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The investigation presented in this work is aimed at providing a detailed characterization of the hydrodynamics 

in a digester of typical design, considering different scale-down criteria for the selection of the agitation 

conditions, with the final purpose of suggesting a methodology for aiding in reducing the energy demand of the 

digesters while optimizing the biogas production rates. A stirred tank of 40 litres having the same geometry of 

an industrial digester of 1500 m3 is investigated by means of experiments and simulations. A model fluid 

mimicking the rheological behaviour of the digester content stirred in a biogas production plant, which exhibits 

a pseudo-plastic behaviour, is adopted. The velocity field obtained from Particle Image Velocimetry and the 

results of Computational Fluid Dynamics simulations are discussed, focusing on well-known critical 

hydrodynamic features for the biogas production, namely low-velocity zones, velocity gradients and shear 

stresses. The detailed fluid dynamics analysis can contribute to improve the equipment design, to optimize the 

energy requirement and to avoid failure of the biogas production due to poor or improper mixing of the 

feedstock. 

1. Introduction 

Anaerobic digestion is increasingly adopted for the production of biogas from agricultural scraps and waste 

materials in several countries. Some of the advantages of the biogas production processes are related to the 

flexibility in converting very diverse carbon sources, leading to a straightforward integration with different food 

and agricultural productions (Theuerl et al., 2019). Improvements of biogas plant performances can be 

expected from deeper knowledge and innovations on many aspects, such as the combination of different 

feedstocks (Moretta et al., 2022), the pre-treatment operations (Battista et al., 2014) and the biogas upgrading 

(Scamardella et al., 2019) to name a few. Improvements can be also expected from robust methodologies for 

extending the lab-scale results to the production scale, taking into account the fluid dynamics in the digesters 

and its coupling with the rheology of the digestate and the biogas production. As pointed out in many recent 

investigations, biogas production in wet digesters can be significantly affected by the agitation mode (Singh et 

al., 2019), which in turn depends on the interplay of geometrical, physical and operating variables. In this 

work, state-of-art experimental and computational methods are adopted to analyse typical features of 

anaerobic digester hydrodynamics, such as low-velocity zones (Leite et al., 2023), shear stresses (Lebranchu 

et al., 2017) and velocity gradients (Dabiri et al., 2021). As a difference with previous experimental works 

(Alberini et al., 2023), a preliminary rheological characterization of a sample of the anaerobic slurry taken from 

a production digester of design identical to that of the investigated stirred tank is performed, for guiding 

towards a close representation of the production operating conditions. 

2. Material and Methods 

The investigated stirred tank is obtained from the geometrical scale-down of a digester for the production of 

biogas from agricultural scraps installed in Emilia Romagna and it can be considered as representative of a 

typical geometrical configuration adopted in biogas production plants. It consists of a cylindrical tank stirred 

with three top-entering shafts set symmetrically with respect to the vessel axis, each provided with six inclined 

blades. For the Computational Fluid Dynamics (CFD) simulations, the domain depicted in Figure 1(a) is 

adopted, which closely matches the laboratory geometry, apart from a simplification on the shape of the 
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blades, which are flat in the simulations. The blade shape in the production and in the scale-down vessels is 

slightly curved, as shown in Figure 1(b). In both the experiments and the simulations, the blade tip is inclined 

of 45° with respect to the horizontal. The three lower blades are mounted with opposite inclination with respect 

to the upper, as in the production fermenter. As a result, up-pumping agitation is provided with the three 

lowest blades and down-pumping agitation with the three highest blades. The diameter swept by each blade, 

D, is equal to 84mm.  

 
 (a) (b) 

Figure 1: Sketch of the stirred vessel geometry adopted for the CFD simulations (a) and picture of one of the 

blades adopted in the experiments (b). 

Two fluids are considered for the simulations, a sample taken from the production digester, which will be 

referred to as digestate in the following, and an aqueous solution of 8 g/L of Carboxy-methylcellulose (CMC). 

