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Abstract 

Anaerobic digestion is a process of biochemical conversion of bio-waste into a fuel-gas mixture 

(methane+carbon dioxide) by bacteria, in the absence of oxygen. The process is carried out in a tank 

which is referred to as a digester and the efficiency of the biochemical waste conversion process is 

dependent on several factors, with mixing being one of the key factors.  

A typical digester measures up to 20 meters in height and diameter and if the role of mixing in the 

intensification of biogas production in a full scale digester is to be studied, the numerical models first 

need to be verified. In this paper, the available CFD numerical models are first applied to model a shear-

thinning flow in a lab scale digester and the flow variable data from computations are compared against 

available PIV measurements for the same digester. The flow variables considered in the validation are 

the turbulent kinetic energy and the mean velocities. The RNG k-epsilon model is found out to be the 

most suited turbulence model to simulate shear-thinning and the Multiple Reference Frame (MRF) 

approach was found to be fairly accurate and computationally economical in predicting flow trends.  
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1.) Introduction 

Anaerobic digestion is an interesting option to process organic bio-waste and generate green biogas, 

with minimal energy expense, since there no oxygen pumping required and because the process happens 

at low temperatures. The process of anaerobic digestion thus serves as an economical and an easily-

employable technological solution in the process of transitioning towards biofuels and green energy. 

Nevertheless, the maximum operation temperature of the process is between 50-60 ℃ and being a 

process carried out in low-temperature, it involves big timelines, typically lasting weeks per digestion 

batch. Thus, even though anaerobic digestion is an economically and technologically viable option, the 

high digestion times remain a constraint.  

The anaerobic digesters have a mixing system to constantly agitate the bio-waste/water mixture (sludge) 

to distribute the nutrients and bacteria uniformly, in the digester and to avoid solid sedimentation. There 

are several industrial techniques used to agitate the mixture, with mechanical mixing and gas/sludge 

recirculation being the most commonly used technologies. The mechanical mixing has been reported to 

be the most efficient in terms of energy consumed per unit volume [4]. 

In case of a mixing system with an impeller, the presence of the manure particles in the sludge being 

digested yields a shear thinning property to the fluid. This leads to the production of caverns in the 

digester, in the regions close to the impeller. This in turn makes the mixing patterns non-uniform and 

leads to the presence of low-velocity zones in the digester, which makes the process non-uniform. 

The process performance is dependent on an array of factors feed characteristics, feeding rate, local pH 

of the mixture, temperature, bacteria content and mixing characteristics. The role of mixing in the 

production of biogas is often confusing and conflicting trends have been reported in literature. For 

example, some papers report continuous mixing to be a waste of energy and that intermittent mixing is 

more efficient [9,12]. Some papers claim that continuous mixing is vital to distribute the nutrients and 

bacteria uniformly and that it improves biogas production, especially in digesters with high total solid 

percentages [7]. High strain rates due to mechanical mixing have been proven to be detrimental to the 

process.  

The CFD modelling of the anaerobic digestion process could typically be divided into two parts, namely 

the hydrodynamic modelling and the biochemical modelling. In order to be able to predict biogas 

outputs, both these parts need to be integrated and validated against experiments. The opacity and the 

texture of the sludge already make it a challenging task to measure flow variables for validating CFD 

and even more so, in a full scale digester. Thus in order to understand the flow dynamics, a synthetic 

transparent sludge, whose characteristics are similar to the real sludge, was agitated in a lab scale 

digester and visualized by carrying out PIV measurements, by Sindall et. al. [10].   

In this work, effort was taken to model the hydrodynamic behavior of a continuously stirred, lab-scale 

anaerobic digester and to validate the different turbulence and rotation models available in CFD. Flow 

variables trends predicted by CFD were compared to the PIV measurements reported for the same 

digester as reported in Sindall et. al. [10].    

2.) Research Methodology 

2.1)  CFD and turbulence modelling 

The simulation package used in this work is Ansys Fluent 18.2. The flow is solved using the Finite 

Volume Method. The applied equations are the continuity equation, as described in Equation (1), the 

momentum equation, as described in Equation (2) and the transport equations for turbulent quantities 

turbulent kinetic energy,𝑘 and turbulent dissipation 𝜀, are described in Equation (3) and (4) respectively, 



for the RNG k-epsilon turbulence model. In Equations (3) and (4), 𝐺𝑘 represents the generation of 

turbulent kinetic energy due to mean velocity gradients. 𝐺𝐵 represents the generation of turbulent kinetic 

energy due to buoyancy. 𝑌𝑀 represents the contribution of the fluctuating dilatation in compressible 

turbulence due to overall dissipation rate. The quantities 𝛼𝑘 and 𝛼𝜀 are the inverse Prandtl numbers for 

𝑘 and 𝜀, respectively. 𝑆𝑘 and 𝑆𝜀 are the user-defined source terms. 𝐶1𝜀, 𝐶2𝜀 and  𝐶3𝜀 are model-specific 

constants. 

