring. Hence, many works have focused on the choice of the turbulent model such as [77, 162, 

174]. Details on the different approaches are specified in a dedicated section. 

The dead zones volume is a typical result from CFD simulations in anaerobic digestion tank. Indeed, it 

informs the non-agitated areas within the reactor. Thus, based on this, it is possible to evaluate and 

compare agitation strategies and different configurations. We report 16 studies that have produced this 

outcome [9, 42, 45, 79, 82, 149, 153, 158, 160, 163, 167, 169, 170, 172, 174, 175]. 

Many works concerned the multiphase study. Multiphase flow modelling is necessary for gas mixing 

[145, 152] and mechanical pumping modelling [144, 176]. In addition, it is also used to model the 

settling phenomena’s, such as [44]. These works are detailed in a subsequent section. 

 

Figure 2: Contributions of work using CFD modelling in stirred tank 
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 Objectives of the CFD simulations 

Sources Authors Date Objectives 

[167] 

[157] 

[177] 

[42] 

[162] 

Vesvikar and Al-Dahhan 

Zadghaffari et al. 

Wu 

López-Jiménez et al. 

Cheng et al. 

2005 

2009 

2010 

2015 

2017 

Visualisation of flow pattern, proxy of hydrodynamic parameters and study of  mixing time 

[178] 

[156] 

[79] 

[179] 

[180] 

[162] 

[181] 

[155] 

Alcamo et al. 

Zhengming 

Wu and Chen 

Zadghaffari et al. 

Coughtrie et al. 

Cheng et al. 

Madhania et al. 

Wiedemann et al. 

2005 

2006 

2007 

2010 

2013 

2017 

2018 

2018 

Computation of the turbulent flow in a stirred tank 

[79] 

[172] 

[175] 

[170] 

[153] 

[163] 

[169] 

Wu and Chen 

Karim et al. 

Mendoza et al. 

Sajjadi et al. 

Mohammadrezaei et al. 

Lebranchu et al. 

Leonzio 

2007 

2007 

2010 

2016 

2017 

2017 

2018 

Characterisation of the mixing and dead zones/ Reduction the percentage of poorly mixing zone 

[79] 

[177] 

[77] 

[158] 

[48] 

[182] 

[145] 

[176] 

[159] 

[111] 

[146] 

[50] 

[181] 

[165] 

Wu and Chen 

Wu 

Wu 

Bridgeman 

Craig et al. 

Ryma et al. 

Dapelo et al. 

Zhang et al. 

Wang et al. 

Mishra and Ein-Mozaffari 

Meister et al. 

Dapelo and Bridgeman 

Madhania et al. 

Rasouli et al. 

2007 

2010 

2012 

2012 

2013 

2013 

2015 

2016 

2017 

2017 

2018 

2018 

2018 

2018 

Study of the effect of TS content on rheological properties, on the mixing time or on the required impeller torque 



 
[166] 

[168] 

Xie et al. 

Wei et al. 

2019 

2019 

[148] Jahoda et al. 2007 Study of the liquid homogenisation in stirred tank 

[172] 

[149] 

[169] 

[165] 

[173] 

Karim et al. 

Meroney and Colorado 

Leonzio 

Rasouli et al. 

Foukrach et al. 

2007 

2009 

2018 

2018 

2019 

Test of different configurations of the bottom of the digester or of the tank 

[45] Terashima et al. 2009 Addition of 3D pseudoplastic laminar model in the CFD model in order to describe the rheological properties of sludge 

[142] 

[152] 

[144] 

[145] 

[176] 

[159] 

[183] 

[160] 

[153] 

[163] 

[146] 

[50] 

[169] 

[154] 

[164] 

[10] 

[165] 

[155] 

[166] 

Wu 

Wu 

Trad et al. 

Dapelo et al. 

Zhang et al. 

Wang et al. 

Zhang et al. 

Rasool et al. 

Mohammadrezaei et al. 

Lebranchu et al. 

Meister et al. 

Dapelo and Bridgeman 

Leonzio 

Zhang et al. 

Xinxin et al. 

Zhai et al. 

Rasouli et al. 

Wiedemann et al. 

Xie et al. 

2009 

2014 

2015 

2015 

2016 

2017 

2017 

2017 

2017 

2017 

2018 

2018 

2018 

2018 

2018 

2018 

2018 

2018 

2019 

Study of mixing designs in anaerobic digesters 

[83] 

[170] 

[146] 

Yu et al. 

Sajjadi et al. 

Meister et al. 

2011 

2016 

2018 

CFD study in high solid anaerobic digester 

[175] 

[44] 

[183] 

[147] 

[154] 

[166] 

Mendoza et al. 

Yu et al. 

Zhang et al. 

Fan et al. 

Zhang et al. 

Xie et al. 

2011 

2013 

2017 

2018 

2018 

2019 

Study of the stratification, settling, suspension or granulation in anaerobic digester 



 

[44] Yu et al. 2013 Evaluation of the biomass retention physical process 

[79] 

[177] 

[150] 

[44 

[174] 

[159] 

Wu and Chen 

Wu 

Wu 

Yu et al. 

Vesvikar and Al-Dahhan 

Wang et al. 

2007 

2010 

2011 

2013 

2015 

2017 

Study of the scale effect 

[184] Okiyama et al. 2017 Study of the species concentration profiles 

 



 

4.2. Reactors and mixing systems 

Various reactors have been studied in literature. First of all, a distinction is made between laboratory, 

pilot and full-scale reactors.  

Then, three mixing systems are used in stirred tanks (anaerobic or aerobic): gas mixing, mechanical 

pumping and mechanical mixing. The Figure 1 presents the proportion and the numbers of studies of 

each mixing systems from 2005 and 2019. Mechanical mixing is the most studied with 36 papers (58%). 

Then, gas mixing and mechanical pumping were studied in 12 (19%) and 14 papers (23%) respectively. 

 

Figure 1: Proportion and number of studies of each mixing systems: Gas mixing, Mechanical 

pumping and Mechanical mixing 

Furthermore, we have different types of digesters with different stirring modes and shapes. Details on 

agitation mode, reactor type, diameter, agitation speeds or flow rate and exact agitation technology are 

shown in the Table 23. Various stirring technologies have been tested such as the six-blade Rushton 

turbine, the Lightnin A310 and draft tube with different diameters. The aim was to determine the most 

efficient technology and the appropriate stirring velocity or flow rate to achieve the desired agitation 

and homogenisation of the medium. 

The modelling of the mechanical stirring can be carried out by different methods. We report in the Table 

22 the approaches chosen in the different studies and specify the interests of each method. In the case 

of stirred digesters or tanks, two main methods were frequently used: the Moving Reference Frames 

(MRF) and the Sliding Mesh (SM). In the case of SM, two zones are defined. A mobile zone where the 

mechanical agitator is located, and a stationary zone. The interface between the zones must be identical 

for the two regions. Regarding the MRF, we consider a multi-fluid flow. Indeed, a speed rotation is 

assigned to the moving volume. 

