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Abstract: The study objective was to adjust the hydrodynamic disintegrator dedicated to sewage 

sludge pre-treatment (HDS) to work with agricultural substrate. This involved the development and 

implementation of a mathematical model of flow via the device’s domain. An innovative 

disintegrator ( HDA - hydrodynamic disintegrator for agriculture) was designed, built, and tested 

based on the obtained results. The main improvements to the HDS include the implementation of 

shredding knives in order to overcome clogging by crushed substrate, and the application of ribs in 

the recirculation zone, contributing to the development of an additional structure damage zone. The 

challenge of this study was also to determine the operating parameters of the HDA that would 

provide for an increase in methane production with positive energy balance. The testing procedures, 

for which maize silage was selected, involved batch disintegration tests and biochemical methane 

potential tests. No clogging of rotor or spontaneous shutting off of the device, in other words, 

problems that had occurred in the HDS, were observed. The applied pre-treatment method 

permitted an increase in the methane potential of maize silage by 34.4%, 27.0%, and 21.6%, 

respectively for samples disintegrated at energy densities of 10 kJ/L, 20 kJ/L, and 35 kJ/L with net 

energy profit. 

Keywords: agricultural substrates; hydrodynamic disintegration; computational fluid dynamic; 

mathematical modelling; immersed solid method; cavitation; specific methane production; energy 

balance  

 

1. Introduction  

In December 2018, the Renewable Energy Directive (Directive (EU) 2018/2001) became effective 

as part of the Clean Energy for All Europeans package. Its purpose is to maintain the EU’s position 

as a global leader in the field of renewable energy sources, and in a broader context to help the 

European Union meet its emission reduction commitments. The new directive sets a binding target 

according to which by 2030 at least 32% of the final energy consumption in the European Union 

should be obtained from renewable sources [1]. 
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Today, the EU aims to have achieved a 20% share of renewable energy in gross final energy 

consumption by 2020 [2]. In 2018, the share of renewable energy sources in final energy consumption 

in the EU was 18.9%, compared to 9.6% in 2004 [3]. Although the EU as a whole is in a good position 

to meet its 2020 goals, some member states will have to make additional efforts to fulfil their 

obligations regarding the overall share of renewable energy in gross final energy consumption. There 

seems to be a large disproportion between renewable energy sources share in total electricity 

production in individual EU member states. In 2018, renewable energy reached more than half 

(54.6%) of the gross final energy consumption in Sweden. It was the first country among EU member 

states to achieve that goal, far ahead of Finland (41.2%), Latvia (40.3%), Denmark (36.1%), and Austria 

(33.4%). Countries with the lowest share of renewable energy were at the end of this ranking. These 

were the Netherlands (7.4%), Malta (8.0%), Luxembourg (9.1%), and Belgium (9.4%). The targets for 

these countries require an increase in the share of renewable energy in final energy consumption. In 

Poland it was 11.3% in 2018 in comparison to the goal of 15% by 2020—relatively far from the 

requirements. 

An increase in the share of renewable energy sources in total electricity production requires 

building new renewable energy source installations based on available technologies, or improvement 

of the efficiency of the existing ones. One of the sources of renewable energy is biogas obtained from 

biogas plants. According to the latest Statistical Report 2019 on Biogas [4], gross energy consumption 

from biogas in Europe has increased 25 times since 1990. The steady upward trend confirms the 

potential and capabilities of biogas, even greater in recent years due to the development of advanced 

technologies and cheaper components for installations (fermentation chambers or units for the 

conversion of raw biogas to biomethane injected into the gas network). As much as 71% of biogas 

plants in Europe are fed agricultural substrates (energy crop silage, liquid manure, agricultural 

wastes). The demand for these types of installations is still high, particularly because the production 

of biogas from agro residue/agro waste along with organic recycling of digestate is an example of 

good practice in the area of circular economy. 

In order to make better use of biogas plants, in other words, to increase biogas production, 

scientists around the world attempt to use various technologies [5–7]. One of them is the application 

of hydrodynamic disintegration (HD) of substrate directed to fermentation chambers. This method 

provides for lower energy consumption compared to other pre-treatment methods [8,9] and therefore 

offers a better chance of achieving a positive energy balance. Hydrodynamic disintegration has 

previously been successfully used for disintegration of sewage sludge [8,10,11]. This has led to 

attempts to use HD in the pre-treatment of feedstock in agricultural biogas plants, although reports 

regarding this are still scarce [9,12,13]. 