The latter fluid is also adopted in the experiments. Both the fluid’s rheology follows the Ostwald-de-Waele 

constitutive equation:  

𝜏 = 𝑘𝑠𝛾̇
𝑛                                                             (1) 

With 𝜏 being the shear stress, 𝛾̇ the strain rate, 𝑘𝑠 the consistency index and n the flow behavior index. The 

density, , and the rheological constants are listed in Table 1. They were measured at 20°C temperature for 

the model fluid, that is the temperature adopted in the experiments, and at 40°C for the digestate sample, that 

is the digestion temperature. 

Table 1: Physical properties of the digestate (T=40°C) and the aqueous CMC solution (T=20°C) 

Fluid   [kg/m3] 𝑘𝑠 [Pa·s2-n] n [-]  

CMC in water 998 4.22 0.44  

Digestate 980 63.56 0.28  

The constant tip speed and the constant shear rate criteria are used for selecting the impeller speed in the 

laboratory scale, considering that the biogas production is carried out at the impeller speed, N, of 10.5 rpm. 

The former corresponds to N=366 rpm (constant ND) and the latter, based on the correlation of Wichterle et 

al. (1984), is equal to N=122rpm (constant ND2/3). 

2.1 The measurement system 

The instrumentation adopted for the velocity field measurements consisted of a Particle Image Velocimetry 

(PIV) system, including a Nd:YAG Litron DualPower Laser (light wavelength, λ = 532 nm, 60 mJ/pulse), one Hi 

Sense MKII camera (1344 × 1024 pixel resolution) and a Dantec Dynamics data acquisition system. The laser 

light sheet approximately 2 mm thick enters the vessel horizontally through the tank lateral wall at the 

elevation of the second blades from the vessel bottom (z=63mm). To guarantee a sufficient spatial resolution, 

the measurement areas is limited to the plane portion close to one blade. The flow was seeded with silver-

coated hollow glass particles of mean diameter equal to 10 m. The vessel is placed within a larger square 

vessel made of Perspex filled with the working liquid in order to minimize optical distortion of the laser light. 

The analysis of the instantaneous image pairs is carried out by an adaptive-correlation algorithm, applied on 

interrogation areas (IA) of initial size 64 x 64 pixel and final size of 16 x 16 pixel, allowing the reconstruction of 

the flow field with a spatial resolution of 1.4 mm. Two validation thresholds, one based on the evaluation of the 

peak heights in the correlation plane and the other on the velocity magnitude are adopted. The time interval 

between two laser pulses is set with the usually adopted criteria for the PIV experimental error minimization. 

The ensemble averaged velocity field is obtained averaging 1000 image pairs, which ensures statistical 

convergence of the mean velocities. The ensemble averaged velocity magnitude on the horizontal plane, |V|, 

obtained from the two velocity components parallel to the plane, 𝑢 and 𝑣, is: 
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|V| = √𝑢2 + 𝑣2  (2) 

2.2 The computational method 

The fluid velocity field is predicted by solving the unsteady, incompressible, isothermal Navier-Stokes 

equations: 

∇ ⋅ (𝜌𝒖) = 0  (3) 

𝜕𝑢

𝜕𝑡
+ ∇ ⋅ (𝜌𝒖𝒖) = ∇ ⋅ 𝜎 − ∇𝑃  (4) 

Where 𝒖 is the fluid velocity vector, 𝑃 is the pressure, and 𝜎 is the laminar shear stress, equal to: 

𝜎 = 𝜇𝑎𝛾̇  (5) 

𝛾̇ is obtained from the velocity gradients as: 

𝛾̇ = (∇𝒖 + ∇𝒖𝑇)  (6) 

and the apparent viscosity 𝜇𝑎 is obtained from Eq. (1), as: 

𝜇𝑎 = 𝑘𝑠𝛾̇
𝑛−1  (7) 