Cortada-Garcia et al. did experimental and CFD studies of power consumption in the agitation of highly 

viscous shear thinning fluids. The two main approaches for modelling stirred tanks are the MRF and the 

SM [185]. The MRF converged fast, but it was suitable only for steady-state flows [185]. In a stationary 

Mechanical 

mixing, 36, 58%
Mechanical 

pumping, 14, 

23%

Gas mixing, 12, 

19%



 

frame of reference (stationary relative to the laboratory) the flow in the stirred tank is unsteady [185]. 

In contrast, SM was suitable also for unsteady flows, for which it provided a time dependent solution, 

but at the expense of significant computational effort and time [185]. In the SM approach, the geometry 

should have at least two connected non-deforming sections that slide in relation to each other [185]. 

The SM technique was more accurate, but it was also much more time consuming than the MRF [148]. 

Wu (2010) also compared the two techniques [177], the authors preferred the MRF approach in terms 

of prediction accuracy and computing time [177]. 

In conclusion, two meshing approaches exist for the modelling of mixing. Both MRF and SM are used 

by many authors. The SM approach provided more accurate results but it was more time-consuming. 

Furthermore, the SM approach should be used in case of transient simulations. 

 Mechanical stirred tank meshing approach 

Multiple Reference Frames  

(Steady-state simulations) 

Sliding Mesh  

(Transient simulations) 

Jahoda et al., 2007 [148] 

Zadghaffari et al., 2009 (MRF at the start and then SM) [157] 

Zadghaffari et al., 2010 (MRF at the start and then SM) [179] 

Wu, 2010 [177] 

Wu, 2012 [77] 

Cortada-Garcia et al., 2017 [185] 

Madhania et al., 2018 [181] 

Wu, 2009 [142] 

Wu, 2010 [82] 

Wu, 2011 [150] 

Yu et al., 2011[83] 

Craig et al., [48] 

Ryma et al., 2013 [182] 

Trad et al., 2015 [144] 

Zhang et al., 2017 [183] 

Ri et al., 2017 [186] 

Rasool et al., 2017 [160] 

Wang et al., 2017 [159] 

Cheng et al., 2017 [162] 

Mohammadrezaei et al., 2017 [153] 

Mohammadrezaei et al., 2018 [9] 

Xinxin et al., 2018 [164] 

Rasouli et al., 2018 [165] 

Meister et al., 2018 [146] 

Wiedemann et al., 2018 [155] 

Foukrach et al., 2019 [173] 

Hartmann et al., 2004 [187] 

Jian and Zhengming, 2006 [156] 

Mishra and Ein-Mozaffari, 2017 [161] 

Lebranchu et al., 2017 [163] 

Fan et al., 2018 [147] 

4.3. Multiphase flow modelling 

There is different ways to model the digestion medium. First, we can consider one liquid phase, 

regrouping the both liquid part and particles, neglecting the biogas. This assumption is largely used for 

the study of mechanical mixing. Second, liquid-solid two-phase flow [161, 183] or liquid-gas-solid 

three-phase flow [44] can be used to study the settling and suspensions phenomena. Third, we can 

consider two-phase flow: liquid-liquid or liquid-gas. These approaches are used for the study of 

mechanical pumping and gas mixing respectively. 



 

We summarise in Table 24 the multiphase studies with the considered phases, the mixing system, the 

mathematical model the turbulent model, the fluids and the multiphase approach. Three multiphase 

approaches to describe the fluid motion have been used: the Euler-Euler approach [44, 143, 147, 152, 

154, 159, 161, 165, 166, 183], the Lagrange-Lagrange approach [174] and the Euler-Lagrange approach 

[50, 145, 168, 180].  

In an Eulerian approach, each phase is mathematically considered as follows interpenetrating continua. 

Each phase volume is defined. The sum of all volume fractions is equal to one. The fluid properties are 

written in function of space and time. In the Lagrangian approach, the fluid flow is modelled by 

following the motion and the properties of the particles. The computational cost of the Lagrangian model 

is more expensive than the Eulerian model.  

The three methods provided good results. The Euler-Euler approach is the most used for the multiphase 

modelling of anaerobic digesters. 

 



 

 Agitation mode, reactor type, diameter, agitation speeds or flow rate and exact agitation technology 

Sources Authors Date Mixing system Reactor Reactor diameter 

Intensity / Inlet 

velocity / flow 

rate 

Stirring technology 

[167] 
Vesvikar and Al-

Dahhan  
2005 Gas mixing 

Mimic anaerobic 

digester 
0.2032 m 

0.027, 0.048, 

0.072 cm/s 
Draft tube 

[178] Alcamo et al. 2005 
Mechanical 

mixing 
Stirred tank 0.19 m 200 rpm 6-blade Rushton turbine 

[156] 
Jian and 

Zhengming 
2006 

Mechanical 

mixing 
Stirred tank 0.476 m 

150, 180, 260, 

300 rpm 
3-narrow blade hydrofoil CBY impeller 

[79] Wu and Chen 2007 Gas mixing 
Stirred anaerobic 

digester 

0.12, 1, 1.26, 

1.44, 1.6, 1.72 m 
2, 5 m/s Draft tube 

[148] Jahoda et al. 2007 
Mechanical 

mixing 
Stirred tank 0.29 m 300 rpm 

Six-blade 45° pitched blade turbine, 

standard Rushton turbine 

[172] Karim et al. 2007 Gas mixing Gas-lift digester 0.2032 m 

28.32, 56.64, 

84.96 l/h 

(superficial gas 

velocities: 0.02, 

0.05, 0.07 cm/s) 

Draft tube (4.4 cm internal diameter) 

[149] 
Meroney and 

Colorado 
2009 

Mechanical 

pumping 

Full-scale circular 

anaerobic digester 

tank 

13.7, 21.3, 30.5, 

33.5 m 
395 l/min 

Single and multiple draft impeller tube 

mixers (jet mixing) 

[45] Terashima et al. 2009 
Mechanical 

pumping 

Egg-shaped 

anaerobic digester 
11 m 0.2 m3/min Draft tube mechanical mixer 

[142] Wu 2009 

Mechanical 

mixing & 

Mechanical 

pumping 

Full-scale 

anaerobic digester 
12 m   

(1) Mechanical pumping by two 10 hp 

propellers in two external draft tubes, (2) 

mechanical stirring by two 10 hp side‐

entry propellers, (3) mechanical pumping 

by one 20 hp propeller in an internal draft 

tube, and (4) mechanical stirring by one 20 

hp top‐entry propeller. 

