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Abstract: The anaerobic digesters have been widely used worldwide and followed by the environmental 

treatment, biogas (energy source) and biofertilizers can be produced at the same process. The plug flow 

digester is the most common digester system in Brazil, but it still faces great difficulties of implementation 

because of the low efficiency. In this context, this work proposes ways of improving the energy efficiency 

of such a digester. To this end, simulations were performed for this type of digester in order to analyze the 

thermodynamic behavior. It was possible to verify that the velocity gradient was acceptable for the studied 

reactor characteristics, that is, 0.054, and the average temperature reached with the heating system was 

33ºC, which is considered an optimal temperature for biogas production. The simulation proved to be an 

important tool in scenarios using the digester model and can be of help when designing new units and in 

different cases of agitation. However the model used here does not evaluate the thermal changes of the 

digester plastic blanket due to the simplification of the simulation. 

Keywords: CFD in agriculture; Modeling and control of agriculture, Bio-energetics, Recirculation and 

temperature control. 



1. INTRODUCTION 

In recent years, techniques that adopt anaerobic digestion (AD) 

processes have been widely used for waste treatment (López-

jiménez et al., 2015). Through these techniques, complex 

organic matter such as agricultural waste is converted to 

simpler compounds such as methane and carbon dioxide 

(biogas compounds), phosphorus and nitrogen (biofertilizing 

elements) (Kinyua et al., 2016; Mohammadrezaei, Zareei and 

Khazaei, 2018; Sajjadi et al., 2016). According to Sajjadi 

(2016), more than half of the available fresh water in the world 

is polluted mainly due to the non-treatment of domestic and 

industrial waste. 

Digesters have been considered as an advantageous option in 

waste treatment, arousing the interest of the academic 

community in researching ways to optimize anaerobic 

processes. This advantage is explained by the fact that 

digesters provide an appropriate destination for 

environmentally harmful waste and use them as a source of 

fertilizers and energy, whether electric or heating (Arif et al., 

2018). 

Among the approaches used to optimize the anaerobic 

digestion process are the studies of the thermodynamic 

behavior of digesters. The temperature is one of the most 

significant factors of AD (Khan and Martin, 2016). According 

to Cowley and Brorsen (2018) since the efficiency in biogas, 

production of the anaerobic digester usually increases with 

increasing temperature. In some cases, biogas production may 

increase 100% for each 10°C increase between 15 and 35°C 

(Cowley and Brorsen, 2018). In the same way digestate, 

homogeneity is also a feature that has been gaining more and 

more importance among the research developed for AD 

technology because it influences the biodigestion rate, as well 

as biogas production (Hulle, Van et al., 2014). 

The use of computational tools to simulate this behavior 

contributes to increase the speed of technological advance. The 

use of simulation facilitates the creation and comparison of 

different study scenarios and considerably reduces the costs 

related to validation and experimentation steps, which depend 

in part on operations to be performed directly at the plant 

(Leonzio, 2018). 

The CFD - Computational Fluid Dynamics simulation 

technique has been presented as an efficient tool to study and 

evaluate the different phenomena that occur inside digesters 

(Meister et al. 2018; Hreiz et al. 2017; Liu et al. 2017; 

Hassanein et al. 2015 and Wu, 2013). 

The most widely used type of digester in Brazil, with its largest 

application in swine farms, is the plastic blanket tubular flow 

model, also known as the Canadian model (Barros, 2008). The 

present work shows a study of the thermal behavior of a 

covered lagoon biodigester with few antecedents. The study 

has an unprecedented character because it differentiates the 

thermal behavior of the substrate and the soil, points neglected 

by other authors. This is a semi-buried model where 100% of 
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the substrate is separated from the soil and ambient air by 

plastic cover. In Brazil, there are few cases of automation and 

control of this biodigester model, which compromises its 

efficient production of biogas and biofertilizer. As previously 

stated, substrate temperature and homogenization are essential 

characteristics for efficient anaerobic digestion inside reactors. 

