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Abstract
[bookmark: _Hlk131287709][bookmark: _Hlk131287613]Product quality is paramount for companies to maintain the trust from their customers. Powder products and in particular fertilizers can suffer damage during storage if the temperature and moisture are not appropriate. Most of the work has focused on drying, but the last stage of cooling is responsible for avoiding product out of specification. A first principles model has been developed for industrial fluidized vibrating cooling units following a multiscale approach, from the particle to the entire unit, to evaluate their operation. The unit consists of two sections using atmospheric and cool air, respectively. A refrigeration cycle is also modelled to compute the needs to cool the air. The unit’s model only includes two adjustable parameters, the heat transfer efficiency from the particle to the air as well as for the losses from the unit to atmosphere. The model has been validated using industrial data, resulting in heat flow efficiency from the particle equal to 0.30 and the flow of losses of 1.17 kW/K. The model can reproduce the industrial data within reasonable error and allows predicting the cooling cycle needs and estimating the cost of its operation as a function of the weather. The location of the facility results in the fact that during June-August the atmospheric air cannot cool the product below the critical temperature and the refrigeration cycle needs to operate.
[bookmark: _Hlk132728064]Keywords: Product design, particle technology, industrial process, modelling, process operation.


1. Introduction
Among the sustainable development goals of the UN, #2 zero hunger, aims and providing the necessary means  to feed the ever-growing population. With a limited arable ground expansion, there is a need to improve the efficiency of food production techniques. That efficiency can also be linked to other goals such as the sustainable production of the food, the use of clean energy for any of the operations as well as clean water. While these objectives are broad enough, they can be achieved though improving all the operations along the food chain. Among them, fertilizer production is key for the sustainability of the system. While at small scale the use of manure has always been an alternative, larger production farms have used inorganic fertilizers. Complex fertilizers, made from mixing chemicals to provide nitrogen, phosphorus, and potassium nutrients, are the most common (Sun et al., 2019), with ammonia, phosphoric and sulphuric acid as major components responsible for their life cycle assessment (Gaidajis and Kakanis, 2020). By producing fertilizers in a more efficient way, it is possible to have an impact in the system towards a more sustainable production of food. 
[bookmark: _Hlk131779436]The production process for the final product consists of a crusher, a granulator, a dryer, with a dust collector system, and a cooler (Organicfertilizermachines, 2022).  Most of the work available in the literature focuses on modelling rotary dryers (Valiulis and Simutis, 2009), evaluating the particle dynamics  (Britton et al., 2006) and their residence time to determine the contact time along the unit (Cao and Langrish 1999). Recently, Discrete Element Method (DEM) models have also been developed for these units (Ghasemi et al., 2021). Rotary coolers follow the same principles. Therefore, the models can be easily extended to them. However, the particles leaving these units are typically too hot to be stored. To avoid the risk of absorbing atmospheric moisture when stored, additional cooling units are typically installed. A particular solution used in many fertilizer production companies consist of installing a vibrating bed cooler. It combines the advantages of fluidized beds, good heat transfer, avoiding the production of fines and the fact that fluidized beds show disadvantages for irregularly shaped particles (Randel et al., 2013). The use of gas-vibro fluization has gained support over the last decades (Ringer and Mujumdar, 1983), and has been applied to products beyond fertilizers such as materials with a wide particular size distribution, sticky, fragile or sluggish materials (GEA, 2022) or even those that can meet the pharmaceutical regulations for different agencies (Witte, 2022). While the theoretical study of vibrating beds is common in the literature (Menbari and Hasmemnia, 2022; Ma et al., 2022), only a number of studies have evaluated the hydrodynamics and the heat transfer of entire units, focusing on drying (Zhao et al 2014; Poss and Szabo 2018) but not as a cooler, and fitting the models for lab or pilot plant scale units (Picado, 2011, Picado and Martínez, 2012), but the industrial scale has not been addressed.
[bookmark: _Hlk122190276][bookmark: _Hlk122190552]In this work, a first principles model has been developed to evaluate the operation of an industrial scale  vibrating fluidized bed cooler. The model is multiscale considering the particle cooling rate and the entire unit operation. It is developed in open-source Python code aiming at predicting the temperature of the particle as a function of the weather conditions as well as the utilities needed to secure product specifications. The rest of the manuscript is organized as follows. Section 2 presents the modelling of the particle and the entire unit, including the cooling cycle used to refrigerate atmospheric air. Section 3 describes the experimental set-up. Section 4 shows the model validation and its use for the prediction of the performance. In addition, the utilities required to cool atmospheric air and the operating period of use to achieve product quality, are also evaluated for a case study. Section 5 draws the conclusions.
2. Unit description and modelling
2.1.- Unit description.
[bookmark: _Hlk131287957]The modelling of the unit comprises the particle itself and its movement across the cooler. The cooler is divided into 4 sections, the entrance, A in Figure 1, the vibrating fluid bed using ambient air, B, around 80% of the total length of the unit, the section that uses cooled air, C, representing 20% of the bed, and the discharge region, D. Figure 1 shows a scheme of the cooler. 
[image: ]
Figure 1.- Scheme of the vibrating fluidized bed cooler
	2.2.- Modelling of the particle cooling
[bookmark: _Hlk131287999][bookmark: _Hlk131288052]	The operating conditions of the unit are those where the particle neither losses nor gain moisture so that the unit operates as a cooler alone. The particles are classified as Geldart group B, bubbling particles, characterized by a size from 150 mm  -1000 mm that can be easily fluidized. The model of the particle is formulated for the Sauter mean diameter of the dispersion since it is typically a narrow distribution. Figure 2 shows a scheme of the particle and the heat transfer mechanism under the operating conditions. The particle temperature will evolve over time and along the cooler.
[image: ]
Figure 2.- Scheme of the heat transfer at the particle boundary
	The hot particle is cooled down by heat transfer to the air. Conduction transfer takes place across the particle, while at the boundary convection will take place. Conduction transfer is modeled using Fourier equation  (1) (Bird et al., 1987):