The equations are numerically solved in a Cartesian coordinate system running the finite volume CFD code 

ANSYS FLUENT 2021 R1. The computational grid consists of about 1.6×106 cells and it is refined close to the 

blades. The inner part of the domain extends from the bottom to the top of the vessel and contains the shafts 

and the blades. It consists of three rotating reference frames, where the shafts are steady, while a steady 

reference frame is used for the rest of the vessel. For the coupling between the rotating and the steady 

domain the Sliding Mesh (SM) method is adopted, with 120 time steps per revolution and 30 internal iterations 

per time step. The simulation of about 12 seconds of real time shaft rotation starting from still fluid ensures the 

achievement of the pseudo-steady state solution. The solution convergence is carefully checked by monitoring 

the residuals of all variables, which are dropped to the order of 10-4 or less, and the physical values of the 

velocity close to one of the blades. After obtaining a fully developed flow field, the results are time averaged 

on the last 120 time steps for performing a consistent comparison with the PIV data. Just for one condition, the 

simulation with the steady Multiple Reference Frame (MRF) is also carried out, to assess the differences with 

the SM results. Further details on the numerical solution strategy are omitted for the sake of conciseness. 

Results and discussion 

The experimental velocity magnitude on the plane section including one of the blades and the vessel wall at 

the two impeller speeds, each normalized with the maximum velocity value, is depicted in Figure 2. The very 

strong velocity reduction moving far from the shaft axis is apparent, with different features at the two values of 

N. In the case of N=366 (Figure 2a), the velocity exhibits a maximum value at a radial coordinate from about 

20 mm to 40 mm from the shaft axis, while at N=112rpm (Figure 2b), the fluid has maximum velocity from the 

shaft axis up to about 35 mm, than it decreases to very low values. 

 
 (a) (b) 

Figure 2: Map of the normalized magnitude of the CMC solution in plane velocity components measured on 

the horizontal section close to one shaft located at z=63mm. (a) N=366 rpm (Vtip=cost); (b) N=122rpm 

(maximum shear rate=cost). 

The same flow features are observed in the predicted maps depicted in Figure 3 (a) and (b), which are 

obtained with the time dependent SM method. The agreement between the experimental and computational 
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results indicates that quite robust guidelines can be obtained from the CFD simulation on the hydrodynamics 

variables affecting the biogas production, even with relatively small simplification of the real geometry. Instead 

unphysical results, which depends on the location of the impeller blades, are obtained with a steady approach, 

as shown in Figure 3(c), where the MRF results are depicted. The results confirm that the significantly different 

numerical and modelling methodologies are required for unbaffled tanks stirred with eccentric agitators 

(Montante et al., 2006) and baffled tanks (Maluta et al., 2019).

(a) (b) (c) 

Figure 3: Maps of the normalized magnitude of the CMC solution in plane velocity components as obtained 

from the simulation in the same section of Figure 2. (a) N=366 rpm (Vtip=cost); (b) N=122rpm (maximum shear 

rate=cost); (c) N=366 rpm (MRF simulation). 

The robustness of the computational method is further assessed by the comparison of the dead zones 

obtained from the experimental and the computed SM results in Figure 4. As can be observed, the percentage 

value of dead zones, defined following Bridgeman (2012) and considering the maximum velocity equal to the 

impeller tip speed, vtip, is well predicted in both cases. Of the two criteria, the constant tip speed leads to a 

better velocity distribution, being about equal to 20% the portion of the observed section with values of velocity 

lower than the 5% of the maximum velocity, while with at constant shear rate it is about doubled.  

Figure 4: Dead zones distribution on the vessel section of Figure 2. (a) N=366 rpm (Vtip=cost); (b) N=122rpm 

(maximum shear rate=cost). 