[157] Zadghaffari et al. 2009 
Mechanical 

mixing 

Fully baffled 

stirred vessel 
0.30 m 

225, 300, 400 

rpm 
Two six-blade Rushton turbines 

[179] Zadghaffari et al. 2010 
Mechanical 

mixing 
Baffled tank 0.30 m 250 rpm Six-blade Rushton turbine 



 

Sources Authors Date Mixing system Reactor Reactor diameter 

Intensity / Inlet 

velocity / flow 

rate 

Stirring technology 

[171] Wu 2010 
Mechanical 

pumping 

Full-scale 

anaerobic digester 

12, 13.74, 15.12, 

16.29, 17.31 m 

0.138 to 0.209 

m/s 
Pumped circulation 

[177] Wu 2010 
Mechanical 

mixing 

Full-scale 

anaerobic digester 
0.147 m 600 rpm Rushton turbine 

[82] Wu 2010 
Mechanical 

pumping 

Egg-shaped and 

cylindrical shape 

anaerobic digester 

20.1 m 

400, 450, 500, 

550, 600, 650, 

700, 750 rpm 

Draft tube (pumped recirculation) 

[143] Wu 2010 

Gas mixing & 

Mechanical 

pumping & 

Mechanical 

mixing 

Cylindrical tank 

with conical 

bottom 

12 m 7.6 m/s Draft tube (0.66 m diameter) 

[150] Wu 2011 
Mechanical 

mixing 

Lab-scale and full-

scale (model 

application) 

anaerobic digester 

0.9 m and 12 m 
60, 150, 250, 

350, 800 rpm 

Pitched blade turbine (Lightnin A310 and 

PMSL 3LS39) 

[175] Mendoza et al. 2011 
Mechanical 

pumping 

Full-scale 

anaerobic digester 
30.5 m - 2 nozzles DINOMIX system (jet) 

[83] Yu et al. 2011 
Mechanical 

mixing 

Cylindrical 

anaerobic digester 

with conical 

bottom 

0.152 m 500 rpm 
A-310 impeller (62 mm diameter) and 

helical ribbon (120 mm diameter) 

[151] Wu 2012 
Mechanical 

mixing 

Cylindrical tank 

and rectangular 

lagoon 

Cylindrical tank: 

40.844, 64.618, 

71.932, 86.564, 

65, 120 m 

400, 416, 425, 

420, 440 rpm 
6 impellers (3 blades) 

[188] Wu 2012 
Mechanical 

pumping 

Egg-shaped plug-

flow anaerobic 

digester 

 -  -  - 

[77] Wu 2012 
Mechanical 

mixing 

Cylindrical 

anaerobic digester 

with conical 

bottom 

0.152 m 
500 rpm (model 

validation) 
Lightnin A310 



 

Sources Authors Date Mixing system Reactor Reactor diameter 

Intensity / Inlet 

velocity / flow 

rate 

Stirring technology 

[158] Bridgeman 2012 
Mechanical 

mixing 

Lab-scale 

cylindrical vessel 
0.160 m 

30, 50, 100, 200 

rpm 
2 six-blades paddles 

[180] Coughtrie et al. 2013 Gas mixing 

Bench-scale 

anaerobic gas-lift 

digester 

0.2032 m   Central draft-tube 

[44] Yu et al. 2013 Gas mixing 

Lab-scale and 

pilot-scale 

anaerobic digester 

with conical 

bottom 

0.0762 m and 

0.117 m 
1.24 m/s Jet agitation  

[48] Craig et al. 2013 
Mechanical 

mixing 

Full-scale 

anaerobic digester 
13.5 m 500 rpm 

Impeller situated in a centrally-located 

draft tube (0.61 m diameter) 

[182] Ryma et al. 2013 
Mechanical 

mixing 
Stirred tank 0.36 m 250 rpm 

six-blade Rushton turbine (0.1243 m 

diameter) 

[152] Wu 2014 Gas mixing Cylindrical tank 10 m 7.6 and 8.0 m/S 

Unconfined mixing by 2 bottom diffusers, 

confined mixing by one draft tube, 

unconfined mixing by 2 cover mounted 

lances, confined mixing by 2 bubble guns 

[42] 
López-Jiménez et 

al. 
2015 

Mechanical 

pumping 

Ontinyent 

Wastewater 

Treatment Plant 

anaerobic digester 

15 m   
"HEATMIX": 2 tubes (31 mm internal 

diameter) 

[144] Trad et al. 2015 

Mechanical 

mixing & 

Mechanical 

pumping 

Anaerobic 

submerged 

membrane 

bioreactor 

0.170 m 
100, 150, 200, 

400 rpm 

Four-blade disk Rushton turbine (56 mm) 

& three-blade, 45° pitched blade turbine 

(82 mm) 

[145] Dapelo et al. 2015 

Mechanical 

mixing & Gas 

mixing 

Lab-scale digester 
0.20 m 

(experiment) 

2.05, 5.30, 8.63 

ml/s 
 - 

[174] 
Vesvikar and Al-

Dahhan 
2015 Gas mixing 

Gas-lift loop 

anaerobic digester 

(lab-scale & pilot-

scale) 

6 & 18 inches 
2.74 & 4.5 mm/s 

respectively 
Draft tube 



 

Sources Authors Date Mixing system Reactor Reactor diameter 

Intensity / Inlet 

velocity / flow 

rate 

Stirring technology 

[176] Zhang et al. 2016 
Mechanical 

mixing 

Stirred tank 

reactor (STR) 
0.20 m 80 rpm 

Three-layered 45° pitched blade (0.17 m 

diameter) 

[170] Sajjadi et al. 2016 
Mechanical 

pumping 
Cylindrical tank 0.19 m 0.6, 1.3, 2.6 l/min Jet agitation 

[159] Wang et al. 2017 
Mechanical 

mixing 

Continuously 

stirred tank reactor 

(CSTR) 

0.25 m 
20, 60, 100, 140 

rpm 
Six-blade radial Rushton turbines 

[183] Zhang et al. 2017 
Mechanical 

mixing 
Stirred tank 0.20 m 80 rpm 4 two-blade impellers 

[160] Rasool et al. 2017 
Mechanical 

mixing 

Fully baffled 

stirred tank 
0.30 m 

60 to 135 rpm 

(step 15 rpm) 
three-blade impeller 

[184] Okiyama et al. 2017 
Mechanical 

pumping 

Lab-scale up-flow 

anaerobic packed 

bed 

reactor (APBR) 

0.08 m 4.6 l/day Pumped circulation 

[161] 
Mishra and Ein-

Mozaffari 
2017 

Mechanical 

mixing 

Stirred tank 

(experiment: 

cylindrical vessel) 

0.40 m 180 to 600 rpm 
Maxblend impeller (250 mm 

diame+A42:I42ter) 

[162] Cheng et al. 2017 
Mechanical 

mixing 
Stirred tank 0.24 m 

170, 220, 300, 

400, 425, 440, 

500, 540 rpm 

Rushton turbine (0.08 m diameter) 

[153] 
Mohammadrezaei 

et al. 
2017 

Mechanical 

mixing 

Full-scale 

anaerobic digester 

(1200 l) 

- 30 rpm 
Six-blade turbine, four-blade turbine, six-

flat-blade disc turbine 

[163] Lebranchu et al. 2017 
Mechanical 

mixing 
Stirred tank 0.136 m 

10, 50, 90 rpm & 

22, 66, 110 rpm 

Double helical ribbon & six-blade Rushton 

turbine 

[146] Meister et al. 2018 

Mechanical 

mixing & 

Mechanical 

pumping 

Cylindrical & egg-

shaped digesters 
20.10 m 840 rpm 

Impeller (helical & 4PBT 45) rotating 

within a mechanical draft tube. 