Spherical coordinates are used, so that eq. (1) becomes:

	Plug flow is assumed for the advancement of the fluidized bed along the cooler. As a result, the particles move with a constant lineal velocity, v, and have an average residence time, t. The energy balance can be rewritten in terms of the cooler length as in eq. (4):

	An initial condition and two boundary conditions are provided. The particles temperature is homogeneous at the bed entrance as follows:

The first boundary condition is the symmetry condition, given by eq. (6):

The second refers to the heat transfer from the particle surface, given by convective transfer as per eq. (7): 

The convective heat transfer, , can be written as in eq. (8):

Where h is the film coefficient, computed from the Nusselt number as given by eq. (9):

The Nusselt is estimated using correlation given by eq. (10) (Pakowski et al., 1984):

Where  is the vibration intensity, and the vibration Reynolds number is given by eq. (11)

[bookmark: _Hlk122190349]And the vibration intensity is defined below in eq. (12). Even though h is a perfectly defined variable, in the model, it is one of the adjustable parameters.

	2.3.-Model of the vibrocooling unit.
The energy balance to the unit has already been presented in the previous section. However, it has to be extended to account for the two sections of the unit. The first section, B in Figure 1, uses atmospheric air, it accounts for a fraction of the length of the unit (around 70%), the rest, C in Figure 1, is prepared to use cool air if needed.
For each of the sections, the vibration is what gives the unit its features, so that the fluidization of the bed takes place at lower air velocities. It is an operating variable characterized by the intensity, , as a function of the vibration frequency, f, and its amplitude, Af , given by eq. (12) (Cano_pleite et al., 2016; Lehmann et al., 2019). 

	The air is fed at a velocity to secure fluidization. It is important to maintain the bed at the suspension stage so that mass and energy transferences are favored. The fluidization regime depends on the air velocity and the bubble sizes. The air in the industrial operation is fed at around 5 m/s in the section that uses atmospheric air and at around 7.5. m/s in the cool air section. The bubble sizes depend on the distributor, Geldart, the excess velocity of the gas (its difference with respect to the minimum fluidization velocity, umf), and the height above the distributor. Bubble size and hold up increase with the bed height and air velocity. The bubble size can be computed as given by eq. (13) (Lehmann et al ., 2019; Hiligardt, et al 1986) :

Where  depends on the Geldart number. The bubble rising velocity is computed as eq. (14) (Lehmann et al ., 2019; Hiligardt, et al 1986) :

Where  also depends on the Geldart, and dv is the bubble equivalent diameter, estimated in in eq. (15) (Karimipour and Pugsley, 2011)  

Where  At is the cross sectional area and n the number of orifices of the distributor . The bubble fraction is computed as eq. (16) (Lehmann et al ., 2019; Hiligardt, et al., 1986) : 

The suspended phase porosity is computed using eq. (17)(Richardson and Zakim 1954)

