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Abstract

:

In this study, an energy consumption model of a decanter centrifuge was proposed, in particular for a technologically evolved machine equipped with an electromechanical recovery system. This model should be suitably coupled with an auto-adaptive controlling technique used to accurately manage the olive oil process. To achieve this goal, a solid physical and theoretical basis that simple to implement is required. To date there have only been limited scientific studies modelling energy consumption applied to the machines used in olive oil extraction processes. Therefore, the model was developed using fluid dynamic analysis and physical constraints to give it a solid basis. It was then simplified sufficiently for future implementation in automatic machine systems. The empirical model was validated through power measurements conducted in two harvesting seasons under varying operating conditions. The model estimates the power absorbed by the bowl and that produced and recovered by the screw, with high accuracy in each harvesting season. When considering the two harvesting seasons as a single season, the prediction accuracy remains considerable, despite a marginal increase in errors (correlation coefficient greater than 0.90). Finally, the model indicates that the screw conveyor speed is the most important parameter to achieve the desired energy recovery level, while the differential speed, which is a process parameter, has only a negligible impact on energy saving.
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1. Introduction


Manufacturing systems typically convert raw materials into products using electrical energy while simultaneously generating waste and emissions [1,2]. As electrical energy resources are predominantly generated using fossil fuels, the consumption of electrical energy in manufacturing generates CO2 emissions; therefore, there is an increasing requirement to reduce the energy consumption in manufacturing [3]. Therefore, improving energy efficiency in machining processes can reduce energy consumption, minimize environmental impact, and assist sustainable manufacturing [4,5]. The motivation for this study was to improve the modelling capability for energy requirements in mechanical processing for the virgin olive oil (VOO) sector, and in particular, the centrifugal extraction through a decanter centrifuge. This particular sector requires a significant effort to bridge the gap between new technologies and validations by scientific studies. Increasing studies in this specific field could allow for faster technological development and greater knowledge of both manufacturers and operators in the sector.



Morello [6] studied continuous low working capacity plants (approximately 1500 kg/h), and reported that the utilization of the installed electrical power varied between 20% and 40, with minimum utilization (20–25%) of the extraction equipment resulting in an inefficient use of energy. More recently, a number of authors [7,8,9,10] analyzed the energy use in the olive oil production chain and reported that it consumes significant amounts of both electricity and thermal energy. In particular, centrifugal extraction is characterized by the highest total energy requirements and sub-utilization of the installed power. In addition, it is noted that the following aspects should be considered in an energy study of a plant or machine in the food industry:




	(1)

	
The proposed solutions must be simple and inexpensive and compatible with the added value of the produced food to make the machine or the plant competitive on the market in relation to both purchasing and management costs [7,10];




	(2)

	
Energy recovery solutions must be validated by mathematical models and experimental tests that consider the production process and quantitative aspects related to the product obtained [11,12]; and




	(3)

	
More so than in the bulk of other plants, that the quality of the processed food has to be high in relation to the machine performance and energy requirements [13].









In particular, the decanter centrifuge for olive oil production is typically designed with two key goals: (1) to ensure the cleanliness of the discharged liquids with appropriate sedimentation of the solids; and (2) to guarantee the highest olive oil extraction efficiency and quality.



Nowadays, common components used in state-of-the-art decanters are double planetary gear trains coupled to an electromechanical brake, or electric or hydraulic motors, to support the rotation of the screw [14,15]. This enables automation of the differential speed setting. However, lack of knowledge or prediction capability of the possible consequences of using automation systems could result in poor optimization techniques, lower energy savings, and higher production costs.



Increasing attention has recently been focused on the use of decanter machines that use energy and water resources efficiently, as well as the promotion of sustainable consumption [13,16,17,18,19,20,21,22]. The specific decanters are characterized by the large application of the three-phase water saving and two-phase decanters [23,24]. Previous studies highlighted the high extraction efficiency of these machines in an industrial environment, allowing the operators to work over a wide range, which allowed high performance [14,16,18,25,26]. In particular, more recently Tamborrino et al. [15] reported that these machines were able to maintain an extraction efficiency of between 86.4% and 90.8% across a wide range of feed mass flow rates (4075–5820 kg/h) and differential bowl (ωB) and screw conveyor (ωS) speeds Δn (15.5–26.0 rpm).



Therefore, the optimization of the centrifugal extraction process (decanter), in terms of both energy consumption and olive oil quality, could be of significant importance in the total energy balance and net production costs of extra VOO, as well as on the environmental impact. Numerous machines used in the food industry, such as re-reeling machines, coil-winders, flywheels, presses, turntables, lifting equipment, and centrifuges, cyclically generate electricity from the kinetic energy accumulated during their primary movement, and this energy can be controlled and managed. As opposed to this, conventional systems used as braking resistors simply dissipate the regenerated energy in heat sinks with an evident economic and environmental impact.



Regenerative braking is widely used in the design of hybrid and ground vehicles [27]. During the braking process, the electric motor works as an electric generator converting kinetic energy into electric energy; therefore, the recycled energy can be stored in a battery for vehicle reacceleration [28]. This is an important way to save energy in hybrid electric vehicles and electric vehicles (EV), because it significantly reduces the amount of energy consumed by braking, particularly in urban driving [29]. As an example, other applications consider the reduction of energy consumption of electro-hydraulic tooling [27] and engine idling of refrigerator trucks [30].