The possibility of increasing the amount of methane produced with a positive energy balance in 

agriculture biogas plant was demonstrated by Garuti et al. [9]. Biochemical methane potential (BMP) 

test results documented a 2.9%, 3.5%, and 14.0% increase in methane yield for hydrodynamic 

disintegration with the following energy inputs: 954 kJ/kg TS (total solids), 470 kJ/kg TS and 740 

kJ/kg TS. Full-scale experiments have shown 17% lower electrical energy consumption (for 

470 kJ/kg TS) due to higher biogas production. The cited authors used pig slurry and energy crops 

(maize silage and triticale silage) as feedstock, and agricultural by-products (beet molasses, and corn 

meal) as supplementary biomasses. Hydrodynamic disintegration was also used to pre-treat Sida 

hermaphrodita silage mixed with cattle manure [13]. An increase in methane production by 14.7% and 

29.4% was obtained with an energy profit of 0.14 Wh/g TS and 0.17 Wh/g TS for HD conducted in 2.5 

min and 5 min, respectively. The comparison of hydrodynamic and ultrasonic disintegration as pre-

treatment of cattle manure mixed with wheat straw has been presented in [12]. As a result of both 

methods, a similar increase in biogas production rate was obtained, reaching 18.5 m3/d and 19.8 m3/d, 

respectively. A similar increase was also observed in cumulative biogas yield—from 369 L/kg VS 

(volatile solids) (without pre-treatment) to 430 L/kg VS (hydrodynamic disintegration pre-treatment) 

and 460 L/kg VS (ultrasonic disintegration pre-treatment). The net energy output for a system with 

HD (61.05 kWh/d), however, was higher than that for a system with sonification (52.15 kWh/d). 

Along with the application of HD to increase the efficiency of anaerobic digestion, the process is also 
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tested for the valorisation of lignocellulosic biomass for ethanol production [14], biodiesel production 

from Thumba oil [15], removal of toxic substances [13], and microalgae cells disruption [16]. 

This paper presents the process of adaptation of a hydrodynamic disintegration device from 

working with sewage sludge (HDS, hydrodynamic disintegrator for sludge), previously described in 

reference [17], to technology working with a broad spectrum of agricultural substrates, as well as the 

testing procedures. Meeting the study objective involved three stages. First, mathematical modelling 

was carried out to generate design guidelines. The primary elements distinguishing it from the device 

working with sewage sludge are additional shredding knives and ribs that help grinding/breaking 

up agricultural substrates. In the disintegrator, a pressure gradient is created in the rotor spaces as a 

result of centrifugal force. In active zones located closest to the axis of rotation, the fluid pressure 

drops below the evaporation pressure at a given temperature. As a result, vapour-gas bubbles are 

formed in the zone of the lowest pressure, and disappear in the zone of high pressure, which is called 

cavitation. This phenomenon causes biomass disintegration. The second stage involved production 

of the device (HDA). The third stage focused on conducting research and testing of the device. Maize 

silage (MS), a substrate commonly used in agricultural biogas plants, was chosen for the research. 

Disintegration of this substrate in the device dedicated to sewage sludge caused operation problems, 

namely clogging the rotor openings and shutting off the device. Another serious challenge of this 

study was the determination of the operating parameters of the device that would ensure not only 

an increase in methane production, but also a positive energy balance. 

2. Methods 

2.1. Modelling 

The modelled process is turbulent flow of agricultural substrates in the disintegrator’s domain 

in which cavitation is suspected. The modelling part covers a system of equations used for flow 

description, as well as the assumptions and model implementation part presenting the geometry, 

mesh, and solver settings. 

2.1.1. Mathematical Model 

Few studies have focused on mathematical modelling of hydrodynamic disintegration of 

agricultural substrates so far. It may have resulted from the challenges of modelling of the wide range 

of inhomogeneous mixtures the composition of which can vary in time.  

That is why water is a commonly used medium in mathematical modelling of hydrodynamic 

disintegration devices [18,19] (among the others approaches presented). Water is also a frequently 

used medium for real device testing [20–23]. Being aware of the simplification resulting from the 

intake of water and taking into account numerous difficulties occurring in the modelling of 

agricultural waste substrate, water was also assumed as the modelled liquid in this study. Water was 

modelled as continuous liquid, fulfilling the mass conservation equation. Heat transfer calculations 

employed the total energy equation [24], including the viscous work term. The momentum 

conservation principle in turbulent flow involved the application of the Reynolds averaged Navier–

Stokes equation (RANS). This equation requires the implementation of additional functional 

relationships between Reynolds stresses or effective coefficients, and averaged field parameters 

determined by the turbulence model. 

Models most commonly used for this purpose are k-ε and k-ω models (both with certain 

modifications) [25–27]. The majority of turbulent flow descriptions can successfully apply the 

standard k-ε model. It is characterised by reasonable accuracy for a broad variety of flows, as well as 

adequate calculation time. Unfortunately, the k-ε model does not deal well with flow description in 

non-equilibrium boundary layers [28]. In contradiction to k-ε, the k-ω model calculates the turbulent 

energy dissipation rate (ω) instead of the dissipation equation. The k-ω model is dedicated to the 

circulation of near-wall region flows, even with significant pressure gradients in the wall’s vicinity. 

Drawbacks of the k-ω model include strong sensitivity to ω values in the freestream far from the 

boundary layer [29]. To face this challenge, the shear stress transport (SST) version of k-ω was 
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developed. In this case, the k-ε model is used in free stream regions [30]. For flow modelling via the 

domain with the rotor, the k-ε model is typically applied, as described in Ref. [31–33], so it was 

selected for the turbulence calculation in the whole fluid domain in this study. 