Where ud is the gas phase velocity in the suspension phase computed form eq (18) (Clift et al., 1984)

Thus, the gas hold-up is determined as given by eq. (19) (Lehmann et al., 2019)

The bed height is computed from the hold-up as in eq. (20) (Picado and Martínez, 2012)

Where S is the solids flow rate, v is the forward velocity of the solids, B is the bed width and  ρp is the solids density. The solids are fed to this unit at a constant temperature over time. And the main issue is the effect of the atmospheric conditions of the air in the cooler stage which determines its operation. The Laplace equation is used to model the energy balance along the vibrating cooling bed, eq. (22), assuming the particles move onwards at a constant average velocity, applied to each of the sections of the cooler.

	2.4.-Model deviations from ideal behavior
[bookmark: _Hlk131534330]	To account for the actual operation of the unit, two additions to the model are presented. On the one hand, the heat transfer film coefficient, h, may need to be adjusted to match the particle temperature. Fertilizer particles are not perfect spheres nor solid ones. An efficiency factor for convective heat transfer, fc, taking values from 0 to 1 is used to fit the product temperature by minimizing the difference between the product temperature measured and the modelled one.

In spite of the insulation of the unit, the model must also account for the energy losses of the system. Thus, a heat flow rate is to be added to the model. The validation of the losses is given by comparing the air temperature measured at the top of the unit and that predicted by the model, see Figure 3. Note that the ambient temperature is below that of the operation of the unit. 

Where A is the surface area of the unit. We consider the produce hLosses·A as our variable and an average air heat capacity:


Using the experimental data, we can compute the product hLossesA so that the difference between the corrected and the measured temperature is minimized. 
[image: ]
Figure 3. Scheme of the model sections for the cooler

2.5. Model implementation and solution procedure
	The model is implemented in Python, requiring the discretization of the differential equations. The particle is discretized in a number, N, of concentric spheres layers of r width, eq. (26), see Figure 4.

	The node is located in the center of the layer so that the inner and the outer surface of the spherical layer are in the radial positions given by eq. (27)



respectively. The  radius that provides the position in the radial coordinate can be written as 

[image: ]
Figure 4.- Particle discretization scheme

The central node does not have inner surface. Similarly, the external surface of the particle sill coincides with the last node. 
The energy balance along the vibrator bed, eq. (22), is a second order equation. To solve it, Gauss divergence theorem is used. It is to be solved for each particle layer and along the cooler. The boundary conditions will be used at the center of the sphere and at its surface. The equation will be discretized along the radius of the particle and in the length of the cooler. The step size depends on the stability criteria. The discretization can be seen in the supplementary material as well as the stability criterium.
2.6.-Cooled air refrigeration cycle
	In case atmospheric air cannot cool down the particles to the target value due to its high temperature, section C of the unit is prepared to use cooled air. This air is cooled using a refrigerant cycle. Therefore, to compete the operation of the vibrocooling unit, the refrigerant cycle, see Figure 5, is also analyzed. It consists of a condenser, as the hot end of the cycle, that uses water from the river to condense the refrigerant, ammonia. It is expanded in a valve to cool it down so that it is used on the chiller as a saturated liquid, heat exchanger CH-101 to cool down the water from the river for its use to cool down atmospheric air in heat exchanger IC-101 where the ammonia is evaporated to feed the compressor as saturated vapor. Finally, the ammonia is compressed at CP-101 and to close the cycle. The compressor is modelled as a polytropic compression, while the valve is assumed to work isoenthalpically. The details of the model can be seen in the supplementary material.
[image: Diagrama
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Figure 5.- Refrigerant cycle for the operation of the vibrating fluidized bed
3.- Experimental setup
[bookmark: _Hlk131180089]The vibrocooling unit consists of 4 different zones, see Figure 1. The entrance of the particles, section A, the ambient air-cooled section, B, the section that uses cooled air if needed, C and finally the particle exit section, D. Data on the air and product temperatures are collected from the sensors installed in the unit. Figure 3 shows the sensor locations and the scheme of the cooler. The variables circled in red, the final gas temperature and the solids temperature are measured and used for validation. The variables within a green cycle are known and correspond to inputs to the system. Finally, those circled in blue are model results, intermediate results. One important issue is that the gas temperature measured is not directly modelled. Note that the air exit temperature is the mixture of the total air from both the cooled air, if needed, and the ambient, after cooling the product. The model provides temperatures from each of the two-unit sections, in blue cycles, and the mixing is the temperature that will be measured and used to fit the model. Due to confidentiality issues the operating temperatures of the unit cannot be directly reported, but they have been normalized. The ambient air temperature and moisture are taken from the (AEMET, 2022).
4.- Results. 
	The results section is divided into three steps. First, the characterization of the particle size distribution to compute the Sauter mean diameter. Next, the model validation using industrial data. A two-way validation is carried out based on the particle temperature and the air temperature. Note that the air temperature is measured at the outlet of the unit and not at each section (atmospheric air and cool air). Finally, the operation of the unit over time to account for the additional air-cooling needs is presented. The facility located at Salamanca (Spain) is used as reference. A total of 158 industrial results of the operation of the cooler have been used, one third for summer, one third for spring/fall and one third for winter approximately, for the typical production rate of the facility.
	4.1.- Particle size distribution
The particles are taken from the operation of the facility and eight different sizes, based on the available sieves, are measured. Figure 6 shows the particle distribution. Note that for confidentiality reasons we report the ratio dp versus Sauter mean diameter. The distribution is narrow so that the average Sauter is used to represent the distribution.
[image: ]
[bookmark: _Toc102511665][bookmark: _Toc102987999]Figure 6. Particle size distribution 
4.2.-Model validation
[bookmark: _Hlk122190397]	There are two optimization parameters for model fitting and validation. On the one hand, the efficiency factor for the heat transfer film coefficient, fc, that computes the difference between the particle temperature and the measured one. The temperature computed from the ideal model turned out to be higher than the modelled one. In addition, the air temperature measured at the top of the unit, see Figure 7, did not match the experimental results, either. The losses of the system determine the air exit temperature. Error minimization is used to compute both parameters from the experimental results.
[image: ]
[bookmark: _Toc102511678][bookmark: _Toc102988012]Figure 7. Heat losses in the operation of the vibrocooler