With the invention of the variable frequency drive for electric and high-torque hydraulic motors, it is now possible to continuously tune the differential speed of the decanter centrifuge during operation [31]. Although the latest generation of decanter centrifuges may be equipped with regenerative back drives, which are able to recover energy from screw motors and feed it back to the main motor, there have only been limited scientific studies modelling instantaneous energy regeneration. In addition, for EVs, there have been limited studies that propose a method to instantly evaluate the regenerative braking; typically, average regenerative braking energy efficiencies or regenerative braking factors are used [32].



In addition, to date, studies regarding centrifugal separation modelling [33,34,35,36,37,38] and energy saving [39] are rare. However, these authors only used fluid dynamic analysis of centrifugal separation [35,36,37,38] or mechanical balance equations (torque and energy: [33,34]) of the rotating elements, obtaining only partial results.



It is essential to produce such a model so that it can be used in eco-friendly process planning to estimate the electricity footprint for processed products [40]. In particular, a new model is also required if one wants to improve automation capability using predictive modelling and adaptive techniques (e.g., machine learning). Jimenez et al. [41] developed a three-layer artificial neural network model whose input variables were those in the fluid-dynamics laws used for a physical model of a two-phase olive oil decanter centrifuge. These predictive analysis tools, which use machine learning techniques, clearly represent the new frontier of machine and plant automation However, they require appropriate input variables to ensure satisfactory prediction. To this end it is essential to have reliable physical models that describe the functioning of the system of interest.



In this study, an energy consumption model of a decanter centrifuge is proposed, in particular for a technologically evolved machine equipped with an electromechanical recovery system. The proposed model requires a solid physical and theoretical basis, while being simple enough to implement, particularly if an auto-adaptive optimization technique is used to accurately manage the process. In this case, a simple and quick auto-adaptive predictive model could be suitably coupled with machine learning techniques and implemented for auto-adaptive control of the machine.



In this model we combine both fluid-dynamic and mechanical balance sets of equations. We then solve them analytically, with the appropriate hypothesis, to obtain a simplified but accurate and physically correct model, suitable for application for the automatic control of a decanter centrifuge.



The model could also be used as a tool in the design stage of a decanter centrifuge. It is noted that although there have been developments in all technologies to improve the efficiency of the primary components of a decanter centrifuge, design methods have remained essentially the same since the modern decanter was developed in the 1970s [42]. For the design, we could refer only to the Decanter Centrifuge Handbook [43].



Finally, it is common knowledge that among other variables, even the machine settings can significantly influence the product characteristics [13,44,45,46,47]. Consequently, a comprehensive study should not neglect the possible impact of the engineering aspects on the VOO quality. Therefore, in this study, we also assess the quality of the extracted VOO under the operating conditions of the machines.




2. Materials and Methods


2.1. Decanter Machine Equipped with an Electro-Mechanical Recovery System


The horizontal decanter system used here as a case study is an industrial decanter centrifuge with continuous differential speed settings (∆n = (60 ∆ω)/2π, where ∆n is in rpm, and ∆ω = ωB − ωS > 0 in rad·s−1) is the difference between the bowl (ωB) and screw conveyor (ωS) speeds. As mentioned above, the differential speed is responsible for conveying the sediment or husk (Figure 1) in the opposite direction to the prevailing fluid motion. Both the bowl and the screw conveyor rotate at high angular speeds to separate the solids from the liquids, and partially, the oil from the vegetable water.



The studied decanter has olive oil and pitted pulp and water semifluid fraction outlets at the end of the cylindrical section of the bowl. The input section of the malaxed olive paste is approximately one-third along the screw conveyor hollow shaft, measured from the outlet of the oily phase (Figure 1). The outlet of the husk conveyed by the screw is on the opposite side (the conical section of the decanter).



While the bowl and screw rotate in the same direction in the fixed reference system, as shown in Figure 1, the screw rotates in the opposite direction in the moving reference system synchronous with the bowl, as it is slower than the bowl in the fixed frame. Therefore, the separated liquid phase moves along the channel formed by the screw flights in the same direction (and higher velocity) of the apparent motion of the screw in the moving frame, generating a driving torque that assists the screw rotation. On the other hand, the conveyed husks behave as a resistance torque, thereby reducing the driving effect of the liquids. The overall torque applied to the screw conveyor is typically a driving torque.



Numerous commercial machines, which have only one electric motor, use this positive effect indirectly and the differential speed is fixed through a planetary gear box (or, at most, modifiable by changing the transmission ratio of the belt transmissions). Other machines are equipped with two motors for both bowl and screw conveyor, where the second one is typically used as an electromagnetic brake dissipating the recovered energy.



In the studied machine the bowl and screw were connected through a cycloidal gearbox and two belt transmissions, with each one connected to an electric motor (Figure 2). Table 1 presents the primary characteristics of the decanter.



An inverter, controlled by a manual potentiometer to continuously modify the rotation speed, powers the electric motor of the bowl, and therefore, the retention time of the olives. Similarly, two inverters, one of which is a recovery inverter, control the supply of the screw conveyor electric motor. By controlling the frequency of the inverters of the two electric motors, the system controls the rotation speeds of the bowl and the screw until they reach a defined ∆n value.




2.2. Decanter Basic Model


The fluid-dynamic analysis of the solid-liquid separation by centrifugation can be performed using either computational fluid-dynamic techniques or simplified models [36,48]. The simplified models are of particular use when an analytical solution is required to obtain a phenomenological but accurate model of the machine performance. One possible way to model a decanter is to consider the centrifuge as a cylindrical free surface canal where the solid particles settle under the centrifugal force instead of gravity [49,50]. This results in an approximately accurate analysis when dealing only with separation efficiency, however, it does not account for strain distribution and torque calculation.