Thus, the objective of this study is to analyze the influence of 

heating and recirculation automated systems on the 

thermodynamic behavior of the tubular flow biodigester by 

modeling the digester and taking into account the boundary 

conditions involved. 

2. METHODOLOGY 

The software ANSYS CFX academic version 19.1 was used in 

this work in order to perform the computational study of 

bioreactors. The simulated Canadian biodigester was adopted 

because it is the most used model in Brazil, due in large part to 

pig farming (Cervi, Esperancini and Bueno, 2010). 

The dimensions used in the modelling of the 250 m³ 

biodigester were those of the swine waste treatment plant in 

the Production and Breeding and Genetics Farm of the Federal 

University of Viçosa, Viçosa, Minas Gerais State, Brazil 

(Leandro and Maradini, 2018). This University reactor was 

adopted to perform the simulations, as it is an operating model 

that deals with swine waste and because of the availability of 

having access to the operational data needed for modelling. 

Brazilian swine reactors are usually similar in shape to an 

inverted pyramid trunk, as is the case with the research model. 

The width of the largest base is 10.0 m and the smallest base 

below ground level only 5.0 m, longitudinal length 15.0 m and 

2.5 m deep. The height of the cover where the generated biogas 

is stored is about 2.5 m above ground level, as shown in Fig.1. 

For this study, the 1.0 mm thick plastic cover was modelled 

with HDPE (High Density Polyethylene) properties. 

 

Fig. 1. Model of the Canadian biodigester. 

The first governing equation used in the simulation was the 

continuity equation, ensuring that the velocity vectors are free 

of divergence at each point (equation 1): 

∇∙v = 0 (1) 

 

where, v is the absolute velocity vector of the fluid, 

remembering that the velocity vector has components in all 

three directions, that is, x, y and z. 

To analyze the behavior of the rate of change of v, we used the 

conservation of motion quantity equation (equation 2): 

∇(ρv) = -∇(ρvv) - ∇p - ∇τ + F (2) 

 

where ρ is the specific mass, the fluid inlet pressure, τ the 

viscous tension tensor and F the forces acting on the body, and 

the last term of equation 2 was neglected for this study as in 

(Kariyama, Zhai and Wu, 2018; Lovato et al., 2018). 

Substrate flow was modeled with a single phase with constant 

density and viscosity, as in Meister et al. (2018); 

Mohammadrezaei, Zareei and Khazaei (2018). At this point in 

the work, the digester was considered as a pyramid trunk, 

disregarding the presence of biogas. Thus, the boundary 

conditions considered were that of the underground substrate 

with the soil, and surface substrate with ambient air. The 

substrate was isolated from the ambient air and the ground for 

only a HDPE cover. The thermodynamic behavior was rated 

in a single phase like Liu et al. (2017); Curry and Pillay, (2015) 

and Perrigault et al. (2012). 

The differential heat conduction equation that describes the 

heat transfer process can be expressed in the cylindrical 

coordinate system as (equation 3): 

∇∙kT+ρcv ∇∙T=0 (3) 

 

where T is the temperature, ρ is the density, c is the specific 

heat, k is the thermal conductivity. Thus, the characteristics 

adopted for substrate modelling are Newtonian fluid properties 

at 23ºC, such as specific heat at constant pressure (𝒄𝒑), thermal 

conductivity (𝑘), specific mass (ρ) and dynamic viscosity (μ). 

For the properties of the HDPE plastic cover and for the soil, 

uniform properties were used (Table 1), according to the 

methodology of Perrigault et al. (2012). 

Table 1. Thermophysical properties of substrate. 