Figure 8 shows the results of the models using fc=0.30 and hLosses·A equal to 1.17 kW/K. Figures 8a and 8b show the comparison between the measured and the computed temperatures after the adjustment. 10% error bars have been included to show the good fitting of the model. Figures 8c and 8d show the residuals. The model provides good fitting of the industrial results. Note that the values of the fitting parameters are particular for this case example, but the model can be used for any similar unit.
[image: ]
[bookmark: _Hlk131288888]Figure 8. Model Fitting and validation a: Fitting of the particle temperature; b) Fitting of the air temperature; c) Relative residual plot particle temperature; d) Relative residual plot air temperature

	4.3.- Unit operation over time
[bookmark: _Hlk131288349]	Once the model has been validated, it is used to evaluate the operation and the need for utilities over time, specially to determine the months when atmosphere air is not enough to cool down the particle and must be refrigerated using the cooling cycle. The case of Study of the facility located in Salamanca (Spain) is used for reference, but the model is general enough to be used for any other location. In this section two major results are reported. First, the temperature profile of the particle, see Figure 9, and second, the particle temperature along the unit for different months. Additional cooling, cooler air, is to be provided for those months when the temperature of the product is above 311 K, since the product can loss properties if stored at those conditions. Figure 9 shows the temperature profile of a particle. It can be seen that the particle shows a quite homogeneous temperature. 
[image: ]
Figure 9.- Temperature profile across the particle radius.

	Figure 10 shows the product temperature profile for different months over the year. Note that by default atmospheric air with its temperature and moisture are used as cooling agent. However, if needed, it is possible to use cool air to provide an additional cooling to achieve the product storage conditions. It is important to point out that over the years, for the same month, there is a range of temperatures. We consider the average temperature (green line), the maximum temperature over the last years (red line), and the average of the maximum temperatures (blue line) over the last years and evaluate the operation of the unit under these three cases. For most of the months, it is enough to use atmospheric air to feed both zones, see for instance Figure 10a for January. However, during summer, in Salamanca the months of June, July, and August, the use of atmospheric air is not enough to cool down the produce below 311 K when using the average maximum temperature, blue line, see Figure 10b for the example of July. Therefore, it is necessary to operate a cooling cycle using a refrigerant to cool down the water that at eventually cools down the air fed to the last section of the unit. The cooling cycle uses water to cooldown the air. If water from the river, at its temperature typically below that of the atmospheric air, is not cold enough, it is cooled down using a refrigerant in a cycle. Thus, the operation of the unit requires computing the energy needs of such a cycle.
[image: ]
Figure 10.- Temperature profile of the product. a: January; b: April; c) July, d: November.