Using this approach, as only the tangential velocity is considered, the only forces considered are the radial (centrifugal force) and tangential components of the stress tensor. If a more accurate analysis is required, we have to consider this condition as approximatively correct only for the space (re<r<rB) between the inner surface of the bowl (rB) and at, or close to, the tip of the screw flights (re). In fact, on the one hand the olive paste flows along the longitudinal axis of the canal limited by two consecutive flights. On the other hand, the fluid close to the tip of the flights should theoretically move at the same velocity as the screw (no slip condition). On the contrary, because of the relatively high velocity gradient, the solids particles that accumulate close to the inner surface of the bowl tend to roll on it and on the tip surfaces of the flights. This produces an apparent “group” velocity relative to the screw that nullifies the no-slip condition in a volume of height h>rB−re close to the inner surface of the bowl. The cylindrical surface located at height h represents the inversion surface, which is the surface where the fluid is, on average, stationary (Figure 1). The depth h (average solid phase thickness) is determined according to the method reported by Amirante and Catalano [36]:


h=Δωf1V˙+f2ΔωrB



(1)




where V˙ is the olive paste flow rate, f1 and f2 depend on the ratio ri/rB, and ri is the radial coordinate of the fluid free surface.



Moving towards the inside of the liquid ring, the velocity field has the same direction as the apparent screw speed (in the bowl reference system). The variation Δh of h with the flow rates V˙ and Δω should have little influence on the flow field, and consequently, on the torque calculation, as Δh<h≪(rB−h)−ri is the height of the lower part of the screw surface. On the contrary, moving towards the inner bowl surface, the velocity field is reversed and the variation Δh with flow rates V˙ and Δω has a significant influence on the torque calculation because of the thinness of the space between rB−h and rB as Δh≲h=rB−(rB−h), and the height of the upper part of the screw surface.



Another important hypothesis is to neglect the curvature of the profiles of the flights in the cross-section (normal to the helical coordinate l) when ri/re≪1, as is typically observed in the bulk of machines [36,48], including the one tested here. Therefore, the cross-section can be considered to be approximatively rectangular [49]. The continuity and momentum equations, under both steady and laminar conditions, can now be written using the coordinate system defined in Figure 3 and rotating at the same velocity −ωSe¯z as the screw conveyor, where the minus sign is because of the chosen direction of the z-axis.



This case is different from the one using the bowl frame (rotating at −ωBe¯z in the fixed system), which is useful when considering driving and resistance torques acting on the screw. In this study, the default reference frame will be that of the screw conveyor, except when the bowl reference frame is explicitly indicated. The continuity and momentum equations written in the screw frame are:


{∇¯Δw¯=0ρw¯Δ∇¯w¯+ρ(−ωSe¯z)×w¯−ρωS2ye¯y=−∇¯p+μ∇¯2w¯



(2)




where e¯y and e¯z are the unit vectors of the y- and z-axes, respectively, w¯ is the fluid velocity vector, ρ and μ are the fluid density and viscosity, respectively, and p is the fluid pressure.



The hypothesis of steady conditions is justified even during transient operations when modifying processing characteristics, as flow variations are slow enough to be neglected. Laminar conditions result from the significant olive paste viscosity leading to a low general Reynold number [36,51]. As already stated regarding Equation (4), this is a widely accepted approximation, as the highest speed in the decanter is very low due to the low feed flow rate (6000 kg/h < 3 m3/s) and a very high dynamic viscosity (consistency coefficient > 1000, even for diluted paste or almost separated vegetation water). This gives a low General Reynolds number < 10 for diluted vegetation water (only in the very last section of the decanter, near the outlets) and < 0.1 in the all other sections of the machine, even for highly diluted paste [52].



The following transformations are used between cylindrical (r, θ, z) and screw coordinates (x, y, l) [50] (Figure 3):


{(xyl)=(0−sinαcosα1000cosαsinα)(rrmθz)(rrmθz)=(010−sinα0cosαcosα0sinα)(xyl)



(3)




where rm=ri+re2, and α is the slope of the screw flights with respect to the decanter cross-section (Figure 1). The use of the Navier–Stokes equations is justified by the following widely accepted hypothesis [36,37,50,52,53]:




	
even if the bulk of organic fluids are non-Newtonian, this has little influence on the velocity profile because of the high value of the apparent viscosity μ in any position in the decanter; in the screw coordinate system this also implies wx = wy = 0, as the secondary motions of high viscosity fluids are negligible;



	
the viscosity μ depends on the concentration of the suspended solids, however, the bulk of the solids settle close to the olive paste inlet; this allows the assumption of small changes of μ with the position, and therefore, it can be taken as approximately constant.








