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Abstract 
 

Fertiliser applications enable the intensification of agriculture but also present significant 

environmental consequences from their inefficient use. This research investigates the use of 

controlled release fertilisers (CRFs) to improve both environmental and economic outcomes 

by increasing the efficiency of fertiliser applications. CRF use thin membranes to control the 

rate of nutrient release into the soil by controlling the diffusion across the membrane. These 

CRF are capable of increasing the efficiency of these fertiliser applications by up to 40% 

however, the high cost and variable performance limit the widespread adoption of this 

technology.  

Cost is a significant barrier to the adoption of CRFs and hence the cost of production through 

traditional processing was assessed. A rotary coating drum was found to be the most cost 

efficient conventional means of production, although a spouted fluidised bed is comparable 

at higher throughputs. For CRF to be cost competitive with conventional urea applications 

requires a maximum production cost, irrespective of production method, of 630 $ t-1, for a 

urea and CRF nitrogen utilisation efficiency (NUE) of 50% and 70% respectively.  

A high intensity mixer (HIM) was identified as a promising technology for low cost and high 

quality CRF production. A lab scale HIM was developed with an accompanying experimentally 

validated discrete element (DEM) model to simulate particle behaviour in the mixer. From the 

DEM simulations the HIM showed favourable mixing performance, being able to reduce 

mixing times by 35% to 75% compared to a rotary drum while maintaining a low shear 

environment. Utilising the DEM particle data, the inter- and intra-particle coating variability 

was assessed. Again, the HIM showed promising coating performance, producing a polymer 

coating with 25% of the variability of the CRF produced in the rotary drum.   

Aside from cost, a significant barrier to CRF adoption is the understanding of the mechanistic 

release process within the field. Isothermal experiments of CRFs in ideal water saturated 

environments were used to assess the CRF membrane permeability over a range of 

temperatures. An Arrhenius model is used to interpolate the permeability data and present 

an experimentally validated, non-isothermal nutrient release model that incorporates the 

temperature dependence of key variables. This model significantly improves the prediction 

of CRF nutrient release in varying temperature environments and enables the targeting of 

nutrients to match the demands of the plants.  

Further work examined the CRF release behaviour under non-ideal conditions, where 

common assumptions applied in release models within the literature breakdown. The 

frequency of water application, either via irrigation, rainfall or dew formation was found to 

significantly influence the rate nutrient release. Furthermore, under certain conditions, water 

loss from the CRF core to the external environment was observed. This water loss can result 

in changes in the nutrient release between surface applied and buried granules and in 

extreme cases halt the nutrient release. These results demonstrate the need to incorporate 

the water transport into nutrient release models, which is not common within the literature.    
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1 Introduction  
 

Fertilisers are of critical importance to sustain growing global populations, expected to reach 9.8 

billion by 2050. As agricultural land is intensified beyond what is naturally sustainable, fertiliser 

applications are required to replace nutrient removed from the soil through cropping. Common 

fertiliser includes nitrogen, phosphorus, potassium and other micronutrients. The required 

fertiliser application is entirely dependent on the local deficiencies present in the soil and can 

even vary across a single field (Fu, Tunney, & Zhang, 2010). Fertilisers contribute to 50% of food 

production today. 

Despite the benefits of fertiliser applications, there are significant adverse environmental 

consequences associated with their use (Howden, Burt, Worrall, Mathias, & Whelan, 2013; 

Ministry for the Environment & Statistics New Zealand, 2015). Nitrogen based urea applications, 

which are the sole subject of this study, suffer significantly for low nitrogen utilisation efficiencies 

(NUE). The NUE, which is a measure of the amount of the applied nitrogen recovered by the 

plant, is approximately 50% for urea (Chien, Prochnow, & Cantarella, 2009; Shaviv & Mikkelsen, 

1993; Trenkel, 2013). Although this NUE value is highly dependent on the soil type and 

application strategy, it represents a significant loss to the environment from each fertiliser 

application. Nitrogen losses to the environment exist in three main forms; leaching, volatilization 

and denitrification. Research has quantified these losses as a percentage of the applied nitrogen 

in New Zealand as 13% to 30% via leaching (Waikato Regional Council, 2016), 4% to 18% via 

volatilization (Cameron, Di, & Moir, 2013) and 0.03% to 1.51% by denitrification (van der 

Weerden et al., 2016). The extent of this problem is evident when considering nitrogen fertiliser 

applications in New Zealand in 2013 were equal to 359 kt, with urea contributing 80% of all 

synthetic nitrogen applications (van der Weerden et al., 2016). These nitrogen losses contribute 

to greenhouse gas emissions (Shoji, Delgado, Mosier, & Miura, 2007) and eutrophication of 

waterways (Howden et al., 2013).    