The energy equation is not solved, since the temperature is assumed to be maintained constant at 35℃.  
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The three directions of the coordinate space, namely x, y and z are represented by 𝑥𝑖. The components 

of the velocity in these three directions respectively are represented by 𝑢𝑖, where the index 𝑖 takes the 

values of 1, 2 and 3 respectively. The stress tensor for the fluid is described by the term 𝜏𝑗𝑖 in the tensor 

notation and the 𝑔𝑖 represents the momentum source term in the same 𝑖 direction. 

Since, the presence of a rotating impeller makes the flow regime turbulent, RANS turbulence modelling 

is employed. Four turbulence models were tested namely, RNG k-epsilon, Realizable k-epsilon, 

Reynolds Stress Model and k-omega SST. The transport equations for the RNG k-epsilon are 

documented above and for the other models, they are documented in the Fluent User Guide manual [1].  

The sludge being mixed consists of three phases in a real-case scenario i.e. a.) Solid manure particles, 

b.) Liquid water in the sludge, c.) Fuel-gas produced by anaerobic digestion. Thus modelling the solid, 

liquid and gas phases together requires a multi-phase Euler-Euler approach. It is both computationally 

expensive and requires a thorough closure model treatment in order to correlate the momentum and 

turbulence exchange between the phases in the Navier-Stokes equation.  

The manure particles in the sludge being digested, yield a shear thinning property to the fluid and thus 

solid-liquid mixture can be described as a single fluid, exhibiting Non-Newtonian behavior. This 

approach has been used previously in literature [13,14]. This reduces the need to model the solid and 

liquid phases separately and reduces the computational time. The effective viscosity of the sludge, could 

be modelled using the Non-Newtonian Power Law equation below.  

                                                            μeff = K (
𝜕u

𝜕y
)

n−1
          (5) 

where K is the Consistency index and n is Power law index 

The liquid being modelled is a 0.5 g/L CMC (carboxy methyl cellulose) solution, whose rheology was 

calculated in [10]. The power law parameters as modelled in the work is tabulated below.  

 



Power law parameters Value 

Consistency index K 0.0707  𝑃𝑎 𝑠0.6052 

Power law index n 0.6052 

Allowable viscosity range 0.004-0.012 kg/m-s 

Table 1. Power Law Parameters [10] 

2.2) Geometry  

A cylindrical vessel that has a diameter of 200 mm and a height of 200 mm is modelled. The tank has 

four baffles equally spaced around the tank and has a four blade impeller. The impeller diameter is 90 

mm and it has a height of 20 mm. All the blades are flat and have a thickness of 8 mm. The baffles have 

a thickness of 10 mm and extend 10 mm inwards from the tank wall. The computational domain and the 

impeller are shown in Fig. 1 and Fig. 2, respectively.  

 

 

Figure 1. Computational domain and impeller geometry 

2.3) Boundary conditions and solver settings 

In order to capture the rotation of the impeller, two different models have been commonly used in 

literature, namely the Multiple Reference Frame (MRF) model and the Sliding Mesh model [3, 11, 13, 

14]. These methods are discussed in detail in the Fluent user guide [1]. Like depicted in Fig. 1, the region 

around the impeller represented as MRF, was designated as the moving region and rotational speed was 

assigned. The impeller rotation speed is 100 rpm. 

The top of the tank was assigned as a free surface and the rest of the surfaces were designated as no-slip 

walls.  



Residual criteria of 1 𝑒−4 was set and the default relaxation factors were used. Second order 

discretization was used for flow variables and turbulence quantities. First order scheme was used for 

temporal discretization in case of transient simulations.  

2.4) Meshing 

To capture the effects of impeller rotation, the MRF region was meshed finer than the tank region. The 

finest mesh had 2 million elements and the coarsest 280,000 elements. In between, two other meshes 

were studied, as well. Furthermore, the transient effects were assessed by comparing the transient and 

the steady state calculations.  In order to avoid solution dependent results, a mesh independency study 

was performed. The results showed that a mesh with 1 million elements was sufficient for computations.  

3.) Results and discussion: 

In order to compare the results of CFD to measurements a circular surface extending from the bottom 

to the top of the tank is chosen at r/R= 0.6. The line of measurement is presented in Fig. 2 (marked as 

LOM). The line is located centrally between two baffles in the circumferential direction.  