Under these hypotheses, for ri ≤ y ≤ rB − h (Volume 1) the system of Equation (2) becomes


{∂w¯∂l=0∂p∂x=0∂p∂y=ρμωS(2wlcosα−ωSy)∂2wl∂x2+∂2wl∂y2=1μ∂p∂l



(4)







Regarding boundary conditions, we have to consider that the bowl rotates at a speed relative to the screw conveyer Δω = ωB − ωS. As discussed above, the fluid close to the tips of the flights moves at the same velocity as the screw for ri ≤ y ≤ rB − h (no-slip boundary condition: wl(0,y)=wl(Ll,y)=0, because in the selected reference frame the screw is motionless). At the inversion surface (y = rB − h, Figure 1 and Figure 3), where the fluid is, on average, stationary, the boundary condition is wl(x,rB−h)=0). At y = ri, the boundary condition is the “free surface” one: τ=(x,ri)Δe¯y=0, where τ= is the stress tensor. Finally, for ri ≤ y ≤ rB − h, the boundary conditions are:


{wl(x,rB−h)=0wl(0,y)=wl(Ll,y)=0τ=(x,ri)·e¯y=0



(5)







Equation (4), valid for the region ri ≤ r ≡ y ≤ rB − h, has the following analytical solution (intermediate mathematical steps are omitted for the sake of brevity and ease of reading):


wl=Ll22μ∂p∂l{∑n=1∞[1nπsin(nπLlx)cosh(nπLly)−tanh(nπLlri)sinh(nπLly)cosh(nπLl(rB−h))−tanh(nπLlri)sinh(nπLl(rB−h))]+(xLl)2−(xLl)}



(6)




where ∂p∂l=Kwl, and K is a constant depending on fluid characteristics and decanter geometry. The fluid flow rate is determined as follows:


V˙=∫0L′∫rirewl(x,y)dxdy=1KV ∂p∂l



(7)




where KV is another constant depending again on fluid characteristics and decanter geometry. The stress tensor τ= becomes:


τ==μ(00∂wl∂x00∂wl∂y∂wl∂x∂wl∂y0)



(8)







The torque acting on the screw (Volume 1) is computed by calculating the stress component t¯ acting on the screw surface and integrating the surfaces of the flights after the cross-production with the radial vector ye¯y=(0y0) and projection onto the z-axis. Therefore, the first screw torque component T¯S1 acting on the screw flights is:


T¯S1=TS1e¯z=∫rirB−h∫02πt¯ ×ye¯y rmcosα[1+(Lz2πrm)2]dydθe¯z=KS1V˙e¯z



(9)




where KS1 should be a positive (TS1=KS1V˙>0) constant: as discussed above, the fluid drives the screw because, in the bowl reference system, it flows in the same direction as the screw up to the inversion surface located at y = rB − h [36]. The value of KS1 depends primarily on the geometrical characteristics of the centrifuge and the fluid characteristics, but only negligibly on h.



On the other hand, in Volume 2, closer to the inner surface of the bowl than the inversion surface (rB – h < r = y ≤ re; Figure 1 and Figure 3), the fluid motion, primarily the husk, is characterized by cylindrical symmetry. This is because the screw conveys the husk backwards. In fact, wr = 0, wz = −LzΔω ∀ x, θ, r in the screw cylindrical reference system, because of the dragging of the screw conveyor [36]. In addition, when the screw is fixed (screw conveyor moving frame), the bowl rotates as shown in Figure 1 and the fluid, primarily the liquid phase, flows along the cylindrical surface in the opposite direction to reach the fluid exits.



In Volume 2, an apparent “group” velocity, because of the rolling solid particles relative to the screw, nullifies the no-slip condition. This corresponds to a sliding wall condition for both the tip of the flights and the inner bowl surface. However, the actual fluid velocity is only known for the bowl surface and not at the tips of flights, where only a periodic boundary condition can be stated:


wl(0,y)=wl(Ll,y)



(10)







The Navier–Stokes Equation (2) is written under the same hypotheses as before, however, with significantly different boundary conditions:


{w¯l(rB−h)=0w¯l(rB)=−rBΔωe¯zwl(0,y)=wl(Ll,y)



(11)







In this case, one is led to assume that the second screw torque component T¯S2=TS2e¯z acts on the screw, and even more so on the bowl, as a resistance in Volume 2; the fluid in this small volume moves, in the bowl reference system, in the opposite direction to the screw (dragging effect). However, if we calculate T¯S2 as before (calculating the stress component t¯ acting on the screw surface and integrating the surface of the flights after the cross-production with the radial vector ye¯y and projection on the z-axis), we would obtain a more complex equation, which is not shown for the sake of brevity and ease of reading. The difference with the calculation of T¯S1, in this case, is that the dependence on h of wl, and therefore, of t¯, is clear: t¯ increases with h, which in turn decreases with V˙ and increases with Δω (see Equation (1)), leading to a non-linear equation in these two variables. However, linearization is possible and will be verified by comparing theoretical results with experimental data. Therefore, after linearization the dependence of T¯S2 on V˙ and Δω is linear, leading to the final equation for T¯S2:


T¯S2=(KS2V˙+KS3Δω)e¯z



(12)




where KS2 should be a positive constant (as it results in a reduction of h, and consequently of the resistance of the screw), and KS3 should be a negative constant (as it corresponds to an increase in h, and therefore of the resistance of the screw). Both constants depend on the geometrical characteristics of the centrifuge and the fluid characteristics. Finally, the total torque acting on the screw is:


T¯S=T¯S1+T¯S2=[KSV˙+KS3Δω]e¯z



(13)




where KS=KS1+KS2. If KSV˙+KS3Δω is positive, then torque T¯S acts as a driving force on the screw that transmits this driving power to the screw motor (Figure 2), which in turn behaves as a generator. The opposite would happen when KS1V˙+KS2Δω is negative—the screw motor drives the screw.