Cavitation is suspected in the analysed flow. The stochastic model of this phenomenon in 

turbulent flow is presented in reference [34]. Article [35] covers the system of equations describing 

bubble stable cavitation in water, as well as bubble behaviour simulation. The mathematical model 

of cavitation, presenting the isothermal two-phase flow behaviour, is described in reference [36]. The 

numerical analysis of cavitation of water flow in Ansys Fluent in various domains is shown in 

reference [37].  

Because the mathematical model of processes occurring in agricultural substrates disintegration 

is poorly described in the literature, an analogous example of cavitation in pumps can be mentioned 

[38]. The example of the computational fluid dynamics (CFD) model of processes occurring in the 

centrifugal pump is described in [39]. This study involving cavitation modelling implemented the 

Rayleigh–Plesset equation. Because cavitation modelling is a complicated and time-consuming 

process, it was not modelled directly in this study. The cavitation zones were determined through 

the identification of low pressure areas. This approach was presented, namely, in reference [24]. 

2.1.2. Model Implementation 

The model implementation consists of three main parts: geometry designing, mesh generation, 

and implementation of boundary conditions and solver settings. As mentioned before, the sewage 

sludge disintegrator was designed in the scope of previous works, published in references [17,40]. 

The device was adjusted for agricultural substrates disintegration by adding shredding knives 

(Figure 1). Moreover, implementation of ribs was proposed to create another disintegration zone 

(Figure 2). The accelerated fluid at the outlet of the rotor faces the ribs, causing rapid velocity decrease 

contributing to the disintegration of the substrate. For the purposes of assessment of the new design, 

one of the objectives of this study was the comparison of the performance of two designs. 

 

Figure 1. Adjusted rotor geometry. 
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Figure 2. Fluid domain. 

The computational grid was generated for the presented domain. For this purpose the automatic 

method was used. The face maximum size was set to 0.005 m. Additional face sizing (0.003 m) was 

applied on the rotors’ surfaces, to obtain more occurance results as the most dynamic processes are 

predicted there. Main mesh parameters are presented in Table 1. The applied mesh is presented in 

Figure 3. 

The calculations were conducted with the application of available commercial software (Ansys 

CFX 18.2, Canonsburg, Pennsylvania, USA). The rotational speed was assumed as 50 rps. As in 

similar cases in the literature [41], the immersed solid method was implemented. All walls were 

treated as adiabatic. The pulse mode of the device was considered so device filling and emptying 

were neglected, which is why neither inlet nor outlet were defined in the model. The transient model 

of the analysis was used. The total simulation time equalled 0.04 s (two full turns) with a single 

timestep length of 0.000111 s. Reference temperature was set to 293 K. The high resolution advection 

scheme option was selected. The second order backward Euler transient scheme was applied. 

Turbulence numerics were calculated as the first order. The root mean square (RMS) was selected for 

convergence criteria, and set at the level of 10−4. 

Table 1. Main mesh parameters. 

Number of 

Elements 

Number of 

Nodes 

Average 

Quality 

Average Aspect 

Ratio 

Average 

Skewness 

1,395,719 261,127 0.84047 1.846 0.21973 

 

Figure 3. Mesh cross section. 
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2.2. Appraisal of Device Operation 

2.2.1. Substrate 

As already mentioned in the introduction to the appraisal of the operation of the constructed 

device, maize silage was selected for the study as a substrate commonly applied in agricultural biogas 

plants. In 2019 in Poland, 420,714.003 t of MS was processed. It is the fourth most commonly applied 

substrate in Polish agricultural biogas plants out of 36 substrates finding application in such 

installations [42]. The maize silage used in the study was obtained from an agricultural biogas plant 

in the Lublin voivodeship (Poland). Total solids (TS) and volatile solids (VS) concentration in MS 

were in a range of 31.1–41.2% and 29.9–39.6%, respectively. 

Before commencing the implementation of the process of hydrodynamic disintegration, the 

maize silage (Figure 4a, raw MS) was shredded by means of a kitchen blender with a shredding 

function in order to eliminate the presence of long fibres that occurred in samples collected from the 

prism (Figure 4b, shredded MS). Then, MS was diluted with tap water to total solids concentration 

at a level of approximately 5%. TS concentration in the samples used in the hydrodynamic 

disintegration process was 4.45–5.22% (Figure 4c, hydrated MS). 

 
(a) 

 
(b) 

 
(c) 

Figure 4. Maize silage: (a) Raw maize silage; (b) shredded maize silage; and (c) hydrated maize silage 

used in the hydrodynamic disintegration process. 

2.2.2. Disintegration Batch Test 

The objective of disintegration batch tests was verification whether the modified device (HDA) 

permits conducting disintegration of maize silage with no operation problems that occurred in the 

case of the device constructed for the purpose of disintegration of sewage sludge (HDS), and analysis 

of solubilisation of MS as a result of hydrodynamic cavitation (based on changes in the concentration 

of soluble chemical oxygen demand (SCOD) and volatile fatty acids (VFA)). 