[50] 
Dapelo and 

Bridgeman 
2018 Gas mixing 

Full-scale 

unconfined 

anaerobic digester 

14.63 m 
4.717.10-3 m3/s 

per nozzle 
12 nozzles 



 

Sources Authors Date Mixing system Reactor Reactor diameter 

Intensity / Inlet 

velocity / flow 

rate 

Stirring technology 

[9] 
Mohammadrezaei 

et al. 
2018 

Mechanical 

mixing 

Full-scale 

anaerobic digester 

(1200 l) 

1 m 
0, 40, 80, 120 

rpm 
45° six-blade turbine (0.3 m diameter) 

[181] Madhania et al. 2018 
Mechanical 

mixing 

Stirred tank with 

conical bottom 
0.28 m 1000 rpm 

Side-entry Marine propeller (0.036 m 

diameter) 

[147] Fan et al. 2018 

Mechanical 

mixing & Gas 

mixing 

Aerobic stirred 

tank 
0.165 m 

100, 250, 300 

rpm & 450, 925 

L/h 

Plastic cuboid baffle agitator & diffuser (3 

cm diameter) 

[169] Leonzio 2018 
Mechanical 

pumping 

Anaerobic 

continuously 

stirred digester 

8 m 
Inlet velocity: 0.5 

to 1 m/s 
External pumps 

[154] Zhang et al. 2018 
Mechanical 

mixing 

Spiral symmetry 

stream anaerobic 

bioreactor 

(SSSABR) 

0.08 m 
Inlet velocity: 

2.0*10-3 m/min 
cutting angle set to 30°, 45°, 60° 

[164] Xinxin et al. 2018 
Mechanical 

mixing 

Full-scale 

anaerobic digester 
16 m 

200, 250, 300, 

400, 450 500 rpm 
Side-entering agitator 

[10] Zhai et al. 2018 
Mechanical 

mixing 

Cylindrical pilot-

scale anaerobic 

digester (1m3) 

1.2 m 50, 100, 150 rpm 
Double disc 45° six pitched-blade turbine 

impeller (6PBT-45) 

[165] Rasouli et al. 2018 
Mechanical 

mixing 

Novel prototype 

radial mixed semi-

continuous plug-

flow reactor (PFR) 

0.73 m 20, 50, 100 rpm 32 blades impeller 

[155] 
Wiedemann et al., 

2018 
2018 

Mechanical 

mixing 

Cylindrical 

anaerobic digester 

18 m (CFD), 1.5 

(experiments)  
60, 80 rpm 

3 types of mechanical mixers (propeller 

and paddle) 

[173] Foukrach et al. 2019 
Mechanical 

mixing 

Cylindrical, 

polygon 

(without/with 

baffles), circular 

tanks 

0.6 m - Six-blade Rushton turbine 

[166] Xie et al. 2019 
Mechanical 

mixing 
Stirred tank 0.146 m 

100, 200, 250, 

300 rpm 
Stirring paddle 



 

Sources Authors Date Mixing system Reactor Reactor diameter 

Intensity / Inlet 

velocity / flow 

rate 

Stirring technology 

[168] Wei et al. 2019 Gas mixing 
Gas-lift anaerobic 

digester (7.2 l) 
0.2032 m 

28.32, 56.64, 

84.96 l/h 

(superficial gas 

velocities: 0.02, 

0.05, 0.07 cm/s) 

Gas injection pipe (0.5 cm diameter) & 

draft tube (4.4 cm diameter) 

 

 Multiphase CFD studies 

Sources Authors Date Mixing system Phases Fluids Multiphase approach 

[167] 
Vesvikar and Al-

Dahhan  
2005 Gas mixing Liquid-Gas Dilute slurry (physical properties of water); air - 

[143] Wu 2010 Mechanical mixing Liquid-Gas Liquid manure Euler-Euler  

[180] Coughtrie et al. 2013 Gas mixing Liquid-Gas Slurry Euler-Lagrange 

[44] Yu et al. 2013 Mechanical mixing 
Liquid-Gas-

Solid 
Wastewater 

Eulerian approach 

for each phases  

[182] Ryma et al. 2013 Gas mixing Liquid-Gas 
Addition of variable quantity of CMC 

(carboxymethylcellulose) in water 
Euler-Euler 

[152] Wu 2014 Mechanical pumping Liquid-Gas Power-law fluid Euler-Euler  

[144] Trad et al. 2015 
Mechanical mixing 

& Gas mixing 

Liquid-

Liquid 
 Euler-Euler 

[145] Dapelo et al. 2015 Gas mixing Liquid-Gas Addition of variable quantity of CMC in water Euler-Lagrange 

[174] 
Vesvikar and Al-

Dahhan 
2015 Mechanical mixing Liquid-Gas Slurry (water density) Lagrange-Lagrange 

[176] Zhang et al. 2016 Mechanical pumping 
Liquid-

Liquid 
Cattle manure & corn stover (incompressible, pseudo-plastic) - 

[170] Sajjadi et al. 2016 Mechanical mixing 
Liquid-

Liquid 

Highly viscous xanthan gum solution for simulating municipal 

wastewater (power-law model) 
- 

[159] Wang et al. 2017 Mechanical mixing Liquid-Gas 
Mixture of food waste and activated sludge (homogeneous & 

incompressible) 
Euler-Euler  

[183] Zhang et al. 2017 Mechanical mixing 
Liquid-

Solid-Solid 
Distilled water, floating particles & sinking particles 

Eulerian approach 

for each phases 



 

Sources Authors Date Mixing system Phases Fluids Multiphase approach 

[161] 
Mishra and Ein-

Mozaffari 
2017 Mechanical mixing 

Liquid-

Solid 
Slurry (water is used in experiment) Euler-Euler 

[162] Cheng et al. 2017 Mechanical mixing 
Liquid-

Liquid-Gas 
Water, immiscible kerosene oil & air 

Eulerian approach 

for each phases 

[50] 
Dapelo and 

Bridgeman 
2018 Mechanical mixing Liquid-Gas Wastewater sludge Euler-Lagrange 

[181] Madhania et al. 2018 
Mechanical mixing 

& Gas mixing 

Liquid-

Liquid 

Water, molasses (miscible liquids with high viscosity 

difference) 
- 

[147] Fan et al. 2018 Mechanical pumping Liquid-Gas Water, air bubbles Euler-Euler 

[154] Zhang et al. 2018 Mechanical mixing 
Liquid-Gas-

Solid 

Wastewater (primary phase), gas & sludge granules (second 

phase) 

Eulerian approach 

for each phases 

[165] Rasouli et al. 2018 Mechanical mixing Liquid-Gas Cow dung, biogas Euler-Euler 

[166] Xie et al. 2019 Gas mixing 
Liquid-

Solid 

PPD (pphenylenediamine) solution (liquid phase), solid PMDA 

(pyromellitic dianhydride anhydride) (solid phase) 
Euler-Euler 

[168] Wei et al. 2019   Liquid-Gas Liquid phase (water, sludge1, sludge2), Gas phase (air) Euler-Lagrange 

 



 

4.4. Turbulence modelling 

Turbulence phenomena occur in anaerobic digesters. Different turbulence models exist. Both RANS and 

LES turbulence models were used. In the following part, we specify the choice of turbulence model of 

the different authors for these two categories of turbulence models. In the Table 25, the turbulence 

model studied and chosen and the respective sources are presented. 