The torque T¯B=TBe¯z acting on the internal surface of the bowl can be also computed by calculating the stress component t¯ acting on the bowl surface and integrating (after cross-production with the radial vector ye¯y) on the inner surface (Volume 2) of the bowl itself (y = rB). The same calculations can be performed for T¯B but results opposite conclusions, as the bowl in the screw frame still moves in the same direction as in the fixed frame, even if the velocity is reduced (ωB→Δω):


T¯B=(KB1V˙+KB2Δω)e¯z



(14)




where KB1 should be a positive constant (drives the bowl), and KB2 should be a negative constant (behaves as a resistance for the bowl). Both constants depend on the geometrical characteristics of the centrifuge and the fluid characteristics, and not on h after linearization.



Finally, the torque balance equations for both screw and bowl can be written as follows:


{JSdωSdt=TS+TSCJBdωBdt=TB+TCB



(15)




where JS and JB are the screw and bowl moments of inertia with respect to the z-axis, respectively, and T¯SC=TSCe¯z and T¯CB=TCBe¯z are the torque on the cycloidal disc (screw) and the ring gear (bowl) of the cycloidal drive, respectively.



In addition, the two terms JSdωSdt and JBdωBdt become zero (the first one), or at the most, negligible (the second one), as during the experimental trials the angular velocity of the bowl (ωB) was held constant during each harvesting season and that of the screw (ωS) was changed slowly (as commonly happens during normal processing operations). Therefore:


{TSC=−TSTCB=−TB



(16a)






{ωSC=ωSωCB=ωB



(16b)




where ωSC and ωCB are the angular velocities of the cycloidal disc and the ring gear of the cycloidal drive, respectively.



A 1:1 (transmission ratio τS=1) belt transmission connects the cycloidal drive main shaft to the screw electric motor (generator):


{TEMS=  TSDC  =TSC− TCBΔω=ωB−ωS=1τC(ωB−ωSDC) ωEMS=ωSDC



(17)




where [54] TEMS=TSDC=TSC−TCB are the electromagnetic torques driving the screw motor (TEMS) and cycloidal drive main shaft (TSDC), respectively, ωEMS=ωSDC=ωB−τCΔω (Equation (17)) are the angular velocities of the screw electromagnetic motor and the cycloidal drive main shaft, respectively, and τC=87 is the transmission ratio of the cycloidal drive.



On the other hand, a double belt transmission (transmission ratio τB=224132250200≅2.1;Figure 2) connects the shaft of the ring drive to the bowl electric motor:


{TEMB =1τBTCBωEMB=τBωCB



(18)




where TEMB and ωEMB are the electromagnetic torque acting on the asynchronous bowl electric motor and its angular velocity, respectively.



Substituting Equations (13), (14), (16), and (17) into Equation (18) and computing the power by multiplying, respectively, by ωSDC and −ωB (considering the rotation direction of the bowl), we have:


{TEMSωEMS=[(KB1−KS)V˙+(KB2−KS3)Δω]ωSDC=PEMS(t)TEMBωEMB=(KB1V˙+KB2Δω) ωB=PEMB(t)



(19)




where PEMS is the electromagnetic power recovered by the screw motor (operating as generator), and PEMB is the electromagnetic power driving the bowl motor.



It is not necessary to integrate the previous system, as we acquired V˙, ωS, and ωB (and also Δω) during each test with a sampling time of 0.2 s, and therefore, we have twice as many equations as samples. Therefore, the system of differential Equation (19) becomes an overdetermined system of linear algebraic equations in the four unknowns—KB1, KB2, KS, and KS3—which can be solved by the least square method.




2.3. Measurement Acquisition System


To evaluate the power consumption of the system, a measuring system was installed during actual industrial operation, using the built-in frequency, current, and voltage digital outputs of the KEB COMBIVERT F6-K inverter in the studied plant, and a personal computer for data storage and processing [55]. The frequencies of the input voltage of the two electrical motors of both the screw conveyor and bowl were varied to regulate the differential speed in each test. The screw motor frequency varied from 33 Hz to 70 Hz and the bowl motor frequency varied from 46 Hz (first harvesting season) to 51 Hz (second harvesting season). These values were monitored continuously during the tests.




2.4. Experimental Design and Operative Parameters Set


The experiments were conducted in an industrial olive oil mill located in Trani (BA), in southern Italy. The extraction plant was also equipped with a hammer crusher followed by a set of malaxer machines connected in series for olive paste preparation. The tests were conducted during two consecutive harvesting seasons under different throughput values in the range of 4075–6000 kg·h−1, and for each mass flow rate the differential speed between the bowl and screw conveyor was changed from 15.50 rpm to 26 rpm (Table 2). For each trial the working parameters were set during the ongoing process, without stopping the machine.



In the first harvesting season, the decanter was tested at medium–high paste mass flow rates (4075 kg/h and 4800 kg/h) and ∆n (15.5 rpm and 19.5 rpm), which represent the most common operating conditions of the machine depending on the olive paste characteristics. The second test cycle (second harvesting season) was conducted with higher feed paste rates (4900 kg/h and 6000 kg/h) than the maximum flow rate used in the first test cycle. The ∆n sets in the second cycle were comparable or higher (18 rpm, 22 rpm, and 26 rpm) than those of the first season and were chosen considering the new olive paste characterized by a higher solids content. In fact, it is well known that this characteristic requires higher paste flow rate and differential speed [36,47].



Virgin olive oil analyses were performed during the second harvesting season as the processing conditions represented the worst case for the studied machine.




2.5. VOO Analyses


Free fatty acids (FFA), peroxide values (PV), and specific extinction coefficients at 232 nm and 270 nm (K232 and K270, respectively) were measured in accordance with the European official methods [56]. The determination of the total phenolic content (TPC), tocopherols, and the sensory analysis was conducted as reported by [57,58]. Each measurement was repeated three times and reported as a mean value and standard deviation.