Conventional urea applications have high water solubility which contributes to the low NUE 

value. Generally, because of the high solubility the entire application is solubilised after the first 

rainfall or irrigation event. The residence time of this nitrogen in the soil is determined by the 

microbial activity and the rate of nutrient losses.  In order to improve the effectiveness and 

reduce losses, fertiliser applications should be designed such that the applied nutrient is; the 

correct type to offset the deficiency, supplied to the plant at the correct rate, supplied at the 

right time when the plants require it and applied in the right place and remain accessible to the 

plant (Mikkelsen, 2011). All four of these conditions can be met using Controlled Release 

Fertilisers (CRF).  

CRF use thin membrane coatings, around a solid fertiliser core to control the rate of nutrient 

release by diffusion through the membrane (Sempeho, Kim, Mubofu, & Hilonga, 2014). When 

placed on the soil, water diffuses through the membrane and solubilises the internal urea core. 
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The internal solution then diffuses across the membrane into the external soil environment, 

driven by the concentration (Shaviv, Raban, & Zaidel, 2003b). Once the supply of urea within the 

core is exhausted, the membrane coating should biodegrade into the soil system (Majeed, Ramli, 

Mansor, & Man, 2015). By controlling the rate of nutrient release, the supply of nutrients from 

the CRF can be matched to the demands of the plant (Shaviv et al., 2003b). By matching the 

demand and supply of nutrients, the potential for nutrient over-supply and under-supply are 

significantly reduced, enabling unrestricted plant growth with reduced environmental losses. As 

a result, the nitrogen utilisation efficiency can be up to 40% higher than conventional urea 

applications (Drost, Koenig, & Tindall, 2002), i.e. for a urea NUE of 50%, the CRF NUE could be as 

high as 70%. Compared to conventional urea applications, the longevity of the fertiliser in the soil 

is significantly extended, as CRF progressively makes the nutrients available over the release 

period. The extended longevity in the soil means a single application can be made over the entire 

growing season, rather than a split application typically used for urea fertilisers, which 

consequently reduces application costs further. 

 

 Opportunities and challenges  
There are multiple benefits to the use of CRF however, the widespread adoption of this 

technology has been limited. The higher cost of these CRF, which can be twice that of 

conventional urea (Ravensdown, 2019), is a significant barrier to farmers substituting cheaper 

conventional fertilisers for these new products. There is significant scope within literature and 

industry to develop lower cost CRF production. The main opportunity for these cost savings exists 

in the production methods and the polymer coating. However, this can prove difficult as the 

effect of the changes on the CRF performance need to be considered.  

The main benefit of CRF, is that the supply of nutrients can be controlled to match the demands 

of the plants over the growing season. In order to design the polymer coating to achieve a desired 

release, descriptive release models are required. Developing improved release models 

represents a significant opportunity within the field of CRF. Currently literature is sparse when 

considering the incorporation of temperature dependence into models and the effect of non-

ideal conditions on the rate of release. Models that incorporate both of these effects may give 

farmers greater confidence in CRF technologies as release under field conditions can be 

modelled. The major challenge in this area is the scarcity of experimental release data under non-

ideal conditions and of multi-component diffusion models to describe the nutrient release.  

The major concern surrounding CRF, is the introduction of the membrane material into the 

environment. The membrane coating must be resilient enough to maintain control over the 

nutrient release over the release period but then readily biodegrade into the soil thereafter. This 

biodegradation has been subject to recent European Parliamentary legislation which defines 

biodegradation limits for these materials in the soil following the nutrient release (European 

parliament, 2019). The development of high quality, biodegradable polymers with controlled 
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release properties would be of incredible value for CRF applications as well as broadly throughout 

the agricultural industry. This represents a significant opportunity with obvious challenges and is 

the subject of work by other researchers within the Chemical and Process Engineering 

Department at the University of Canterbury.  

 

 Thesis scope and structure  
This work examines the use of controlled release fertilisers to improve the economic and 

environmental outcomes of fertiliser applications. Although there are significant environmental 

concerns for all types of fertiliser applications, for simplicity this research has been restricted to 

nitrogen-based urea fertilisers. 