The disintegration batch test involved subjecting MS to the hydrodynamic disintegration 

process at the adopted energy density levels (EL), in other words, a value illustrating energy use in 

reference to 1 L of the disintegrated medium (kJ/L), and analysis of the value of physical-chemical 

indicators in the samples before and after disintegration. Each test was conducted at six levels of EL 

in a range of 35–210 kJ/L with a 35 kJ/L step. Conducting the process with strictly specified energy 

use was possible due to continuous measurement of electricity consumption coupled with the 

automatic system that shut off the device after the introduction of the predefined portion of energy 

to the disintegrated medium. Immediately after that, the temperature was measured of the 

disintegrated sample, and the liquid phase was separated, then subjected to the determination of the 

concentration of dissolved organic compounds expressed in the SCOD, as well as VFA concentration. 

The obtained results provided the basis for the calculation of the efficiency of organic compounds 

release (ESCOD_AW), and the efficiency of volatile fatty acids release (EVFA_AW) [43]. 

The study was conducted in four repetitions (R) of disintegration batch tests, each time on a 

different batch of maize silage. The tests were described as MS.R1, MS.R2, MS.R3, and MS.R4. 
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2.2.3. Biochemical Methane Potential Tests 

The objective of BMP tests was the assessment of the possibility to increase the specific methane 

production (SMP) of maize silage as a result of application of the hydrodynamic disintegration 

process as a pre-treatment method. 

BMP tests employed the Automatic Methane Potential Test System (AMPTS II). The device is 

composed of 15 glass bottles (test reactors), each with a total volume of 650 mL. The following was 

introduced to a single reactor: (i) 400 mL inoculum, namely digestate originating from the same 

biogas plant as the maize silage; and (ii) substrate, namely, disintegrated and non-disintegrated 

maize silage, in a quantity resulting in substrate load on inoculum of 5 g VS of MS per L inoculum. 

Tests for particular samples were performed in triplicates. Therefore, a single experiment permitted 

the determination of SMP for untreated MS, and for samples of MS disintegrated at three energy 

density levels (in order to determine SMP, observations of methane production in triplicate were also 

conducted for the inoculum). All test reactors were equipped with mechanical rotors operated 

automatically. This permitted stirring the content of the reactors for 20 s every 10 min throughout the 

duration of the tests. The reactors were placed in a water bath, allowing for maintaining the 

temperature of anaerobic digestion at a constant level. In the experiment, the value of the index was 

37 °C. For the purpose of providing anaerobic conditions, the entire system was rinsed with pure 

nitrogen gas. Each test reactor was connected with Tygon tubing with a scrubber containing 3 M 

solution of sodium hydroxide with 0.4% thymolphthalein for absorbing CO2, and then with a 

measurement cell measuring the volume of produced methane (it is automatically converted to 

standard temperature (273.15 K) and pressure (1 bar)). In the conducted experiments, the anaerobic 

digestion process was conducted until the daily methane production over three subsequent days was 

lower than one percent of total production [44]. The RIR Tukey test was used to determine the 

sensitivity of differences (level of sensitivity: α = 0.05) between SMP determined for particular 

samples (STATISTICA 13.1 PL). 

The scope of the study covered conducting two experiments. It was assumed that in the first 

experiment (described as MS-E1), maize silage would be subject to the disintegration process at 

energy density values of 35 kJ/L, 70 kJ/L, and 140 kJ/L, and the obtained results would provide the 

basis for the selection of energy density at which the disintegration process would be conducted in 

the subsequent experiment (MS-E2), with consideration of striving to obtain a positive energy 

balance. 

2.2.4. Analytics 

The chemical analyses (SCOD, VFA) were performed in accordance with standard analytical 

procedures (APHA) with the application of a spectrophotometer (DR3900, Hach Lange, CO, USA). 

The liquid phase of the analysed samples was obtained through 30 min rotation at 15,000 rpm ( MPW 

Med.Instruments, MPW-352, Warsaw, Poland), and high-pressure filtration through membrane 

filters with a pore diameter of 0.45 μm (Merck Millipore, Burlington, Massachusetts, USA). TS and 

VS were determined using gravimetric methods in accordance with norms PN-EN 15934:2013-02 and 

PN-EN 15935:2013-02, respectively. 

3. Results 

3.1. Modelling 

The comparative analysis covered two geometries of the device (original variant, without 

shredding knives; modified variant, with shredding knives) with a rotor diameter of 200 mm at 

nominal rotational speed of 3000 rpm. The scope of work implemented for the purposes of this article 

included no calculations for the HDS device, but only for the HDA. Results for the HDS device were 

implemented in the scope of earlier studies, and were presented in reference [40]. The presented 

analysis aimed at the determination of the effect of application of additional shredding elements on 

the distribution of pressure and speed in working spaces of the rotor. The character of flow in the 
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zone of liquid outflow from the rotor in the vicinity of the ribs was also determined. The results are 

presented in Figure 5 as pressure fields on the rotor surface, and liquid speed vectors. The presented 

simulation results show that in both cases a decrease in pressure below saturation pressure (1705 Pa, 

lower limit of the scale in the figures) was observed in the rotor area. Cavitation zones have an 

approximate size, the HDA to HDS low pressure zones volume ratio is equal to 84.64%; therefore, no 

significant negative effect of the introduction of shredding knives on the pressure distribution in 

working spaces of the rotor was observed. Despite the flow character change around the rotor caused 

by the needed modification implementation (shredding knives), it can be concluded that the rotor is 

still able to create a low pressure zone of satisfactory size. In the modified variant, a change in the 

character of flow above the rotor was also observed. An increase in pressure at the rib base, at the 

outlet from the rotor, suggests the existence of the impact zone, where disintegration of substrates 

can also occur, as presented in Figures 6 and 7. Moreover, the geometry with the existing knives and 

counter knives is characterised by increased pressure on the lateral wall of the rotor. 