The experimental data of the quantitative parameters were analyzed using analysis of variance (ANOVA) and Duncan’s test with p < 0.05. The experimental data of the qualitative VOO parameters were analyzed using two-way ANOVA and the Fisher’s least significant difference (LSD) test for multiple comparisons and using Minitab 17 as statistical software (Minitab Inc., State College, PA, USA).





3. Results


3.1. Model Validation


The first test cycle (first harvesting season) was conducted with common amounts of feed paste V˙ (4075 kg/h and 4800 kg/h) and differential speed ∆n between the bowl and screw (15.50–19.50). Figure 4 (left-hand side) shows the trends of the active electric power (PEMS and PEMB, both experimental and calculated values) during these two test periods. In particular, to allow an easy comparison of the data, they are plotted as if they were a single test, with the second harvesting season immediately following the first one. Figure 4 (the so-called “two-fit” case) also shows the trend of the differential speed ∆n divided into four groups, one for each flow rate. The first two values correspond to the first harvesting season and the last two to the second harvesting season.



Therefore, calculated values corresponding to the first two feed flow rates are obtained solving Equation (19) using only experimental values acquired during the first harvesting season. The error is less than 5% with a high correlation coefficient (r2 > 0.90). The model behaves accurately and the linearization process has little effect on the power prediction error. In Table 3, the two sets of calculated unknowns for both harvesting seasons are shown with many clear differences between the two sets because of the different fluid characteristics.



The tests conducted in the second harvesting season were characterized by large amounts of feed paste (4900 kg/h and 6000 kg/h) and high ∆n. It is noted that the maximum flow rate given by the manufacturer, 6000 kg/h (right-hand side of Figure 4), and Δn = 26 rpm correspond to a significantly short solids retention time. The results confirm what was highlighted during the first test cycle, even if they were obtained by processing a paste with different characteristics.



In this case, the model is in good agreement with the experimental values acquired during the second harvesting season (the “two-fit” case in Figure 4), again with a high correlation coefficient (r2 > 0.90). It is clear that fitting the model with the experimental data for the two harvesting seasons separately results in relatively good performance of the model with the calculated values similar to the experimental ones during both the regime and transient phases, with high correlation coefficients.



However, it is possible to use all data acquired during both seasons to solve Equation (19) and calculate model coefficients as if they were obtained in a single continuous test. Figure 5 (as the so-called “all-fit” case) shows the same experimental data as Figure 4, but with the new calculated data obtained using the parameters presented in Table 4. The error clearly increases marginally with respect to the error obtained by the separate fitting of the two sets of experimental data, particularly regarding bowl power modelling. This difference is because of the evident variation in rheological characteristics of the olive paste between the two seasons. In fact, the increase of the paste solids content in the second year (data not shown) with respect to that of the first year corresponds to a higher viscosity of the olive paste [53]. Therefore, the calculated torque (and the power, of course) could be slightly higher than the true one, with an increased error in the “all-fit” case with respect to the “two-fit” case. However, the percentage error remains less than 10%, even in the “all-fit” case, with a high correlation coefficient r2 > 0.90.




3.2. VOO Quality Assessment


The quality parameters of the VOOs together with the ANOVA model summary are presented in Table 5. Typically, the oils produced were of good quality, having values of Free Fatty Acids (FFA), Peroxide Value (PV), and spectrophotometric constants under the maximum limits set for extra VOO [56]. The antioxidant equipment was remarkable considering both hydrophilic and lipophilic compounds, with phenolic and tocopherol contents greater than 500 mg·kg−1 and 120 mg·kg−1, respectively.



The engineering variables resulted in only marginal changes to the quality of the oils, and the changes were attributed, in particular, to the different decanter feed rates. However, the p-values show that the feed rate considerably influenced the PV, K232, and TPC, while no influences were because of the differential speed and the interaction of these factors. More specifically, the higher mass feed rates resulted in typically higher peroxide levels, however, the absorption at 232 nm decreased. In addition, the TPC only decreased when working at Δn = 18, and the amount was not significant with smaller samples. A general phenolic reduction was also observed when working at higher Δn values, irrespective of the mass flow rate. These findings agree with those previously reported by Squeo et al. (2017), in which a reduction in TPC was observed when the decanter machine worked at higher feed rates and Δn values.



Figure 6 shows the sensory profile of the two samples, where it can be seen that the differential speed causes no differences in the sensory profile for each trial. The above results ensure that all the processing conditions of the machine have either no, or an insignificant, effect on the quality of the olive oil.





4. Discussion


From the above results, the model is validated by experimental data with an accuracy that is satisfactory for adaptive optimization and automation techniques. As the second equation of the boundary conditions (Equation (11)) shows, the solids have to rotate at the same angular speed as the bowl, thereby dragging and forcing the screw to rotate at the same angular speed (ωS). On the contrary, it is set to be lower than that of the bowl (ωB) through the gearbox (Figure 2), allowing it to correctly and continuously discharge the solids from the conical end of the decanter. Therefore, on the one hand the screw is dragged by the fluid motion, and on the other hand, it is slowed down by the gearbox, which forces the screw motor to behave as a generator by means of the recovery inverter. The active power on the screw conveyor motor is negative, as also confirmed by Equation (19), where the coefficients of both the feed rate V˙ and the differential speed Δω are negative.