The objectives of this work are to: 

• Quantify the cost of production of CRF compared to conventional fertilisers 

• Identify alternative production methods to reduce cost and improve coating quality 

• Develop particle mixing and coating models to optimise CRF production 

• Derive models to describe nutrient release in variable temperature environments  

• Examine the behaviour of CRF under both ideal and non-ideal conditions  

The chapters in this thesis have been written in a self-contained format, in that each has its 

introduction, literature review, experimental design, concluding remarks. A single bibliography is 

presented at the end of this thesis. The material within this thesis contains the following;  

Chapter 2 – Literature review, this describes the basic role of various nitrogen-based fertilisers to 

deliver nutrients to the plant and soil system. This chapter also quantifies the nitrogen losses to 

the environment from fertiliser applications and methods to model the nutrient release from 

CRF.    

Chapter 3 – Economic assessment of controlled release fertiliser production, this chapter 

examines the cost to produce CRF via conventional methods and identifies the cost at which, CRF 

become cost competitive with conventional urea applications. The economic feasibility of other 

enhanced efficiency fertilisers is also examined to provide a comparison to CRF.  

Chapter 4 – Modelling of mixing in controlled released fertiliser systems, examines the design and 

build of a high intensity mixer (HIM) for producing CRF. Using experimentally measured contact 

parameters, a discrete element method (DEM) simulation of the mixer is developed, which is 

validated against measurements of the physical system. Particle data from the DEM simulation 

is used to examine the mixing performance in the HIM and compare to a conventional rotary 

drum system. 

Chapter 5 – Modelling of inter- and intra-particle coating variability, uses particle data from the 

DEM simulations to model the inter- and intra-particle coating process of individual particles, 
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randomly selected from the simulated population within the mixer. Thereby, giving insight into 

optimum operating conditions for improved particle coating homogeneity.  

Chapter 6 – Controlled release fertilisers under variable temperature conditions, details the 

nutrient release of CRF in ideal water release environments at various temperatures. Using 

experimental measurements, a nutrient release model is developed to include the temperature 

dependence of key variables. This model enables the modelling of CRF in constant and varying 

temperature environments and is validated against experimental measurements.   

Chapter 7 – Controlled release fertilisers under non-ideal conditions, explores the nutrient release 

behaviour of CRF under non-ideal conditions. This includes release in non-water saturated 

conditions under simulated rainfall and irrigation. Nutrient release under simulated dew and in 

environments with high external salt contents are also examined. Interactions between the 

solution within the CRF core and the external humidity are also studied.  

Chapter 8 – Conclusions and future work, details the overall conclusions drawn from this body of 

work and makes recommendations production, modelling and design of CRF. This chapter also 

describes areas for future work arising from the research described herein and within literature.  

Appendices – Details supplementary information pertaining to the body of work presented in this 

thesis. This covers dimensioned drawings of the HIM and simulated rotary drum, as well as, run 

scripts for the LIGGGHTS DEM® and MATLAB® simulations.  

References – Presents the references used throughout the thesis. 
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2 Literature review  
 

The increased pressure to maximise the production from agricultural systems has resulted in the 

widespread intensification of agriculture. Soil nutrients, removed through cropping, need to be 

replaced to maintain these artificially high production levels which cannot be sustained by 

natural processes alone. As a result, applications of nitrogen, phosphorous  and potassium 

fertilisers increased immensely in the late 20th century (Davidson & Gu, 2012). Nitrogen fertiliser 

applications in New Zealand increased from 59 kt to 359 kt over the 1990 to 2013 period, with 

urea constituting 80% of this (van der Weerden et al., 2016). This presents significant 

environmental consequences as there are significant losses associated with these fertiliser 

applications. The literature reports that urea has a nitrogen utilisation efficiency (NUE) of only 

50% (Chien et al., 2009; Shaviv & Mikkelsen, 1993; Trenkel, 2013) and sometimes as low as 30% 

to 35% (Peng et al., 2006), though in grasslands the efficiency is likely to be higher. This NUE is a 

measure of the total applied nitrogen recovered by the plant, with the remainder being mostly 

lost to the environment in the form of volatilization, denitrification and leaching (Cameron et al., 

2013). Larger fertiliser applications are required to offset this low efficiency and safeguard yields, 

but diminishing returns are observed with increasing application sizes, further lowering the NUE 

(Black, Sherlock, Smith, Cameron, & Goh, 1985; Shrestha, Cooperband, & MacGuidwin, 2010).  