 Thermophysical properties of substrate 

Material ρ 𝒄𝒑 𝑘 μ 

Units kg/m3 J kg/K  W/m K Pa s 

Substrate 998 4189.8 0.58 0.001 

Ground 2000 1550.0 1.58 - 

Cover 950 1700.0 0.35 - 

 

The simulations were performed under steady state conditions 

to analyse the thermal changes during the operation of the 

biodigester. It was adopted that the simulation solutions should 

converge when all residues are below 10−4 and the final 

convergence is reached when the velocity, pressure and 

temperature fields remain constant. 

In this study the finite volume method (FVM) was applied to 

discretize and solve the governing equations (Dapelo et al., 

2019; Meister et al., 2018; Wang et al., 2018). 
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A study was performed for the refinement and convergence of 

the system mesh to ensure the stability of the numerical 

solution. The refinement consisted of two processes: (i) 

variation of controlled mesh parameters; and (ii) time stepping 

variation. 

The Reynolds number (Re) was calculated to determine the 

type of flow, laminar or turbulent. The calculation of Re was 

made using equation 4:  

Re= ρ v Dh / μ (4) 

 

where μ dynamic viscosity, Dh biodigester equivalent 

hydraulic diameter, which is calculated by means of the 

biodigester cross-section and perimeter,  4.4 m in this case. 

For the substrate modelling in CFX software it was necessary, 

to enter the velocity and temperature that the fluid enters the 

biodigester in addition to the thermal properties. The velocity, 

0.026 m/s, was calculated from the flow and cross-sectional 

area of the inlet pipe. The 250 m³ biodigester flow from UFV 

was adopted. The inlet temperature of the fluid was considered 

equal to the average annual ambient temperature for Brazil, 

around 24ºC. 

A heating and recirculation systems have been proposed to be 

implemented in the biodigester (Fig. 2). The heating system 

consisted of a heat exchanger external to the reactor. The 

substrate was heated by means of a heat exchanger. The motor 

pump system was at the end of one of the inspection boxes (3) 

where the heated fluid returned to the reactor. The fluid is 

suctioned through the other two inspection boxes (2 and 1), 

keeping the volume of the biodigester constant. The 

temperature chosen was 40ºC because it is the limit for the 

optimal substrate metabolization by the mesophilic arches, so 

as not to impair the digestion. 

 

Fig. 2. Schematic representation of the biodigester 

recirculation and heating system. 

The first simulated case was the one without recirculation and 

without heating, to evaluate standard system operation, called 

Case (0). 

The next case included the insertion of the recirculation and 

heating system. Therefore, the Case (i) fluid is suctioned 

through two inspection boxes (1 e 2), then is heat up and then 

squeeze out of one inspection box (3). 

To evaluate substrate homogenization, that is, the presence or 

absence of dead zones and region (s) with low flow, we used 

monitoring by G (s-1) absolute velocity gradients (equation 5). 

In other words, the velocity gradient was analyzed to 

determine the fluid mixing level (Bridgeman, 2012; 

Bridgeman, Jefferson and Parsons, 2010; Sindall, Bridgeman 

and Carliell-Marquet, 2013). 

𝐺 = √(
𝜕𝑢
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+
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)
2

+ (
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑧
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𝜕𝑦
)

2

 (5) 

 

According to (Bridgeman, Jefferson and Parsons, 2010) the 

velocity gradient can be considered as a measure of the angular 

strain rate of an elemental volume resulting from the 

application of forces on the tangential surface. Thus, it was 

defined in this study as the square root of the velocity gradient 

in a tank that contains a certain mixture. 

3.  RESULTS 

The heating system consists of a heat exchanger external to the 

reactor, which can use biomass present in the farm as a source 

of energy as well as the burning part of biogas itself. The need 

to implement a heat exchanger external to the biodigester is 

due to the lack of access to the interior, since it would be 

impracticable to insert a stirrer inside for recirculation. 

The first case to be analysed was the behaviour of the fluid 

inside the biodigester in the absence of recirculation and 

heating, Case (0). 

By analysing the velocity field within the biodigester for 

Case (0) it can be observed that velocities range from zero to 

inlet and outlet velocities, about 0.028 m/s near the pipe inlet, 

as shown in Fig. 3. 