In general, the main RANS and LES turbulence models studied in the literature were: 

 Standard k-epsilon, Realisable k-epsilon, Re-Normalisation-Group (RNG) k-epsilon, Reynolds 

Stress Model (RSM), Standard k-omega, SST k-omega;  

 Smagorinsky-Lilly, Smagorinsky-Van Driest, Wall-Adapting Local Eddy-Viscosity (WALE), 

Kinetic Energy Transport (KET). 

In the following sub-sections, we first detail the studies that used a RANS approach, and then those that 

used an LES approach. 

4.4.1. RANS approach 

RANS approach was widely used by many authors for turbulent flow modelling. In fact, this approach 

requires less fine meshes and is therefore less time-consuming. 

In the case of the settling and suspension model, the standard k-epsilon turbulence model wad used for 

suspension process [44]. Just as the previous model, the CFD models [42, 79] employed the standard k-

epsilon turbulence model. Indeed, this turbulence model has been successfully used by many researches 

for similar problems as we can see in Table 25 [42]. The k-epsilon model was also used for the liquid 

phase modelling of the mimic anaerobic digester [167]. The realisable k-epsilon model was used for 

mixing simulations in anaerobic digesters realised by Wu (2009), Wu (2010) and Zhai et al. (2018) [10, 

82, 142]. The model [83] which concerned the high solid anaerobic digesters did not consider turbulent 

flow but laminar flow, assuming that the turbulent flow was suppressed by high viscosity. In [83], the 

standard k-epsilon model was used when the Reynolds number was upper to 1000, the low-Re-k-epsilon 

model was used when the Reynolds number was comprised between 10 and 1000, and the laminar model 

was used when the Reynolds number was inferior to 10 [83].  

The RNG k-epsilon turbulence model was used also used in many studies as specified in Table 25, such 

as for studying the effect of the impeller on sinking and floating behaviour of suspending particles and 

the effect of impeller rotational speed and velocity field [183]. 

Wu (2011) conducted a study on turbulence models. The studied turbulent models were the standard k-

epsilon model, the RNG k-epsilon model, the realisable k-epsilon model, the standard k-omega model, 

the SST k-omega model and the RSM.  It was found that the realisable k-epsilon model and the standard 

k-omega model were the most appropriate models through comparing power and flow numbers [150]. 

Craig et al. (2013) used the SST k-omega turbulence model for the turbulent closure [48]. This choice 

was based on previous authors experiences and recommendations [48, 80, 171]. In this study, the results 

from the RSM and SST k-omega turbulence model were compared. The authors concluded that the 

outcomes were adequately closed for justifying the use of the cheaper SST k-omega turbulence model 



 

[48]. In addition, the turbulent flow of the CFD model developed by Wu (2014) [152] was also modelled 

by the SST k-omega model, as proposed in a previous work [143]. 

Coughtrie et al. (2013) tested four RANS turbulence models (RNG k-epsilon, k-omega SST, Linear 

RSM, and SST Transition) for a gas-lift loop reactor modelling [180]. They concluded that the 

turbulence model had an impact on the flow predictions [180]. Moreover, the SST transition turbulence 

model provided the most accurate predictions for velocity, separation and reattachment and overall flow-

field, whereas the k-omega SST and RSM provided the most accurate results with inaccuracies with 

velocity and separation and reattachment predictions [180]. 

In 2016, a study was carried out to compare different models of turbulence (Spalart-Allmaras, transition 

SST k-omega, k-epsilon, realisable k-epsilon, and RSM) for low Reynolds flow [37]. The authors 

concluded that isotropic models could underestimate the turbulence phenomenon and that the RSM 

model provided the most accurate predictions [37]. 

In their review, Karpinska and Bridgeman (2016) presented a comparison between the standard k-

epsilon model, the RNG, the realisable k-epsilon model, the standard k-omega model, the SST k-omega 

model and the RSM [189]. The standard k-epsilon model was more stable than RNG model [189]. The 

different turbulence models were adapted to different case studies, for instance, the realisable k-epsilon 

model was suitable for planar and rounded jet [189]. Moreover, the SST k-omega model was less 

suitable for free shear flows [189]. The RSM provided accurate results but was computationally 

expensive [189]. They concluded that RANS/URANS closed by the standard k-epsilon model was the 

most computationally efficient scenario for the modelling of activated sludge tanks [189]. 

4.4.2. LES approach 

Different authors explored the LES approach in order to compare the two approaches and to improve 

the simulations precision. In addition, compared to the available numerical resources, we can use 

methods that require more computing time. Therefore, the studies presented below compared LES and 

RANS approaches in different case studies. 

Hartmann et al. (2004) carried out LES and RANS simulations on the flow in a baffled stirred tank 

[187]. They used Smagorinsky and Voke (modified Smagorinsky) subgrid-scale (SGS) models in LES 

simulations, and numerical Lattice-Boltzmann scheme for Navier-Stokes equation discretisation [187]. 

The simulations results were compared with experimental data from LDA [187]. Both models provided 

an accurate representation of the flow field compared to experimental data [187]. The authors concluded 

from the comparison of simulations and experiments that LES provided better results than RANS in 

terms of the structure and levels of the turbulent kinetic energy in the impeller discharge flow [187]. 

The upward directed radial impeller outflow was well represented by the LES model but not found with 

the RANS model [187]. Thereby, LES provided more accurate results than RANS simulations. 

Jian and Zhengming (2006) performed LES with Smagorinsky-Lilly SGS model of mixing process in a 

stirred tank [156]. They found better results (power demand and mixing time) with this approach than 

with RANS approach (with the standard k-epsilon model) compared with experimental predictions 

[156]. Moreover LES was a good tool to investigate the unsteady and quasi-periodic behaviour of the 

turbulent flow in stirred tanks [156]. 



 

Jahoda et al. (2007) also compared RANS with standard k-epsilon model (with MRF and SM 

techniques) and LES with SL SGS model (with SM technique) approaches [148]. They concluded that 

LES was the most time-consuming method but the results on flow patterns and liquid homogenisation 

were closer to reality [148]. 

By comparing results from LES and RANS simulations and experimentations, Zadghaffari et al. (2010) 

concluded that the predictions can be substantially improved with LES [179]. The authors used an eddy 

diffusivity scalar SGS model [179]. 