 

Figure 5. Comparison of pressure fields and speed fields in both variants of the device. 
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. 

Figure 6. Pressure contour at the outlet from the rotor of the device in the modified variant. 

 

Figure 7. Pressure contour at the outlet from the rotor of the device in the modified variant, zoom-in 

to the outlet zone. 

The obtained simulation results confirmed the lack of negative effect of the implementation of 

the system of shredding knives on the potential of generating cavitation in working spaces of the 

rotor. Due to this, and to the necessity of disintegration of agro substrate before their introduction to 

the rotor, introducing the solution to the modified device (HDA) is recommended. 

The zones of liquid impact observed in the modelling results, manifested in a rapid pressure 

increase in the basal zone of the ribs, also suggest a positive effect of introducing the modification to 
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the disintegration of the biological structures of the substrate. The cited results provided the basis for 

the commencement of design of the HDA device. 

The modified disintegrator (HDA) is a double cylinder circulation rotor device (Figure 8). The 

effect of the introduction of additional elements such as shredding knives (active, constituting an 

integral part of the rotor), counter knives (passive), and passive ribs is a change in the character of 

flow in the space above the rotor to more turbulent, and in the vicinity of the outlet of the medium 

from the rotor area to that generated by highest pressure difference. Therefore, two zones of 

disintegration exist: cavitation (rotor) and impact zone (bases of passive ribs), intensified due to the 

presence of circulation in the working space of the device (the medium flows through the 

disintegration zones several times in a cycle). Moreover, the presence of active and passive elements 

above the rotor disintegrates solid elements contained in the medium, allowing for the device’s 

broader range of operation and higher tolerance to inhomogeneous mixtures. 

 

Figure 8. Diagram of the disintegrator. 

3.2. Appraisal of Device Operation 

No clogging of rotor openings or spontaneous shutting off of the device, in other words, 

problems that occurred during tests in the device constructed for disintegration of sewage sludge 

(HDS), were recorded in the process of hydrodynamic disintegration of maize silage in the modified 

device (HDA). Whereas the HDS device could be successfully used for disintegration of sewage 

sludge and the following substrates used in agricultural biogas plants: cow and pig slurry, remains 

of fruit, sugar beet pulp, and sugar beet pellets [43,45], it did not permit conducting the disintegration 

process of substrates such as maize silage, manure, plant waste, or straw. 

The operation of the modified disintegrator was verified in the broad range of energy density of 

35–210 kJ/L which in reference to TS of disintegrated maize silage corresponded to specific energy 

(ES) in a range of 706–4715 kJ/TS. For this purpose, four disintegration batch tests were conducted, 

involving monitoring of changes in temperature and dissolved organic compounds (SCOD, VFA). 

Lack of operation problems allowed for a transition to the next stage of the study aimed at the 

assessment of the possibilities to increase the methane potential of MS as a result of hydrodynamic 

disintegration conducted in device HDA with a positive energy balance. 

3.2.1. Temperature 

As suggested by data presented in Table 2 and Figure 9a, an increase in energy introduced in 

the process of hydrodynamic disintegration of MS was accompanied by a gradual, almost linear 

increase in temperature from 21.5 ± 1.4 °C for untreated samples to 55.6 ± 0.7 °C for samples 
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disintegrated at EL = 210 kJ/L (ES: 4233–4715 kJ/TS). An approximate increase in temperature with an 

increase in energy supplied to the system was observed during the disintegration of sewage sludge 

conducted with the application of an identical rotor, but without the modification introduced for 

processing of substrates used in agricultural biogas plants [17]. Further batches of MS disintegrated 

with differing energy densities were, however, characterised by a much lower change in temperature 

at each EL than that recorded for sewage sludge (MS: standard deviation in a range from ±0.5 to ±1.9 

°C, which constituted from ±0.9 to ±6.4% of particular mean values; sewage sludge: standard 

deviation from ±2.4 to ± 5.5 °C, which constituted from ±9.5 to ± 27.4% of particular mean values). In 

hydrodynamic cavitation, an increase in temperature results from generation and then implosion of 

microbubbles filled with vapour or gas, resulting in generation of heat [46]. 

Table 2. Disintegration effect with a given level of energy density for maize silage. 