The velocity magnitude, the apparent viscosity and the shear rate obtained at the two impeller speeds on the 

entire vessel section located at the elevation of the second blade from the bottom are depicted in Figure 5 and 

6, to provide an indication of the significant variation of the hydrodynamics characteristics that can be 

expected depending on the impeller speed, due to the pseudo-plastic behaviour of the stirred fluid. 

Figure 5: Predicted maps of the CMC solution velocity magnitude [m/s] (a), the viscosity [Pa·s] (b) and the 

shear rate [s-1] (c) on the horizontal plane located at the elevation of the second blades from the bottom 

(z=63mm) at N=366 rpm. 

(a) (b) 

(a) (b) (c) 
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Figure 6: Predicted maps of the CMC solution velocity magnitude [m/s] (a), the viscosity [Pa·s] (b) and the 

shear rate [s-1] (c) on the horizontal located at the elevation of the second blades from the bottom (z=63mm) at 

N=122rpm. 

For gaining insight into the local values of the main variables affecting the biogas production in a condition 

which reproduces the production process, the results obtained considering the physical properties of the 

digestate and one of the two scale-down criteria are reported in Figure 7 and 8. The lower blades elevation is 

specifically selected in this case, being the fluid dynamics close to the vessel bottom often responsible of 

malfunctioning due to solid deposition. 

Figure 7: Predicted maps of the digestate velocity magnitude [m/s] (a), the viscosity [Pa·s] (b) and the shear 

rate [s-1] (c) on the horizontal plane located at the lower blades elevation (z=30mm). N=366rpm. 

(a) (b) 

Figure 8: Cumulative distribution of shear rate (a) and shear stress (b) in the vessel volume. Fluid: digestate, 

N=366rpm. 

The velocity magnitude map depicted in Figure 7(a) clearly shows that the fluid is almost stagnant in most of 

the vessel section, as a consequence of the fluid rheology, which leads to huge apparent viscosity values 

apart from the zone swept by the impeller, as shown in Figure 7(b). Considering previous results on the effect 

of agitation on biogas production (Lebranchu et al., 2017), significant improvement might be expected in the 

production process by a different choice of agitation system, at least in the case of the digestate considered in 

this work, for the following reasons: 

− the calculated dead zones in the vessel exceed the 90%. Even higher values are expected using the

constant shear rate criterion;

(a) (b) (c) 

(a) (b) (c) 
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− the shear rate exceed the threshold of 5 s-1 that might provoke abrasion of the anaerobic sludge 

granules in a limited (Figure 7c), but not nil portion of the vessel, being about equal to 15% the 

volume of the vessel where this threshold is overcome (Figure 8a); 

− the shear stress, which was found to be responsible of loss of productivity, is quite high in more than 

50% of the vessel volume (Figure 8c).  

3. Conclusions 

The evaluation of the fluid dynamics features in a scale-down model digester considering the physical 

properties of the digestate and the geometry of a biogas production digester located in Emilia Romagna 

suggests that geometrical variation of the agitation system might lead to significant improvement of the 

production, based on the CFD prediction of dead zones, shear rate and shear stress and considering their 

impact on the biogas production rate estimated in previous investigations. Starting from the single-phase 

results presented in this work, the analysis will be extended to the identification of the most appropriate 

criterion to obtain similar dispersion dynamics and spatial distribution of the feedstock at different scales.  

Nomenclature

𝐷 – impeller diameter, m 

𝑘𝑠 – consistency index, Pa·s2–n 

𝑁 – impeller speed, 1/s 

𝑛 – flow behaviour index, - 

𝑃 – pressure, Pa 

t – time, s 

𝒖 – fluid velocity, m/s 

𝑢, 𝑣 – cartesian velocity components, m/s 

vtip – impeller tip speed, m/s 

|V| – velocity magnitude, m/s 

x, y, z – Cartesian coordinates 

𝛾̇ – shear rate, 1/s 

𝜇𝑎 – fluid apparent viscosity, Pa·s 

𝜌 – fluid density, kg/m3 

𝜎 – shear stress, Pa 
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