 

Fig. 3. Velocity behaviour inside the biodigester, from the 

inlet pipe (left) to the outlet pipe (right) for Case (0). 

When fluid enters in the reactor, it decelerates due to 

biodigester substrate flow is practically inert, so that the fluid 

enters into dynamic equilibrium and flows at a next to zero 

constant velocity until it exits on the opposite side of the 

vessel. 
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The velocity difference between the fluid flow inside the inlet 

tube and the reactor generates a small-localized recirculation, 

but it is not enough to agitate the entire volume. 

By analysing the current lines, it is possible to verify the 

behaviour of the fluid leaving the biodigester inlet tube to the 

outlet tube. Fig. 4 shows the plan and longitudinal sectional 

view of the fluid flow streamlines, respectively. 

Recirculation can be assessed either by streamline analysis or 

by velocity gradient analysis. Fig. 4 shows the result of the 

current lines. Note that, in the absence of recirculation system, 

there are zones, such as the reactor ends, which are practically 

unmixed. 

 

Fig. 4. Biodigester floor plant view and longitudinal section 

of the substrate flow streamlines for Case (0). 

As for the velocity gradient analysis, it can be concluded for 

Case (0) that practically no fluid mixing occurred due to the 

low velocity gradient value found, i.e. 0.210 s-1, as in the case 

of Meister et al. (2018) which achieved a velocity gradient of 

0.5 s-1 for a system without recirculation and temperature 

around 24ºC. 

It is also important to note that the flow streamlines shown in 

Fig. 4 (plan view) cover only the middle of the biodigester, i.e. 

the central base of the biodigester (5.0 m) and the entire length 

(15.0 m) in the floor plan view. Recall that the full dimensions 

of the biodigester seen in the floor plan are 15 m long and 10 m 

wide. 

There is a consensus among researchers that correct fluid 

agitation optimizes substrate degradation by microorganisms, 

and higher generation of biogas and biofertilizers is possible, 

in other words, substrate recirculation or agitation can make 

biodigesters more efficient (Leonzio , 2018; López-Jiménez et 

al., 2015; Rasouli et al., 2018; Wu, 2011). 

Case (i) was then analysed with the objective of evaluating 

which one obtains the best level of mixture and the uniform 

distribution of temperature. 

Table 2 presents the minimum, average and maximum 

temperatures, the standard deviation of simulated temperatures 

and the temperature gradient of the mixture. It can be observed 

that for Case (0) the minimum, average and maximum 

temperatures were the same, all around 24°C, as expected due 

to the absence of heating and recirculation systems. 

Table 2. Temperature distribution, velocity gradient and 

standard deviation of temperature. 

 Minimum 

temperature 

(°C) 

Average 

temperature 

(°C) 

Maximum 

temperature 

(°C) 

Velocity 

gradient 

s-1 

Case (0) 24.15 24.15 24.15 0.210 

Case (i) 24.15 33.26 40.15 1.747 

 

With the recirculation system the velocity gradient increased 

by 700%, comparing Case (0) with Case (i), implying that in 

Case (i) the fluid has a better mixture and also has better 

homogeneity in temperature, and as a consequence can 

produce biogas in greater quantity and quality (Hulle, Van et 

al., 2014). 

It can also be observed that in Case (i) two flow vortices are 

formed (Fig. 5). These vortices are the meeting of the flow of 

the biodigester input with the recirculation from the inspection 

box 01 (input 2). The fluid recirculation system has more zones 

being revolved compared to the results from Case (0), i.e., 

without recirculation, Fig. 4, as well as significant increase in 

the speed gradient. 

 

Fig. 5. Bottom view of the behavior of the flow current lines 

for Case (i). 