Jiang et al. carried out CFD simulations and compared three turbulent models: Standard k-epsilon, 

Realisable k-epsilon and Smagorinsky-Lilly [181]. They also recommended the LES approach with the 

Smagorinsky-Lily SGS model [181]. 

In a study conducted by Wu in 2012, the free SGS models investigated were SL model, WALE model 

and KET model [77]. The three models gave very similar results for flow fields [77]. The comparison 

between simulated and measured axial velocities showed that the LES shapes were in general agreement 

with the experimental data but they differed clearly in velocity magnitudes [77]. Concerning the impeller 

power and flow numbers, the SGS models gave excellent predictions, with the KET model provided the 

best results [77]. The author also compared the results with six RANS turbulence models (realisable k-

epsilon model with SM, standard k-omega model with SM, Reynolds stress model with SM, realisable 

k-epsilon model with MRF, standard k-omega model with MRF, Reynolds stress model with MRF) 

[77].  



 

 Turbulence modelling approach 

Sources Dimension 
Mathematical 

model 
Turbulence model Recommended turbulent model 

[167], [174] 3D RANS Zero-equation model (gas phase) - 

[45], [44], [163] 3D 
Laminar flow 

model 
Laminar - 

[79], [176], [170], [159], [153], 

[42], [182], [166], [173], [147], 

[169], [161], [9], [149], [175], [167] 

3D RANS Standard k-epsilon - 

[183], [160], [168], [165], [154], 

[164] 
3D RANS RNG k-epsilon - 

[142], [82], [10], [151] 3D RANS Realisable k-epsilon - 

[145] 3D RANS Reynolds stress model (RSM) - 

[48], [152] 3D RANS SST k-omega - 

[178] 3D LES Smagorinsky-Van Driest - 

[157], [179] 3D LES Smagorinsky-Lilly - 

[156] 3D RANS & LES 
Standard k-epsilon 

Smagorinsky-Lilly 
LES Smagorinsky-Lilly 

[148] 2D RANS & LES 
Standard k-epsilon 

Smagorinsky-Lilly 
LES Smagorinsky-Lilly 

[171], [143] 3D RANS 

Three high-Reynolds-number k-epsilon 

Six low-Reynolds-number k-epsilon 

Two k-omega 

RSM 

Chang-Hsieh-Chen low-Reynolds-number k-epsilon and 

standard k-omega [171] 

3 low-Reynolds-number k-epsilon (Abid, Abekondoh-

Nagano, Chang-Hsieh-Chen) for TS=2.5 % [143] 

Chang-Hsieh-Chen for TS=5.4 % [143] 

[177] 3D RANS 

Standard k-epsilon 

RNG k-epsilon 

Realisable k-epsilon 

RSM 

Realisable k-epsilon 

[150] 3D RANS 

Standard k-epsilon 

RNG k-epsilon 

Realisable k-epsilon 

Standard k-omega 

SST k-omega 

RSM 

Realisable k-epsilon and Standard k-omega 

 



 

Sources Dimension 
Mathematical 

model 
Turbulence model Recommended turbulent model 

[83] 3D RANS 

Standard k-epsilon (Re>1000) 

Low-Reynolds-k-epsilon (10<Re<1000) 

Laminar (Re<10) 

- 

[77] 3D LES & RANS 

Smagorinsky-Lilly 

Wall-Adapting Local Eddy-Viscosity 

(WALE) 

Kinetic Energy Transport (KET) 

6 RANS turbulence models 

LES KET 

[158] 3D RANS 

Standard k-epsilon 

Realisable k-epsilon 

RNG k-epsilon 

Standard k-omega 

RSM 

RSM (MRF) 

[180] 3D RANS 

SST k-omega 

RNG k-epsilon 

Linear RSM 

Transition-SST 

Transition-SST 

[144] 1D & 3D RANS 

Standard k-epsilon 

RNG k-epsilon 

Chen-Kim k-epsilon 

Chen-Kim k-epsilon 

[174], [155] 3D RANS 
Standard k-epsilon 

Standard k-omega 
- 

[146] 3D RANS 
Realisable k-epsilon 

Standard k-omega 
Realisable k-epsilon 

[162] 3D RANS 
Standard k-epsilon model 

RSM 
RSM 

[181] 3D RANS & LES 

Standard k-epsilon 

Realisable k-epsilon 

Smagorinsky-Lilly 

LES Smagorinsky-Lilly 

 



 

5. Thermal modelling 

Anaerobic digestion proceeds at a precise optimal temperature, thus some models have been developed 

in order to provide temperature profiles in digesters. These models allow several thermal digester 

optimisation. 

Gebremedhin et al. (2004) carried out simulation of heat transfer for biogas production. The 

mathematical model developed described the heat exchange between the digester and the environment 

during the year [190]. 

Gomez et al. (2007) developed a two-phase (liquid-gas) mathematical model of autothermal 

thermophilic aerobic digesters. The biochemical and physico-chemical transformations are similar to 

those proposed in ADM1 of IWA. The authors added an energy balance in order to predict the 

temperature of the system [191]. 

Perrigault et al. (2012) developed a one-dimensional, time-dependent heat transfer model in order to 

optimise tubular digester in cold climates. In this model, Radiative, convective and conductive heat 

transfer phenomena were considered. The model was validated with experimental data, with a standard 

error of 2% [192]. 

Merlin et al. (2012) developed a steady-state heat transfer model based on energy balance for forecasting 

the biogas production depending on ambient air and dairy wastewater temperatures variations in a 

continental climate context. The uncertainty of the model predictions compared to experimental 

measurements was about 10%. They concluded that the heat transfer must be taken into account for the 

biogas plant design and unheated digester are very sensitive to external temperature conditions [193]. 

Wu (2012) carried out simulations which include mixing (with CFD), heat transfer, and biochemical 

reaction kinetics in anaerobic methane fermentation. The main hurdle for coupling these phenomena is 

to solve the physical–biological interactions concurrently using the small time interval required for the 

mixing and heat transfer. Thus the chosen approach was to develop a two-stage simulation strategy that 

predicts the temporal biological process using a large time step based on steady fluid flow and heat 

transfer, in which a computational cell is physically treated as an individual bioreactor with its own 

residence time and temperature. In conclusion, the temperature was the most important physical 

condition for bacterial growth, residence time determined the duration of digestion by anaerobes, and 

pH regulated the microbiological process [188]. 

Terradas-Ill et al. (2014) developed a thermal model to predict biogas production in unheated fixed-

dome digesters buried in the ground. The authors used a one-dimensional thermal model. In conclusion; 

this model could be used for assessing the methane production and for improving the digesters during 

cold period [194]. 