The variations in both differential speed (∆n) and mass flow rate influence the active power absorption of the bowl and screw. Mass flow rate (ρV˙) variations have less influence on the screw than on the bowl. In fact, when the paste flow rate increases from 4075 kg/h to 4800 kg/h (first harvesting season) and ∆n remains constant (Figure 4 and Figure 5), the active power absorbed by the bowl increases by at least 3.0 kW compared with the screw-recovered power of approximately 2.0 kW. The model confirms this small difference. Even if the constant remains the same (KS1), the mass flow rate is multiplied by KB1ωB and (KB1−KS)ωSDC in the bowl and the screw equations, respectively, with KB1ωB>|KB1−KS|ωSDC=|KB1−KS|(ωB−τCΔω). The increase in paste flow rate from 4900 kg/h to 6000 kg/h (second harvesting season) leads to a clearer increase in power absorption of the bowl. On the other hand, the variation in the power production of the recovery system is negligible. Under these higher values, the linearized model does not correctly consider this negligible influence on the flow rate and differential speed on the model parameters. As a result, the model exhibits a marginally greater variation than the actual one because of the weak non-linearity neglected in the linearization of the system of equations. However, this trend (nominal flow rate), while not commonly encountered and only occurring when the processed paste has specific uncommon rheological characteristics [14,15], is fitted accurately enough by the model, allowing its use with auto-adaptive automation techniques, even in this worst case.



On the other hand, the energy recovered by the screw conveyor inverters ranges from 5 kW to 9 kW during the first harvesting season, with the highest values corresponding to the lowest Δn: 15.5 rpm. When decreasing the screw motor speed ωSDC, the differential speed Δω increases, however, the term |(KB2−KS3)Δω|ωSDC decreases globally. Therefore, the generated power and the active power absorbed by the bowl decrease as (KB2Δω)ωB<0, which maintains an approximately constant total energy consumption. In addition, during the second harvesting season, the electric power recovered by the screw conveyor increases again with decreasing differential speed (Figure 4 and Figure 5); a similar observation was made when the model was employed. The maximum energy recovered is approximately 12 kW and is obtained by working with the lowest Δn (18 rpm) and with the maximum allowable flow (6000 kg/h: nominal flow rate). A comparison of these results with those of the previous season show that a significant increase in flow rate results in a greater recovered power by the screw conveyor. In particular, at 4900 kg/h the value of 9.4 kW is similar to the 9 kW of the previous year, obtained with 4800 kg/h and a different paste.



Therefore, it is the screw conveyor motor speed that is the most important parameter for recovered energy control, and not the differential speed, which instead directly controls the solids extraction (processing parameter) depending on the rheological characteristics of the olive paste.



In this way, the recovery system allows the whole machine to use an approximately constant total electric energy (sum of the bowl and screw power consumption) from the public grid, which is less than theoretical requirements (PEMB). In fact, the total active power stabilizes at approximately 23 kW during the first harvesting season with variations of approximately ±1 kW, and the energy consumption of the machine tends to stabilize rapidly (Figure 4 and Figure 5). During the second harvesting season, when the device works at the maximum flow rate, the active power absorbed is 27.5 kW compared with the 22 kW absorbed at 4900 kg/h (Figure 4). This last value can be compared to the one registered the previous year, even though the paste was different.



The energy recovery system allows an approximately constant global consumption with respect to ∆n, however, it is clearly lower than theoretical value if no recovery system is used, which confirms that the energy consumption of the machine tends to stabilize rapidly. The analysis of the results also indicates that it is possible to vary the process parameters in the optimal ranges to maximize the production yield without affecting the quality of the oil and the energy consumption of the machine. Finally, the model proposed in this study and validated under different experimental operating conditions on a full scale plant allows for a real-time prediction of the power consumption trend of the decanter when varying its working conditions. This has been validated on a two-exit decanter with a low feed flow rate, as is widely used in the olive oil industry. In particular, the tested flow rates are probably the highest, for which the model is well-validated. This information can be used as input data to a machine learning algorithm, continuously updating the process parameters to simultaneously optimize the energy consumption of the machine.




5. Conclusions


In this study, an energy consumption and saving prediction model for a decanter centrifuge was proposed. In particular, the model was developed for a decanter for olive oil production equipped with regenerative braking. To date there have been only limited scientific studies modelling instantaneous energy recovery and typical energy consumption and torque of these centrifuges. The proposed model was developed using fluid dynamic analysis and torque balance equations together with physical considerations to provide a solid basis, and then simplified and experimentally validated to make it simple enough to be implemented in an automatic management system of the machine. Therefore, this could help during both the design stage and operating management of the machine.



The empirical model was validated through power measurements in two different harvesting seasons and by varying the operating conditions (rheological characteristics of the olive paste, mass flow rate, and differential speed of the bowl and screw).



The accuracy of the model for the power absorbed by the bowl and produced and recovered by the screw in each harvesting season is high, with errors less than 5% and high correlation coefficients (r2 > 0.90) in each harvesting season. The error increased marginally, although remained below 10%, when the two harvesting seasons were considered together. This error was primarily because of the different rheological characteristics of the olive paste from the two different seasons, which marginally modified the constants in the model. The constants in the mathematical model were also dependent on the geometry of the decanter centrifuge.



Once the throughput characteristics were defined, the screw conveyor motor speed was the critical parameter for directly controlling higher energy recovery. However, the differential speed was found to be a process parameter primarily.