The velocity and kinetic energy profiles are plotted along the line of measurement from bottom to top 

of the tank. The comparison of the results obtained from both approaches against PIV measurements is 

shown from Fig. 3 till Fig. 8. On the y axis, the non-dimensional height y/H is taken. The flow variables 

that were monitored are the mean velocities u and v, in x and y direction respectively and the turbulent 

kinetic energy k.  

            

Figure 2. Measurement locations 

3.1) Effect of applying different turbulence models for MRF steady state approach  

In order to be able to capture the hydrodynamics in the digester accurately, especially in a shear-thinning 

flow, it is key to capture the turbulence accurately, so that the velocity gradients are well-solved. Thus 

a study was carried out to check the applicability of the turbulence models. The MRF steady state 

approach was used in all the cases. The mean velocity and turbulence trends as predicted by different 

turbulence models are shown below along with measurements from PIV, for comparison.  

 

LOM 



 

Figure 3. Mean velocity u for different turbulence models, MRF model 

 

 

Figure 4. Mean velocity v for different turbulence models, MRF model 

 

Figure 5. Turbulent kinetic energy k for different turbulence models, MRF model 

The k-omega SST model was assessed to be unreliable in predicting both the turbulence and the velocity 

trends, as represented above, from Fig.3 till Fig. 5. The RSM model was the best in resolving the 

turbulence peak, even though the velocity trends are not predicted accurately. Additionally, it requires 

an excessive computational time by adding 4 more equations to solve, in comparison to the two-equation 

turbulence models. 

The RNG k-epsilon model was thus selected to be the most suited model for predicting the velocity and 

turbulence fields, since it has a low computational time and can overall predict the trends with good 

accuracy. 

 



3.2) Investigation of steady/transient simulation approaches 

As mentioned above, the steady and the transient simulation approaches were investigated, in order to 

be able to study particle residence times and the sedimentation process.   

In order to keep the results consistent, the study was done using a single standard mesh and turbulence 

model for all the cases, the 1 million elements mesh and RNG k-epsilon model were chosen for this 

study, based on the previous results. 

The Sliding Mesh approach is transient in nature and therefore the mesh was physically rotated every 

timestep and has to be iterated progressively, in order to account for the rotation of the impeller. In the 

MRF approach, there is an option to choose both steady and transient approaches, since the velocities 

are added to fluid by including a Coriolis component in the momentum equation.  

In case of transient simulations, a total physical time of 30 s and a timestep of 0.02 s was selected.  

The trends for the mean velocities and the turbulent kinetic energy, as predicted by the investigated 

approaches studied, namely a.) MRF steady, b.) MRF transient and c.) Sliding mesh transient, are 

represented below from Fig.6-8. 

 

Figure 6. Mean velocity u for different rotation approaches and RNG k-epsilon 



 

Figure 7. Mean velocity v for different rotation approaches and RNG k-epsilon 

 

Figure 8. Turbulent kinetic energy k for different rotation approaches and RNG k-epsilon 

As seen from the above figures, the Sliding Mesh model is seen to provide slightly more accurate trend-

line prediction of the velocity field in comparison to the MRF model. However it underpredicts the 

turbulent kinetic energy peak.   

The steady state approach gives good predictions regarding the velocity and turbulence trends. The 

steady and transient MRF approaches present similar results and thus prove that the MRF steady state 

approach can serve as a good first approach in order to predict the velocity and turbulence trends with 

good accuracy and acceptable computational time. In order to compare the times taken by the 

simulations, the results are summarized in the table below. 



Case description Method of rotation Physical time simulated/ 

Timestep 

Computation 

time 

MRF steady Multiple Rotating Frame - ~4 hours 

MRF transient Multiple Rotating Frame 30 seconds/ 0.02 s ~6 hours 

Sliding mesh Sliding Mesh 30 seconds/0.02 s ~168 hours 

Table 2. Computational times taken by different temporal approaches 

4.) Conclusions 

A numerical model to study the mixing process in anaerobic laboratory scale digester was developed 

and validated. In terms of turbulence, the RNG k-Epsilon model was found to be the most reliable in 

terms of predicting both the velocity and turbulence trends simultaneously. The k-omega SST model 

provided unreliable results in terms of the velocities and RSM model was found to be computationally 

expensive and less accurate than the RNG k-epsilon model. 

The results show that the Sliding Mesh model in general gives better estimation of the turbulence field 

compared to the MRF model However, the MRF approach is computationally less time consuming and 

thus less expensive. Therefore for any parametric research the MRF model is advised, whereas the 

sliding mesh approach is superior for in-depth study or the final assessment of the parametric research.  
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