Hreiz et al. (2017) developed a zero-dimensional transient thermal model is proposed for predicting 

temperature variations in semi-buried anaerobic digesters as a function of climatic conditions (ambient 

temperature, solar irradiation, rain intensity). This model provides the identification of phenomena 

leading to major energy losses from the reactor, and thus to propose technical solutions to reduce these 

heat losses. The thermal model was written in Fortran 90. The fourth order Runge-Kutta scheme was 

used for time integration. The model is presented by the authors as a powerful predictive tool for 

assisting engineers in determining optimal design and in studying the influence of materials type on the 



 

reactor heating requirements. Furthermore, it may be coupled with the ADM1 for predicting biogas 

production as a function of environmental conditions[89][88]. Indeed, ADM1 provides data like biogas 

composition and production rate that are needed for an accurate modelling of some heat transfer terms. 

Moreover, digestate and biogas temperature, calculated in the thermal model, are required for 

determining the biochemical reactions rates and gas-liquid mass transfer rates [195]. 

The model results [195] revealed that the required heat to warm the inputs and radiations to the cover 

constitute the major heat losses, each one accounting for about 30% of the total thermal energy lost by 

the digestate. Besides, heat transfer to the ground and to the biogas constitute each one for about 15% 

of the heat lost by the digestate [195]. Regarding the cover heat losses, it may be noticed that average 

heat gains from solar irradiance are considerable in spring and summer [195]. 

Singh et al. (2017) studied a fixed type anaerobic digester. They studied the temperature distribution 

around the digester using CFD simulations. The ANSYS software was used with the SIMPLE algorithm 

and the standard k-epsilon model [196]. 

6. Discussions 

6.1.  Rheological properties 

Many studies have been carried out on the rheological characterisation of various waste. The authors 

agree on the rheological models to be used to characterise each waste. The appropriate model depends 

on the type of waste, the temperature, and the total solid content. 

The vinasse is mostly characterised by a Newtonian model at temperatures above 30 °C, even if the 

Hershel-Bulkley model or the power-law model are also suitable. The rheological behaviour of sludge 

has been well studied, the models used were the Hershel-Bulkley model, the modified Hershel-Bulkley 

model, the Bingham model and the Sisko model. The rheological behaviour of the manure is modelled 

by the Hershel-Bulkley model or the Bingham model, depending of the study. In CFD modelling, the 

authors used the rheological data of sludge for the modelling of manure rheology. Concerning the 

biowaste, rheological measurements have been done only on fruits and vegetables, some are Newtonian 

and others non-Newtonian. Most of the studies have been done on one fruit or vegetable, and not on a 

mixture. Hershel-Bulkley model, power-law model and Bingham models are used to model the 

rheological behaviour of fruits and vegetables. However, because of the diversity of biowaste, only 

specific studies of biowaste rheological behaviour have been done, thus we have few literature data on 

a mix of biowaste. It is important to note that the rheological properties depend on the mix of biowaste, 

the total solid and volatile solid contents. Thus, the data available in the literature are a basis, they allow 

us to have a general idea of the rheological behaviour 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, we should perform rheological measurements on the 

waste mixture.  

Moreover, some authors highlighted relation between soluble COD, pH and the viscosity of the sludge. 

These relations allow us to estimate the viscosity from these parameters. The highlighted relationship 

are only valid for the studied waste. Moreover, the studies on the impacts of temperature, or thermal 

treatment have shown that it impact the viscosity of the fluid. 



 

The choice of the rheological model is crucial for the modelling of hydrodynamics (CFD model). Indeed, 

the flows depend on the rheological behaviour of the fluid. In CFD modelling, we can use literature data 

if the rheological behaviour of the studied fluid is known. Otherwise, it is possible to use the data of a 

similar fluid or we have to carry out rheological measurements. 

6.2.  Biochemical modelling 

Anaerobic digestion of waste faces various inhibitions. The latter are related to the operating conditions, 

such as hydraulic loading rate, temperature, mixing conditions and pH. In order to control digesters and 

avoid malfunctions, biochemical models of anaerobic digestion have been developed and adapted to 

various substrates. 

The first models were simple. Indeed, only the limiting step was taken into account. However, the results 

obtained were not precise enough, nor valid for all the waste. Thanks to a better understanding of the 

chemical reactions involved and the process microbiology, it is possible to develop more complex 

models. Thus, all the chemical reactions are gradually integrated into the biochemical models, but also 

the inhibitions of the reactions of the process. All these models, more and more complete and precise, 

led to the development of a generalised model, the ADM1 model, which takes into account the main 

reactions of anaerobic digestion. Nevertheless, this model is not suitable for the digestion of all waste. 

Several modifications are therefore still necessary to adapt the model. Any changes made to the ADM1 

model will contribute to the realisation of the ADM2 model. 

However, these are one-dimensional models based on mass transfer. Thus, these models rarely consider 

the fluid dynamics of the digester [42], while the mixing conditions, the pH and the temperature impact 

the digestion process [4, 5]. Keshtkar et al. (2003) developed a kinetic model which takes into account 

the mixing inside the digester and concluded that it affects the methane yield [124]. Lindmark et al. 

(2014) published a review on the effect of mixing on the anaerobic digestion process [197]. The 

literature review on experimentations showed that mixing mode and mixing intensity have direct effects 

on the biogas production [197]. Moreover, the authors recommended to carried out research on the effect 

of mixing on chemical and microbial level and on different steps of the process [197]. Furthermore, 

more studies are needed to understand the effect of TS content on the microbial community [135]. CFD 

is a powerful tool for optimising the process [197]. Therefore, local models using CFD are developed 

by many authors. Their applications and interests are manifold. 

6.3.  CFD modelling 

CFD have been used in several tank and digester studies. Indeed, the mixing conditions impact the 

anaerobic digestion process, which gives a major interest for the study of the flows within the digesters. 

CFD simulations provide precise description of the flow around the tank. Indeed, most of the studies 

have been carried out on stirring. Moreover, as CFD models are local models, the characterisation of the 

fluid is crucial, thereby, some studies concern simulations on different substrate (Newtonian and non-

Newtonian). For each substrate, different rheological models are tested in order to choose the better one 

for each case. The turbulence modelling is also important in CFD, it has been shown that LES models 

give more precise outcomes with more simulations time than RANS models. Then, the last point of 

interest is the meshing approach. The appropriate mesh is chosen depending of the study. Studies of 

different types of mesh have been carried out on mechanical stirred tank, the three studied meshes are 

the moving frame of reference, the multiple reference frame and the moving mesh. The moving frame 



 

of reference is the least used mesh. Both the multiple reference frame and the moving mesh give accurate 

predictions. The moving mesh can be used to model unsteady flows contrary to multiple reference frame. 

The literature review shows that more studies have been carried out with RANS approach than with LES 

approach. This is explained by the fact that simulations of models based on RANS equations are faster 

than simulations of models based on LES. Nevertheless, LES provides more accurate outcomes. In 

conclusion, the choice of the approach must be done according to the expected accuracy of the results 

and the computation time. 

Various RANS turbulence models have been studied. The turbulence model must be chosen in function 

of the study. It has been shown that some models are more suitable for some studies. Indeed, all the 

models have their advantages and disadvantages. The standard k-epsilon model and the realisable k-

epsilon model are used by many authors, both the models provide accurate results. Moreover, the SST 

k-omega model is recommended by others authors. The RSM provides the more accurate results but 

with the more computation-time. Therefore, choice of the turbulence model must be done according to 

the aim of the study, the expected accuracy of the results and the computation-time. 