Table 1 shows the results of the operation including the cooling needs and the power required for the summer months per kg of Fertilizer processed. July and August require almost the same energy, 1.5-1.6 kJ/kg, to be able to achieve the product specifications. Note that the tool developed can be used for the facility to evaluate its operation and the examples presented represent typical case studies. 

[bookmark: _Toc102988041]Table 1 Cooling cycle summary of results
	Month
	(kJ/kg)
	(K)
	(kJ/kg)
	(K)
	(kg/kg)
	(kJ/kg)

	June
	3.009
	275.80
	-3.494
	320.15
	0.00240273
	0.483

	July
	8.768
	272.06
	-10.380
	322.95
	0.00691682
	1.613

	August 
	8.339
	272.43
	-9.856
	322.75
	0.00658318
	1.517




5. Conclusions
This work presents a first principles model for industrial scale vibrocooling units that include a cooled air refrigeration cycle. Two adjustable parameters are enough to fit the experimental results, the heat transfer efficiency of the particle and the heat loses of the unit. It is a multiscale model, evaluating the particle cooling and  the full operation of the unit to determine the temperature profile of the product along the vibrating bed. The unit consists of two sections. The first one uses atmospheric air and the second one can use cooled air if the final temperature of the product is above 311K. A refrigeration cycle is also designed to evaluate the energy costs required to cool down air over a year of operation. The model is developed in Python to be easier to use. 
The particle size distribution, represented by the Sauter mean diameter, shows a narrow distribution that allows the use of the model with just one diameter size.  The validation of the model relies on two parameters, the heat transfer from the particle to the air and the energy losses from the unit to the environment. The experimental data allowed to compute both fc equal to 0.30 and hLosses·A equal to 1.17 kW/K. Using these values, the model can reproduce the unit’s operation. The model allows evaluating the needs for additional cooling over the summer months, June-August, when the atmospheric air cannot cool the product below the critical temperature.
Nomenclature
 amplitude of vibration (m)
 cross sectional area  (m2)
 internal area (m2)
 external area (m2)
 bed width (m)
 average solids specific heat capacity (kJ/kgºC)
 average air specific heat capacity (kJ/kgºC)
 bubble equivalent diameter (m)
 Sauter diameter (m)
f: Vibration frequency
 Correction factor
Fg: Mass flow of gas.
 gravity (m/s2)
 bed height (m)
 film coefficient (kW/m2ºC)
 corrected convective coefficient between particle and air (kW/m2ºC)
 theoretical coefficient between particle and air(kW/m2ºC)
 convective coefficient between fluidized bed and air (kW/m2ºC)
 node number
 particle thermal conductivity (kW/mºC)
 gas thermal conductivity (kW/mºC)
 number of orifices of the distributor
 Nusselt number
 number of nodes
 internal heat transferred (kW)
 external heat transferred (kW)
 heat losses  (kW)
 heat transferred from the particle to the air (kW/m2)
 heat transferred from the particle to the air (kW/m2)
 heat flow across the internal area (kW/m2)
 heat flow across the external area (kW/ m2)
 particle radius coordinate (m)
 internal radius (m)
 external radius (m)
 vibration Reynolds number
 particle radius (m)
 Radius increment (m)
 solids flow rate (kg/s)
 time (s)
 particle temperature (ºC)
 air temperature (ºC)
 air predicted temperature (ºC)
 air measured temperature (ºC)
 air corrected temperature (ºC)
 ambient temperature  (ºC)
 intermediate particle temperature (ºC)
 inlet particle temperature (ºC)
 outlet particle temperature (ºC)
 inlet ambient air temperature (ºC)
 inlet cooled air temperature (ºC)
  outlet air temperature (ºC)
 outlet ambient air temperature (ºC)
 outlet cooled air temperature (ºC)
 minimum fluidization velocity (m/s)
 gas phase velocity in the suspension phase(m/s)
 gas velocity (m/s)
 bubble rising velocity (m/s)
 solids forward velocity (m/s)
 Volume of the sphere layer (m3) 
 bubble size (m)

         Symbols
 Intensity of vibration
 frequency of vibration  (s-1)
 parameter which depends on the Geldart number
 parameter which depends on the Geldart number
 bubble fraction
 phase porosity fraction
 bubble fraction with the minimum fluidization velocity
 gas hold up
solids density (kg/m3)	
 gas density (kg/m3)	
 gas viscosity (Pa·s)
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