The environmental effects of fertiliser applications are a concern for all nitrogen, phosphorous 

and potassium applications. Nitrogen has received the most attention due to the highly visible 

environmental effects, high application rates and low NUE. Potassium also has a high 

susceptibility to leaching, with losses of between 10% and 20% possible, due to its high mobility 

throughout the soil (DairyNZ, 2012). Phosphorus has lower solubility and better soil fixation so 

therefore, has a lower tendency to leach (DairyNZ, 2013). The concerns pertaining to fertiliser 

use is not just a local issue but extends worldwide (Howden et al., 2013; Shihong Yang, Peng, Xu, 

He, & Wang, 2013). This study examines the use of controlled release fertilisers (CRFs) as a 

potential method to mitigate these environmental concerns. For simplicity, this study has been 

restricted to examining Nitrogen based fertilisers but findings from this study may be applicable 

to other fertiliser types.  
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 Nitrogen cycle 
The nitrogen cycle describes the behaviour of nitrogen as it moves through the environment, an 

example of which is shown in Figure 2.1. Nitrogen fertiliser applications are either absorbed by 

plants, retained in the soil or lost to the environment. Nitrogen forms within the soil can be 

categorised into four main groups; mineral nitrogen in solution (ammonium, nitrite or nitrate), 

ammonium ions bound to the soil, organic plant matter and organisms within the soil (Cameron 

et al., 2013; Davidson & Gu, 2012; Trenkel, 2013). However, for nitrogen to be available to the 

plant it must be in a non-bound nitrate or ammonium form (Haynes, 1986), although nitrate is 

preferred.  

 

Figure 2.1 - Nitrogen cycle modified from: (Haynes, 1986). 

The ability of plants to recover nitrogen from the environment is described by the Nitrogen 

Utilisation Efficiency (NUE). In this study, the NUE refers to the removal efficiency which is 

calculated as the percentage of applied nitrogen that is recovered by the plant. It should be noted 

that various other NUE definitions exist such as, the agronomic efficiency, the recovery efficiency, 

partial factor productivity and the physiological efficiency (Trenkel, 2013), so care must be taken 

when examining NUE values in the literature. 

 

 Loss mechanisms 

Nitrogen losses to the environment present significant environmental consequences. The 

leaching of nitrates into waterway contributes to eutrophication, resulting in reduced aquatic 

life, artificially high algae levels and risks to human health (Cameron et al., 2013; Organization for 

Economic Cooperation and Development, 2008; Shaviv & Mikkelsen, 1993; Smith & Schindler, 

2009; Zhao, Dong, Zhang, & Liu, 2013). Other environmental consequences include; 
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photochemical smog, increased NOx emissions (Hayatsu, 2014; Ju, Xing, Chen, & Zhang, 2009; Ni, 

Liu, Lü, Xie, & Wang, 2011; Vitousek et al., 2009), acid rain and soil acidification (Cameron et al., 

2013; Ju et al., 2009). 

A study of volatilization data from the literature shows that of the applied nitrogen, New Zealand 

soils have an average rate of volatilization of between 4.2 and 17.6% for grassland soils and 11.7% 

for arable soils. For overseas soils this can reach up to 36% and 33%, respectively (Cameron et 

al., 2013). High rates of volatilization can be caused by high soil pH (Black et al., 1985; Cameron 

et al., 2013) or temperature (Black et al., 1985; Cameron et al., 2013). Low soil moisture also 

raises the volatilization (Black et al., 1985; Cameron et al., 2013) by effectively increasing the soil 

ammonium concentration or the local pH. Hence, during periods of high rainfall the rate of 

volatilization decreases. A lack of soil cation exchange capacity also causes higher volatilization 

as it cannot bind the ammonium ions in the soil (Cameron et al., 2013).  

Excess ammonium that is not bound through cation exchange is converted to the nitrate form 

through biological processes in the soil. As this nitrate is highly water soluble, it is very susceptible 

to leaching by surface water and groundwater (Cameron et al., 2013; Goulding, 2006). Nitrate 

leaching is related to the size of the application and is observed even for small applications 

(Cameron et al., 2013), while large applications can cause exceptionally high levels of nitrate 

leaching (Shrestha et al., 2010; Zvomuya, Rosen, Russelle, & Gupta, 2003). Research by the 

Waikato regional council quantifies the leaching problem in New Zealand over the 1996 to 2008 

period (Waikato Regional Council, 2016). Over this period nitrogen fertiliser applications 

averaged 125 kgN ha-1 yr-1. For the 2008 year, total nitrogen leaching losses were measured as 

30% and 13% of the applied nitrogen amount for dairy farms and other grazed farms, 

respectively, and were consistent with losses observed over the entire period  (Waikato Regional 

Council, 2016).  