Energy 

Density 

(kJ/L) 

Duration of 

Hydrodynamic 

Disintegration 

(min:sec) 

Temperature 

(°C) 

SCOD 

(mg/L) 

VFA 

(mg/L) 

ESCOD_AW 

(mgSCOD/kJ) 

EVFA_AW 

(mgVFA/kJ) 

0 (untreated) - 21.5 ± 1.4 4660 ± 1957 760 ± 427 − − 

35 00:41 ± 00:04 27.0 ± 1.7 7487 ± 1650 1377 ± 841 80.8 ± 37.0 17.6 ± 12.9 

70 02:03 ± 00:12 35.6 ± 1.1 7450 ± 1192 1263 ± 832 39.9 ± 22.2 7.2 ± 7.2 

105 04:04 ± 00:26 42.4 ± 1.9 7700 ± 1113 1248 ± 740 28.6 ± 18.4 4.0 ± 3.7 

140 06:48 ± 00:41 46.0 ± 1.5 7379 ± 1239 1059 ± 856 19.4 ± 18.4 2.1 ± 4.0 

175 09:57 ± 02:02 53.5 ± 0.5 7430 ± 2157 
1261 ± 

1028 
15.6 ± 13.5 2.5 ± 3.9 

210 13:07 ± 04:05 55.6 ± 0.7 7943 ± 1220 1001 ± 577 15.5 ± 11.5 0.8 ± 0.8 

 

 

Figure 9. Effect of specific energy on: (a) Temperature of maize silage; (b) SCOD; (c) VFA release from 

maize silage. 

3.2.2. SCOD and VFA 

The comparison of values of SCOD and VFA concentrations obtained in subsequent samples 

disintegrated at increasing energy use shows that only after the introduction of the first portion of 

energy (EL = 35 kJ/L), the concentration of dissolved organic compounds expressed as SCOD and VFA 

considerably increased (Table 2, Figure 9b,c). Values of the indicators increased by 74.8 ± 50.2% and 

86.2 ± 41.5%, respectively, in comparison to untreated MS, allowing for obtaining the efficiency of 

SCOD and VFA release in a range of 45.9–128.1 mg SCOD/kJ and 7.7–36.5 mg VFA/kJ, respectively. 

ESCOD and EVFA determined for disintegrated samples at the remaining energy density levels (EL ≥ 

70 kJ/L) were lower by 40.8–106.2% and 50.4–111.2%, respectively. The obtained results suggest that 

as a result of the HD process conducted at EL = 35 kJ/L, organic compounds constituting biomass 

building material were solubilised with simultaneous generation of easily biodegradable organic 

compounds. A further increase in EL resulted in only a slight increase or decrease in the SCOD value 
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(from 22.7 to 33.4% in comparison to the sample disintegrated at 35 kJ/L), and a decrease in VFA 

concentration (from 0.2 to even 51.3% in comparison with the sample disintegrated at 35 kJ/L). The 

recorded decreases in SCOD and VFA values could have been related to the occurrence in the 

disintegrator of temperatures locally higher than boiling temperature of VFA, resulting in potential 

evaporation of a part of already released VFA. Loss of dissolved organic compounds could also have 

resulted from their oxygenation caused by free radicals H• and •OH produced in the process of 

hydrodynamic cavitation [47].  

The course of changes in SCOD concentration in the process of hydrodynamic disintegration of 

MS can be compared to changes in the concentration of carbohydrates obtained as a result of 

hydrodynamic disintegration of Sida hermaphrodita silage [13]. At the beginning stage of 

disintegration (up to 10 min, corresponding to Es = 2016 kJ/kg TS), an increase in the concentration of 

carbohydrates in the liquid phase was obtained, followed by the observation of no considerable 

increase in the concentration of the compound in the liquid. 

The comparison of results of disintegration tests conducted for maize silage to results obtained 

for sewage sludge [17] reveals that maize silage is characterised by considerably lower susceptibility 

to the solubilisation process as a result of HD. In the case of sewage sludge, an increase in SCOD and 

VFA concentrations in disintegrated samples referred to values obtained in untreated samples varied 

from 110–456% at EL = 35 kJ/L to 1288–3540% at EL = 210 kJ/L for SCOD and from 42.5–170% at EL = 

35 kJ/L to 627–1084% at EL = 210 kJ/L for VFA [17], whereas for maize silage it reached the following 

values: for SCOD 22.3–132% at EL = 35 kJ/L and 6.5–185% at EL = 210 kJ/L, and for VFA 49.8–137% at 

EL = 35 kJ/L and 0.8–53.2% at EL = 210 kJ/L. 

3.2.3. Specific Methane Production (SMP) 

In the first experiment (MS-E1), BMP tests were conducted for untreated MS and for MS 

subjected to the hydrodynamic disintegration process at the following energy density levels: 35 kJ/L, 

70 kJ/L, and 140 kJ/L (subsequent tests were described as MS_35 kJ/L, MS_70 kJ/L, and MS_140 kJ/L), 

corresponding to specific energy of 797 kJ/kg TS, 1518 kJ/kg TS, and 3125 kJ/kg TS. A statistically 

significant increase in SMP values suggesting an increase in the susceptibility of maize silage to the 

anaerobic digestion process due to the applied processing method was only recorded in the case of 

test MS_35 kJ/L. The value of the analysed index increased by 14.6% in comparison to untreated MS 

(Table 3). It is worth emphasising that a similar 14.0% increase in SMP value at an approximate value 

of ES = 740 kJ/kg TS was obtained by Garuti et al. [9] (Table 3). MS disintegration at EL = 70 kJ/L caused 

an inconsiderable, not statistically significant increase in the methane potential of only 3.31% (Table 