As a final result, this model, coupled with machine learning techniques, could become a suitable tool during the design phase and processing operations to optimize the energetic performance of the machine.
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Nomenclature




	
e¯

	
unit vector




	
f1, f2

	
functions depending on the ratio ri/rB




	
h

	
height of the inversion surface of the flow field (m)




	
J

	
moment of inertia (kg·m2)




	
K

	
various constants depending on subscript




	
l

	
helical coordinate (m)




	
L

	
distance between two consecutive flights (m)




	
n

	
angular velocity (rpm)




	
p

	
pressure (bar)




	
P

	
power (W)




	
r

	
radial coordinate (m)




	
t

	
time (s)




	
T

	
torque (Nm)




	
V˙

	
feed flow rate (kg/h)




	
w¯

	
velocity vector (m·s−1)




	
x

	
x coordinate (m)




	
y

	
y coordinate (m)




	
z

	
z coordinate (m)




	
Greeks




	
α

	
slope of screw flights with respect to decanter cross-section (rad)




	
θ

	
angular coordinate (rad)




	
λ=KB−KS2

	
constant




	
μ

	
viscosity (Pa s)




	
ρ

	
density (kg·m−3)




	
τ

	
transmission ratio




	
τ=

	
stress tensor (N·m−2)




	
ω

	
angular velocity (rad·s−1)




	
Subscripts




	
B

	
bowl




	
C

	
cycloidal drive




	
e

	
external: tip of the screw flights




	
EM

	
electromagnetic




	
θ

	
angular axis




	
i

	
inner surface of the fluid ring (free surface)




	
l

	
helical axis




	
m

	
mean value




	
r

	
radial axis




	
S, S1, S2

	
screw conveyor




	
V

	
flow rate




	
y

	
y axis




	
z

	
z axis




	
Operators




	
∇¯

	
Nabla




	
Δ

	
difference
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Figure 1. Scheme of the horizontal decanter system used. 
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Figure 2. Decanter electro-mechanical transmission: (1) power supply; (2) screw energy recovery inverter; (3) screw electric motor power supply; (4) screw electric motor; (5) bowl inverter; (6) inverter series connection; (7) bowl electric motor power supply; (8) bowl electric motor; (9) screw conveyor belt transmission (τ_S = 1); (10) bowl belt transmission (τB = 2.1); (11) planetary gearbox (Δn/n bowl = 1:87); (12) bowl; and (13) screw conveyor. 
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Figure 3. Coordinate system of screw conveyor. 
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Figure 4. “Two-fit” case plot: calculated values corresponding to each harvesting season are obtained using separate experimental values acquired during two harvesting seasons. 
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Figure 5. “All-fit” case plot: calculated values corresponding to each harvesting season are obtained using experimental values acquired during two harvesting seasons, as if they are from a single harvesting season. 






Figure 5. “All-fit” case plot: calculated values corresponding to each harvesting season are obtained using experimental values acquired during two harvesting seasons, as if they are from a single harvesting season.



[image: Energies 12 02592 g005]







[image: Energies 12 02592 g006 550]





Figure 6. Star plot of scores of positive sensory attributes of Virgin Olive Oils (VOOs) from V˙ = 4900 kg/h and V˙ = 6000 kg/h trials as functions of differential speed values. Differences were not significant (p ≤ 0.05). 
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Table 1. Parameter values and nominal operating conditions for the decanter system.






Table 1. Parameter values and nominal operating conditions for the decanter system.





	Parameter
	Nominal Operating Conditions





	Maximum work of throughput
	6500 kg/h



	Main electric power
	75 kW



	Supply voltage
	380 V 3-phases



	Rated power asynchronous bowl electric motor
	45 kW



	Rated current bowl electric motor
	80 A



	cos ϕ bowl electric motor
	0.87



	Rotational speed of the bowl electric motor
	1475 rev·min−1



	Rated power asynchronous screw conveyor electric motor
	30 kW



	Rated current screw conveyor electric motor
	54.4 A



	cos ϕ screw conveyor electric motor
	0.87



	Rotational speed of the screw conveyor electric motor
	1470 rev·min−1



	Drive ratio of the planetary gear box
	1/87
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Table 2. Experimental parameters.






Table 2. Experimental parameters.





	Mass Flow Rate (kg/h)
	Harvest Season
	Δn





	4800
	1st
	19.50



	4800
	1st
	15.50



	4075
	1st
	19.50



	4075
	1st
	15.50



	4900
	2nd
	26



	4900
	2nd
	22



	4900
	2nd
	18



	6000
	2nd
	26



	6000
	2nd
	22



	6000
	2nd
	18
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Table 3. Sets of calculated unknowns calculated separately for both harvesting seasons (“two-fit” case).






Table 3. Sets of calculated unknowns calculated separately for both harvesting seasons (“two-fit” case).





	Harvesting Season
	KB1
	KB2
	KS
	KS3





	First
	0.0846
	−0.0022
	0.1323
	−0.0012



	Second
	0.0883
	−0.0042
	0.1065
	−0.0008
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Table 4. Sets of calculated unknowns calculated using all the data available from both harvesting seasons (“all-fit” case).






Table 4. Sets of calculated unknowns calculated using all the data available from both harvesting seasons (“all-fit” case).





	KB1
	KB2
	KS
	KS3





	0.0866
	−0.0033
	0.1336
	−0.0019
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Table 5. Two-way ANOVA model summary, quality indices of the oils (mean ± standard deviation, n = 2), and results of the Fisher’s least significant difference (LSD) test for multiple comparisons.






Table 5. Two-way ANOVA model summary, quality indices of the oils (mean ± standard deviation, n = 2), and results of the Fisher’s least significant difference (L