Nitrous oxide emissions result from the denitrification process within the soil where nitrogen is 

converted between different forms. As this process is performed by soil microbes, it is sensitive 

to the soil temperature (Cameron et al., 2013), soil moisture (Cameron et al., 2013) and pH 

(Cameron et al., 2013; Parkin, Sexstone, & Tiedje, 1985). Rates of denitrification within the 

literature vary, ranging between 0% and 3% (Cameron et al., 2013; Dobbie, K. E. & Smith, 2001; 

Parkin et al., 1985), with a New Zealand study quantifying losses from urea between 0.03% and 

1.51% of the applied nitrogen (van der Weerden et al., 2016). Nitrification inhibitors can be used 

as one method to reduce denitrification (Cameron et al., 2013; van der Weerden et al., 2016) by 

slowing this process.   
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 Fertilisers 
Fertiliser applications alter the soil chemistry and therefore it is critical to carefully target nutrient 

applications. Soil testing and the integration of precision agriculture technologies allow for the 

precise delivery of a varied fertiliser application over the field to improve nutrient management 

(Grisso, Alley, & Groover, 2009). Other aspects of the fertiliser program such as the application 

method (Cai et al., 2002), for example top-dressed or integrated into the soil, the use of irrigation 

post-application (Katyal, Bijay, Vlek, & Buresh, 1987) and the type of fertiliser used also impact 

environmental losses and should be incorporated into the nutrient management plan.  

 

 Conventional fertilisers  

Conventional fertilisers consist of organic and basic mineral fertilisers. Organic fertilisers include 

animal waste and plant material which is allowed to reintegrate into the soil. With the exception 

of cow urine, which can be equivalent to a highly localised 1000 kgN ha-1 application (Di & 

Cameron, 2002; Haynes & Williams, 1993), these fertilisers are highly variable in quality with 

generally low concentrations of  nutrients. Conversely, mineral fertilisers such as urea and 

superphosphate, are highly consistent in quality with high concentrations of the desired nutrients 

which are generally readily available to the plants (Yara, 2014). 

Urease and nitrification inhibitors are commonly used in conjunction with conventional 

fertilisers. Urease inhibitors suppress the hydrolytic activities of the urease enzyme which 

converts applied urea into ammonium. This slows the rate of hydrolyzation and therefore also 

slows the rate of volatilization and leaching to the environment. Nitrification inhibitors similarly 

target the Nitrosomonas bacteria to reduce its activity. This slows the transformation of 

ammonium to nitrogen dioxide and further on to nitrate. Both these inhibitors operate on the 

principle of keeping mineral nitrogen in the ammonium form for as long as possible to reduce 

losses (Edmeades, 2004; Trenkel, 2013). However, the efficacy of these urease inhibitors is 

sometimes questionable (van der Weerden et al., 2016). Furthermore, is it suggested the benefits 

of these inhibitors in general are minimal when fertiliser best practices are followed (Edmeades, 

2004).  

The high-water solubility of some conventional fertilisers, such as urea (Mulder, Gosselink, 

Vingerhoeds, Harmsen, & Eastham, 2011), result in a short residence time within the soil. To 

counter these short soil residence times, split applications are used, where multiple smaller 

fertiliser applications are made multiple times across the growing season (Guertal, 2009; Y. Yang, 

Zhang, Li, Fan, & Geng, 2012). Split applications enable effective nutrient management across the 

entire growing season but add significant cost. Furthermore, split applications are generally 

applied through topdressing which suffer from high rates of volatilization and denitrification 

(Mahler, 2001). 
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 Application of urea in the field  

Urea is commonly used as a low-cost nitrogen source for fertiliser applications. Upon application 

to the field, the urease enzyme hydrolyses the urea into ammonia (NH3) and carbon dioxide. The 

reaction of ammonia with water creates the ammonium ion (NH4
+) in the soil. The cation 

exchange capacity of the soil gives the ability to bind some of the positively charged ammonium 

ions for later use. Nitrobacteria then convert the unbound ammonium to nitrate (NO3
-), which is 

highly accessible to the plant (Rose, 2002).  