3). MS disintegration at EL = 140 kJ/L did not contribute to an increase in SMP of the substrate. Study 

results of Garuti et al. [9] suggest that one of causes of a decrease in the SMP value in tests MS_70 kJ/L 

and MS_140 kJ/L in comparison to test MS_35 kJ/L could have been the reflocculation phenomenon 

involving reconnecting of disintegrated particles resulting in a decrease in the bioavailability of 

organic matter. The formation, as a result of the applied pre-treatment, of by-products constituting 

strong inhibitors of the anaerobic digestion process: (i) dissolved phenol and hemicellulose 

compounds (furfural, hydroxymethylfurfural); and (ii) products of the Maillard reaction such as 

amino acids and carbohydrates, could have been another cause of a decrease in the SMP value [9]. 
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Table 3. Effect of hydrodynamic disintegration on specific methane production of feedstocks used in 

an agriculture biogas plant—literature review and results obtained in this study. 

Feedstocks 
Parameters of 

the HD Process 

Working 

Volume 

of the 

Reactor 

Temperature 

of Anaerobic 

Digestion 

Process (°C) 

SMP 

(NmL/gVS) 

Increase in 

SMP 

Relative to 

Untreated 

Sample (%) 

References 

wheat straw 

untreated 

500 mL 37 

31.8 − 
Patil et al. 

[48] 
(2 min, 7.5 kW, 

2300 rpm) 
77.9 144 

cattle manure 

and straw 

wheat 

untreated 

20.9 m3 35 

369 1 − 
Zieliński et 

al. [12] 4 kW, 2800 rpm 430 1 16.5 

Sida 

hermaphrodita 

silage 

untreated 

400 mL 37 

340 − 
Zieliński et 

al. [13] 
504 kJ/kg TS 390 14.7 

2988 kJ/kg TS 440 30.0 

pig 

slurry, energy 

crops (maize 

silage and 

triticale silage), 

and agricultural 

by-products 

(beet molasses 

and corn meal) 

untreated 

1.35 L 38 

139.4 − 

Garuti et 

al. [9]  

470 kJ/kg TS 144.1 3.50 

740 kJ/kg TS 159.1 14.0 

954 kJ/kg TS 143.4 2.90 

maize silage 

(MS-E1) 

untreated 

400 mL 37 

302 − 

This study 

35 kJ/L 

(797 kJ/kg TS) 
346 14.6 

70 kJ/L 

(1518 kJ/kgTS) 
312 3.31 

140 kJ/L 

(3125 kJ/kg TS) 
302 − 

maize silage 

(MS-E2) 

untreated 

400 mL 37 

366 − 

10 kJ/L 

(291 kJ/kg TS) 
492 34.4 

20 kJ/L 

(542 kJ/kg TS) 
465 27.0 

35 kJ/L 

(1009 kJ/kg TS) 
445 21.6 

–, no data; 1 value of specific biogas production (SBP) (N mL/g VS). 

Considering results obtained in experiment MS-E1 and striving for net energy profit in the next 

experiment (MS-E2), the HD process was conducted at considerably lower EL of 10 kJ/L, 20 kJ/L, and 

35 kJ/L (MS_10 kJ/L, MS_20 kJ/L, and MS_35 kJ/L), corresponding to the following ES levels: 

291 kJ/kg TS, 542 kJ/kg TS, and 1009 kJ/kg TS. A statistically significant increase in the SMP value in 

comparison to untreated MS was recorded for all tests in which MS before the anaerobic digestion 

process was subject to hydrodynamic disintegration (Table 3). The maximum SMP value of 

492 NmL/g VS occurred when MS was disintegrated at the lowest of the analysed energy densities of 

10 kJ/L (Es = 291 kJ/kg TS). It was a value as much as 34.4% higher than that for untreated MS. 

Subjecting maize silage to the HD process at EL of 20 kJ/L and 35 kJ/L caused an increase in the SMP 

value of 27.0% and 21.6%, respectively (Table 3). A comparable increase in SMP of 29.0% was 

obtained by Habashi et al. [49], conducting anaerobic digestion of hydrodynamically disintegrated 

oily wastewater (the disintegration process was conducted at 25 kJ/L). Zieliński et al. [13], subjecting 

Sida hermaphrodita silage to hydrodynamic cavitation, obtained an increase in methane production 

varying from 14.7 to 30.0%. A 144% increase in methane production in comparison to the control 
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sample was recorded by Patil et al. [48] in wheat straw subject to the HD process (2 min, 7.5 kW, 

2300 rpm). 

3.2.4 . Energy Balance  

In order to evaluate net energy profit for both experiments (MS-E1 and MS-E2), energy balancing 

was performed, where the value of possible electricity obtained from additionally produced methane 

was referred to the amount of energy used in the process of HD of maize silage, and the resulting 

index was called relative energy profit (REP): 

𝑅𝐸𝑃 =
𝐸𝑥𝑡𝑟𝑎 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑓𝑜𝑟 𝐻𝐷
∗ 100; (%) (1) 

where REP is the relative energy profit, (%); Extra electricity is the amount of electricity additionally 

produced from methane, (Wh); and Energy applied for HD is the amount of electricity used for 

hydrodynamic pre-treatment of maize silage, (Wh). 