Some studies are accompanied of experimental studies on pilot digesters. These studies demonstrated 

the interest of the choice of appropriate mixing in anaerobic digestion optimisation. These papers 

reinforce the interest of CFD. However, more studies are needed to fully understand the impact of flows 

on anaerobic digestion process. Actually, the numerical models allow to understand why a given mixing 

among several agitations tested, is the more efficient. Contrariwise, we do not choose a proper stirring 

solely from CFD simulations outcomes but considering experimental studies on pilot digester. Many 

authors recommend that biochemical phenomena be taken into account in numerical simulations of 

flows. The coupling of CFD models and biochemical models could be a solution to make possible to 

choose the appropriate mixing from simulations. 

6.4.  Thermal modelling 

Thermal models have been developed essentially in the case of cold climates. Indeed, as the temperature 

affects the digestion process, variations of process temperature are avoided. The simulations have shown 

that the environmental conditions affect the process temperature, especially during winter period. The 

authors agree on the hypothesis that thermal transfers due to chemical reactions are negligible. 

Moreover, some thermal models are coupled with biochemical models or CFD models. Thermal models 

can be used to optimise digesters. 

7. Perspectives of the bibliographic study and the objectives of the thesis 

work 

Considering the exposed elements, this thesis focuses on both the experimental aspect with the launch 

and follow-up of a pilot as well as the modelling of the flows of a mechanically stirred digester. Indeed, 

we propose to optimise anaerobic digestion with a view to the local behaviour of the digestion medium. 

Global models, such as ADM1, predict biogas production and composition based on waste composition 

and chemical reaction kinetics. However, the literature review clearly showed that yields are impacted 

by flows. However, this aspect is still not very well considered in numerical models and requires 

additional work to understand the impact of hydrodynamics on reaction kinetics. From an experimental 

point of view, it is difficult to explain the variations in biogas production observed during changes in 



 

agitation. Indeed, the mixing of the medium is partly responsible for the differences in the efficiency of 

laboratory and industrial digesters. A detailed analysis of the digestion medium is essential to understand 

its differences and optimise agitation. The objective of this thesis is to provide elements of understanding 

on the impact of flows on anaerobic digestion, based on biogas production and the physicochemical 

properties of the digestion medium. The literature review also revealed that CFD is a proven tool for the 

characterisation of flows in agitated reactors. Applications to anaerobic digesters are recent but multiple. 

CFD is used in particular to compare the geometric configurations of digesters and agitators based, for 

example, on dead zone volumes. The authors also compare simulation results from different numerical 

models or different types of substrates. In CFD models, substrates are characterised by their rheological 

behaviour which is closely related to their water content. This tool is therefore very interesting and has 

a high potential to study agitation parameters in the case of wet and dry digestion. The integration of the 

equations of biochemical models into a CFD model is an interesting research area despite the significant 

computation times for this type of simulation. 

First, the anaerobic digestion of the raw vinasse, a Newtonian fluid, is studied in a mechanically agitated 

pilot digester. The protocol for the pilot launch is first proposed. The impact of mechanical agitation on 

biogas yields is explored through the monitoring of physico-chemical parameters of the digestion 

medium over a year. In a second step, CFD simulations are performed for different agitation regimes to 

compare experimental results and flows. 
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LETTRE D’ENGAGEMENT DE NON-PLAGIAT 

Je, soussigné(e)                                                        en ma qualité de doctorant(e) de 

l’Université de La Réunion, déclare être conscient(e) que le plagiat est un acte délictueux 

passible de sanctions disciplinaires. Aussi, dans le respect de la propriété intellectuelle et du 

droit d’auteur, je m’engage à systématiquement citer mes sources, quelle qu’en soit la forme 

(textes, images, audiovisuel, internet), dans le cadre de la rédaction de ma thèse et de toute 

autre production scientifique, sachant que l’établissement est susceptible de soumettre le texte 

de ma thèse à un logiciel anti-plagiat.  

Fait à Saint-Denis le 

Signature :  

Extrait du Règlement intérieur de l'Université de La Réunion 
(validé par le Conseil d’Administration en date du 11 décembre 2014) 

Article 9. Protection de la propriété intellectuelle – Faux et usage de faux, contrefaçon, plagiat 

L’utilisation des ressources informatiques de l’Université implique le respect de ses droits de propriété intellectuelle ainsi que 
ceux de ses partenaires et plus généralement, de tous tiers titulaires de tes droits. 
En conséquence, chaque utilisateur doit : 
- utiliser les logiciels dans les conditions de licences souscrites ; 
- ne pas reproduire, copier, diffuser, modifier ou utiliser des logiciels, bases de données, pages Web, textes, images, 
photographies ou autres créations protégées par le droit d’auteur ou un droit privatif, sans avoir obtenu préalablement 
l’autorisation des titulaires de ces droits. 

La contrefaçon et le faux 
Conformément aux dispositions du code de la propriété intellectuelle, toute représentation ou reproduction intégrale ou 
partielle d’une œuvre de l’esprit faite ans le consentement de son auteur est illicite et constitue un délit pénal. 
L’article 444-1 du code pénal dispose : « Constitue un faux toute altération frauduleuse de la vérité, de nature à cause un 
préjudice et accomplie par quelque moyen que ce soit, dans un écrit ou tout autre support d’expression de la pensée qui a pour 
objet ou qui peut avoir pour effet d’établir la preuve d’un droit ou d’un fait ayant des conséquences juridiques ». 
L’article L335_3 du code de la propriété intellectuelle précise que : « Est également un délit de contrefaçon toute reproduction, 
représentation ou diffusion, par quelque moyen que ce soit, d’une œuvre de l’esprit en violation des droits de l’auteur, tels 
qu’ils sont définis et réglementés par la loi. Est également un délit de contrefaçon la violation de l’un des droits de l’auteur 
d’un logiciel (…) ». 

Le plagiat est constitué par la copie, totale ou partielle d’un travail réalisé par autrui, lorsque la source empruntée n’est pas 
citée, quel que soit le moyen utilisé. Le plagiat constitue une violation du droit d’auteur (au sens des articles L 335-2 et L 335-
3 du code de la propriété intellectuelle). Il peut être assimilé à un délit de contrefaçon. C’est aussi une faute disciplinaire, 
susceptible d’entraîner une sanction. 
Les sources et les références utilisées dans le cadre des travaux (préparations, devoirs, mémoires, thèses, rapports de stage…) 
doivent être clairement citées. Des citations intégrales peuvent figurer dans les documents rendus, si elles sont assorties de leur 
référence (nom d’auteur, publication, date, éditeur…) et identifiées comme telles par des guillemets ou des italiques. 

Les délits de contrefaçon, de plagiat et d’usage de faux peuvent donner lieu à une sanction disciplinaire indépendante de la 
mise en œuvre de poursuites pénales. 
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