Excess applications of urea can alter the soil pH, promote excess leaching (Kahl et al., 1993; Magill 

et al., 2000; Ventera et al., 2003) and can cause salt toxicity (fertiliser burn) in regions of high 

concentration (Cornell University, 2004; X. Liu, Zhou, Li, Xu, & Brookes, 2014). If the soil has low 

concentrations of calcium carbonate ions, then the soil has a very limited capacity to buffer these 

pH changes resulting in soil acidification (Choudhury & Kennedy, 2005; Ventera et al., 2003). This 

has further downstream effects as low pH soils experience greater NO2 losses via the nitrification 

and denitrification pathways (B. Singh & Ryan, 2015). 

 

 Slow release fertilisers  

Slow Release Fertilisers (SRF) apply coatings or modifications to the conventional mineral 

fertilisers, such as sulphur coated urea or urea-formaldehyde to slow the rate of nutrient release 

(Sartain, Hall, Littell, & Hopwood, 2001). As the release is generally governed by microbial activity 

within the soil, there is poor control over the process.  

Sulphur coated urea fertilisers have been used extensively for decades (Rindt, Blouin, & 

Getsinger, 1968) and despite the additional coating, maintain a relatively high nitrogen content 

of between 30% and 40%, compared to that of pure urea at 46%. The release from these sulphur 

coated fertilisers follows a parabolic profile, dictated by the hydrolytic and microbial degradation 

of the coating. Therefore, nutrient release is highly dependent on the coating thickness and 

quality, with coating imperfections rapidly accelerating the release (Trenkel, 2013). The sulphur 

is a low cost, biodegradable coating which reduces caking during production. The application of 

the sulphur coating reduces nitrogen losses, provides additional benefit as a sulphur fertiliser 

input and can help regulate soil alkalinity (Azeem, Ku Shaari, Man, Basit, & Thanh, 2014). 

However, the coating can be brittle with poor adhesion to the urea granule, sometimes requiring 

an additional coating to maintain its slow release properties (Azeem et al., 2014; Rindt et al., 

1968). 

 

 Controlled release fertilisers 

CRFs apply transport resistant coatings around conventional mineral fertilisers to control the 

release of internal nutrients (Sempeho et al., 2014). These are similar in concept to SRF but there 

is much greater control over the nutrient release (Trenkel, 2013). As the release in CRFs is 



10 
 

governed by diffusion rather than soil conditions or microbial activity (Christianson, 1988; Jacobs, 

2005), the coatings can be modified to achieve desired release profiles. The NUE of fertiliser 

applications can be greatly improved with CRFs by synchronising the supply of nutrients to the 

demands of the place across the growing season (Azeem et al., 2014). The improved NUE 

resulting from the correct use of CRFs (Zhao et al., 2013) can significantly reduce the total 

nitrogen application and losses to the environment without compromising yield. Furthermore, 

the improved longevity in the nutrient release can enable a single application to service the entire 

growing season, thereby significantly reducing both fertiliser and application costs (Azeem et al., 

2014; Davidson & Gu, 2012; Sempeho et al., 2014; Shrestha et al., 2010). It should be noted that 

some CRFs are controlled through osmosis (Shaviv & Mikkelsen, 1993) but this is very similar in 

nature to diffusion and hence, has similar sensitivities.   

The CRF coatings are generally thin polymer membranes but can also consist of swelling 

hydrogels (Azeem et al., 2014; Majeed et al., 2015), although these are less common. For the 

purpose of this thesis the term “CRF” refers to polymer coated urea granules, also referred to as 

“polymer coated urea” within the literature (Hutchinson, Simonne, Solano, Meldrum, & 

Livingston-Way, 2003). When placed on the soil, water diffuses through the polymer membrane 

and dissolves the internal urea core. The solubilised urea diffuses across the membrane, the rate 

dictated by the diffusivity of the urea in the polymer, and into the soil environment (Shaviv et al., 

2003b), following a sigmoidal release profile (Shaviv et al., 2003b; Shoji et al., 2007) or other 

shapes depending on the design (Azeem et al., 2014; L. Carson & Ozores-Hampton, 2013). 

Following the release of the internal nutrients, the remaining polymer shell biodegrades and 

integrates into the soil.  