In the first experiment (MS-E1), energy input for pre-treatment (HD) for each of the analysed 

samples exceeds the amount of energy additionally produced from methane, as evidenced by 

negative net energy values (Table 4). In experiment MS-E2, net energy profits of 0.84 Wh, 0.48 Wh, 

and 0.05 Wh were recorded for all samples for MS disintegrated at 10 kJ/L, 20 kJ/L, and 35 kJ/L, 

respectively (Table 4). The values of relative energy profit were 599%, 253%, and 108%, respectively 

for MS 10 kJ/L, MS 20 kJ/L, and MS 35 kJ/L (Table 4). It is also worth emphasising that the produced 

net amount of energy in sample MS 10 kJ/L considerably exceeds the amount of energy used for the 

HD process. Therefore, the obtained results show that the analysed disintegration method is an 

attractive method of pre-treatment of a substrate directed to the digestion chamber, and the 

application of the modified device (HDA) in an agricultural biogas plant will most probably permit 

obtaining a positive energy balance. Positive effects of the introduction of hydrodynamic 

disintegration to the agricultural biogas plant in the form of energy profit are also documented by 

results obtained by Garuti et al. [9] and Zieliński et al. [13]. 

Table 4. Energy balance. 

 Parameters Unit  

MS_E1 MS_E2 

Untreated 

MS 

MS  

35 kJ/L 

MS 

 70 kJ/L 

MS  

140 kJ/L 

Untreated 

MS 

MS  

10 kJ/L 

MS  

20 kJ/L 

MS  

35 kJ/L 

Methane energy 

content 1 
(Wh) 3.13 3.46 3.12 3.02 7.32 9.84 9.30 8.90 

Electricity 2 (Wh) 1.25 1.38 1.25 1.20 2.93 3.94 3.72 3.56 

Extra electricity 3 (Wh) − 0.13 0.00 0,00 − 1.01 0.79 0.63 

Energy applied 

for HD 
(Wh) − 0.23 0.42 0.91 − 0.17 0.31 0.58 

Net energy 

production 
(Wh) − −0.10 −0.42 −0.91 − 0.84 0.48 0.05 

Relative energy 

profit (REP) 
(%) − − − − − 599 253 108 

1 Methane energy content calculated by assuming methane calorific value equal to 36 MJ/m3; 2 

electricity calculated by assuming electrical efficiency of engine equal to 40%; 3 Extra electricity = 

electricity dez. – electricity untreated, (Wh): Electricity dez., amount of electricity produced in a 

disintegrated sample at a predefined energy density level (Wh); Electricity untreated, amount of 

electricity produced in an untreated sample (Wh). 
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4. Conclusions 

The HDS device was developed in the scope of previous works. Although HDS works properly 

with the sewage sludge substrate, it cannot be successfully used for agricultural waste disintegration 

due to different medium characteristics causing numerous operation problems such as clogging. 

Adjusting HDS for this purpose involved proposing several modifications, and their verification in 

the scope of this study. First, a system of shredding knives was added to provide substrate pre-

treatment contributing to its initial fragmentation to avoid operation problems. The presented 

numerical analysis was conducted to verify the effect of the module’s implementation on the 

occurrence of cavitation zones in the vicinity of the rotor, as well as its effect on flow in the domain 

above the rotor. No negative impact on the cavitation zones was determined. Shredding knives can 

be added with no disturbance of the disintegration process. Moreover, the introduction of additional 

elements in the recirculation zone was proposed. The study verified the potential of the 

implementation of ribs contributing to the development of an additional zone of substrate structure 

damage. The analysis results suggest the development of high pressure zones in the vicinity of the 

rib bases, where the rotor high-speed outflow reaches an obstacle and its velocity rapidly decreases. 

This phenomenon can contribute to substrate structure damage leading to more effective 

disintegration. Due to the mathematical modelling results, the proposed modifications seem to 

improve the sewage sludge disintegrator (HDS), and extend the range of substrates that could 

possibly be disintegrated by agricultural substrates. Therefore, the new device design was proposed 

(HDA). 

Results of disintegration batch tests confirmed the possibility of conducting the process of 

disintegration of maize silage in HDA which could not be done in HDS. The applied pre-treatment 

method permitted an increase in the methane potential of maize silage by 34.4%, 27.0%, and 21.6%, 

respectively, for samples disintegrated at energy densities of 10 kJ/L, 20 kJ/L, and 35 kJ/L with net 

energy profit, offering high chances for the applicability of the analysed technology at a technical 

scale. 
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ESCOD_AW - the efficiency of organic compounds release 

EVFA_AW - the efficiency of volatile fatty acids release 

HD - hydrodynamic disintegration 

HDA - hydrodynamic disintegrator for agriculture 

HDS - hydrodynamic disintegrator for sludge 

MS - maize silage 
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RANS - Reynolds averaged Navier–Stokes 

REP - relative energy profit 

RMS - root mean square 

SCOD - soluble chemical oxygen demand 

SBP - specific biogas production 

SMP - specific methane production 

SST - shear stress transport 
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VFA - volatile fatty acids 
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