In addition to the better recirculation performance Case (i) 

when compared to Case (0) proved that heating the part of the 

fluid that passes through the recirculation / heating system to 

a temperature of 40°C is sufficient for virtually all fluid to 

reach a homogeneous temperature, about 33ºC in this case. 

Fig. 6 shows the behaviour of the temperature inside the 

biodigester from the cross-sectional view along the x-axis at 

3.0 m and longitudinal section at the center of the z-axis 5.0 m 

respectively for Case (i). Fig. 6(a) shows a plan with the 

temperature distribution at the centrum of the digester, it can 

be observed that the temperature is predominantly uniform. 

The distribution of fluid temperature within the biodigester at 

different depths for Case (i) in Fig. 6(b). 
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Fig. 6. Digester bottom view of the behaviour of the flow 

current lines for Case (i). 

It can be seen from the cross-sectional view of Fig. 6 that this 

zone does not receive a significant amount of heat from the 

heating system at temperatures between about 28 and 32°C. As 

seen in Fig. 4 this part of the biodigester receives great 

influence from the biodigester inlet flow and it can be seen that 

the recirculation system cannot homogenize all temperatures. 

However, there are few zones with temperature differences 

along the biodigester, with temperatures between 28 and 37ºC. 

A larger vortex was formed near the reactor inlet, where there 

is greater recirculation, as shown in Fig. 5; on the other hand, 

the second vortex shape at the reactor outlet did not reach all 

biodigester zones thus resulting in less mixing. Moreover, in 

the presence of dead zones at the ends of the digester. The 

presence of dead zones is of great concern, because it can cause 

substrate sedimentation leading as well as a lower volume of 

microorganisms that, in some cases, can halt the process. 

In addition to the best revolving performance, Case (i) also 

demonstrated better behaviour regarding temperature 

homogeneity. With the analysis of the automation system it 

can be proved that heating only part of the substrate to a 

temperature of 40ºC was enough for practically all the reactor 

digestate volume to reach homogeneous temperatures, 33ºC. 

Reaching a temperature of 33°C could mean that the 

biodigester may have optimized its production of biogas and 

fertilizer material. 

The biodigester design parameters comparison were the 

absolute velocity gradient and the velocity / length ratio. 

Calculating the ratio between the speed and the length of the 

simulated biodigester and the oval model digester, with and 

without recirculation (Meister et al., 2018) found 7.2. 

Likewise, the ratio between the absolute velocity gradient ratio 

for the simulated model and the one described by Meister et al. 

(2018) and a value of 7.1 was found. 

Because velocity coefficients are observed in the simulations 

about 60% lower than those indicated in the literature, Meister 

et al. (2018). In addition, the existence of “dead zones”, i.e. 

substrate flow velocities close to zero, it is recommended that 

changes be made to design parameters such as increased fluid 

inlet velocities in the reservoir and / or suction and repression 

to meet the indications in the literature. Another possibility is 

to change the type of biodigester, i.e. the design itself. 

4. CONCLUSIONS 

Computational fluid dynamics has proved to be an efficient 

and relatively fast tool for performing tests for thermodynamic 

behaviour analysis. Although some approximations were 

necessary, results followed closely the results available in the 

literature. It is emphasized here that the results presented in 

this analysis are in each of the layers or volumes considered, 

and can generate solutions in three dimensions, which better 

specifies the results in relation to other types of simulation. 

The type of plastic blanket tubular biodigester is still poorly 

studied when compared to other types, which makes the study 

more interesting in terms of research for the area of swine 

manure treatment systems and the generation of energy from 

biomass. The inclusion of a recirculation and heating systems 

simultaneously with the heating system proposed for the 

tubular biodigester was efficient for heating, with average 

temperatures close to 33ºC. The recirculation system should be 

simulated for other speeds to achieve recommended indexes 

proposed in the literature. 

Therefore, it can be stated that the use of the computational 

fluid dynamics method proved to be efficient and effective to 

simulate the optimization of biodigesters with and without 

recirculation and heating systems. 
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