The improved matching of the supply of nutrients from the CRFs to the demands of the plant 

should result in an increase in the NUE but this is not always the case. Figure 2.2 shows the 

relative performance of CRF applications when compared to urea applications under the same 

conditions within the literature. The percentage NUE increase in Figure 2.2 is measured as the 

difference between the urea and CRF NUE values divided by the urea NUE. There is a highly 

variable NUE response of ±40% of the urea NUE value when substituting urea applications for a 

CRF. It is thought that the discrepancy may result from the demand and supply of nutrients not 

being fully synchronised, or when CRF applications are applied in excess. Developing easy to 

access models that can simulate field conditions may allow for improved targeting of nutrients 

and should result in a more beneficial response from implementing CRFs. Furthermore, these 

models may assist in predicting the required application rate, which is lower than for a urea 

application as a result of the increased NUE.  
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Figure 2.2 – Increase in nitrogen utilisation efficiency (NUE) observed in the literature, when urea 
applications are substituted for CRF application. The % increase is measured as the difference 

between the CRF and urea NUE, divided by the urea NUE (Drost et al., 2002; Edmeades, 2015; Geng et 
al., 2015; Hutchinson et al., 2003; Mi et al., 2017; Pack, Hutchinson, & Simonne, 2006; Shoji et al., 

2007; Yan & Zheng-yin, 2007; Yang et al., 2012; Zhao et al., 2013). 

 

 Polymer coatings  

As CRFs have potential to add significant amounts of polymer material into the environment, it 

is critical that these effectively biodegrade post-release and fully integrate into the soil system. 

Currently synthetic polymers are widely used in CRF production, polyurethane is one of the most 

commonly used CRF polymers (Azeem et al., 2014; Mayer, 2010; Trinh, KuShaari, Basit, Azeem, 

& Shuib, 2014; Wei et al., 2017) and is used in Polyon®, Multicote® and Plantcote® (Mayer, 2010; 

Trenkel, 2013) CRFs. Other less common polymer types include an alkyd-resin polymer (Majeed 

et al., 2015) used by Osmocote® (Trenkel, 2013) CRFs or a polyethylene coating (Azeem et al., 

2014; Majeed et al., 2015) used by Multicote® and Plantcote® (Trenkel, 2013) CRFs. 

Biodegradable polymers derived from starches and cellulose, as well as synthetic polymers with 

improved biodegradation are of increasing interest for use in agriculture (Puoci et al., 2008), as 

the use of polymers in the environment is under scrutiny.  

CRF polymer development can be difficult as the hydrophobicity of the polymer alters the rate of 

nutrient release and polymer degradation, with degradation favoured in hydrophilic polymers 

(Gorna & Gogolewski, 2002). Therefore, a trade-off exists between release performance and 

biodegradability of the polymer and hence polymer choice and design are crucial. Polyurethanes, 
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for example, are susceptible to degradation to bacteria and fungi (Howard, 2002) as well as ultra 

violet light (Akindoyo, Beg, Ghazali, & Islam, 2016), which is promising for CRF applications, as 

this offers multiple degradation pathways. The incorporation of ester bonds in polyurethanes can 

further improve biodegradation as these bonds are vulnerable to hydrolysis from hydrolytic 

enzymes (Benhamou, Kaddami, Magnin, Dufresne, & Ahmad, 2015; Howard, 2002). Other 

biodegradable backbones such as Polycaprolactone, can also be inserted into these polymer 

backbones as chain linkers to further encourage biodegradation (Benhamou et al., 2015). 

The issues of introducing significant quantities of plastic into the environment via these CRFs 

have resulted in new European Union legislation under the amendments to European 

Commission (EC) regulations EC No 1069/2009 and EC No 1107/2009 (COM(2016)0157 – C8-

0123/2016 – 2016/0084(COD)) listed in Annex II CMC 10 (European parliament, 2019). Within 

five years of the adoption of the legislative resolution in March 2019, polymers used for CRFs 

must biodegrade, such that 90% of the organic carbon is converted to carbon dioxide within  

48 months after the end of the specified release period. This recognises the possibility of polymer 

accumulation within the environment, placing limits on its longevity in the soil after the release 

period to safeguard against long term environmental impacts of CRF use.  

 

 CRF advantages and disadvantages 

The use of CRFs has many advantages over conventional fertilisers. Using CRFs the supply of 

nutrients can be matched to the demands of the plants, resulting in large increases in the NUE. 

Whereas traditional urea may have a NUE of 50% (Chien et al., 2009; Shaviv & Mikkelsen, 1993; 

Trenkel, 2013), CRFs can increase this to 70%, meaning application rate can be significantly 

reduced. The targeted application of nutrients from CRFs reduces losses to the environment 

(Davidson & Gu, 2012), the effect of salt toxicity is also effectively eliminated by progressively 

making the nutrients available. As CRFs are able to sustain nutrient release over the entire 

growing season, a single application can be applied rather than split applications (S. Wang et al., 

2015), significantly reducing costs. CRFs can also be applied in winter months before the desired 

nutrient application, as at low temperatures the release is significantly slowed (Adams, Frantz, & 

Bugbee, 2013). Furthermore, CRFs remain unaffected by the freeze-thaw cycle (Freidman, Gras, 

Snape, Stevens, & Mumford, 2016). There are also suggestions that CRFs, especially hydrogels, 

can improve water holding capacity in arid soils (Majeed et al., 2015) however, this is likely to be 

negligible.  

Despite the advantages of CRFs, there are still some disadvantages that hinder their widespread 

use. Many of the commercially available CRFs are prohibitively expensive (T. A. Obreza, Rouse, & 

Sherrod, 1999) however, some products such as ESN® are much more competitive with 

conventional fertilisers. The lower application rates, application frequency and environmental 

compliance costs associated with using CRFs will offset some of these additional costs. Improved 

release predictability is required to encourage farmers to substitute the familiar urea fertilisers 

http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=EN&type_doc=COMfinal&an_doc=2016&nu_doc=0157
http://www.europarl.europa.eu/oeil/popups/ficheprocedure.do?lang=en&reference=2016/0084(COD)
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for an alternative technology. Concerns around the sustainability and biodegradation of synthetic 

polymers remain and this represents one critical challenge for the CRF technology.  

 

 CRF release models 

The main benefit of CRFs is the ability to match the demand and supply of nutrients within the 

soil system, thereby resulting in a high NUE. In order to design the CRF release pattern, accurate 

models of the nutrient are required. As the CRF release is controlled by diffusion across the 

membrane nutrients (Du, Zhou, Shaviv, & Wang, 2004; Trinh, Shaari, Suhaila, Shuib, & Ismail, 

2013), the process is highly temperature dependant (Adams et al., 2013; Carson & Ozores-

Hampton, 2013; Husby, Niemiera, Harris, & Wright, 2003; Lamont, Worrall, & O’Connell, 1987). 

Other soil conditions, such as moisture (Christianson, 1988; Fujinuma, Balster, & Norman, 2009; 

Lu, Zhang, Jia, Li, & Mao, 2016; Ozores-Hampton, 2013), integration of CRFs into the soil (Wilson, 

Rosen, & Moncrief, 2009) and cultural farming practices (Ozores-Hampton, 2013), can also affect 

the rate of release but these effects are generally considered negligible. 

Many mechanistic models have been developed to describe the nutrient release from CRFs, such 

as the zero order model (Costa, Sousa, Pais, & Formosinho, 2003; Dash, Murthy, Nath, & 

Chowdhury, 2010; Ramteke, Dighe, Kharat, & Patil, 2014; Siepmann & Siepmann, 2012), first 

order model (Costa et al., 2003; Dash et al., 2010; Ramteke et al., 2014; Siepmann & Siepmann, 

2012; Singh, Reddy, & Khan, 1996), Baker-Lonsdale model (Costa et al., 2003; Dash et al., 2010; 

Ramteke et al., 2014; Singh et al., 1996), Higuchi’s model (Costa et al., 2003; Kaunisto, Marucci, 

Borgquist, & Axelsson, 2011; Siepmann & Siepmann, 2012; Singh et al., 1996) and the Hixon-

Crowell model (Costa et al., 2003; Singh et al., 1996). Many empirical studies of the release of 

controlled release fertilisers have also been performed (Adams et al., 2013; Broschat, 2005; 

Broschat & Moore, 2007; Du, Zhou, & Shaviv, 2006; Huett & Gogel, 2000) such as the Weibull 

model (Costa et al., 2003) or the semi-empirical Korsmeyer-Peppas model (Costa et al., 2003; 

Siepmann & Siepmann, 2012).  

Empirical models provide a simple approximation for the rate of nutrient release of commercial 

CRF products under controlled conditions, such as in nurseries. However, mechanistic models are 

advantageous for use in CRF development as the response of the nutrient release to different 

membrane properties can be assessed. Most mechanistic models are based around a Fick’s law 

approach to model the diffusion of urea from the core to the external environment (Dave, Mehta, 

Aminabhavi, Kulkarni, & Soppimath, 1999; Friedman & Mualem, 1994; Timilsena et al., 2015), 

based around a concentration driving force (Shaviv et al., 2003b; Trinh, KuShaari, et al., 2014; 

Wei et al., 2017). In the process of modelling CRF release a few common assumptions are made 

such as: perfectly spherical granules, a perfect membrane without defects, a perfect sink external 

condition and a membrane that is sufficiently thin so that the process can be approximated as 

flat plate diffusion. It should also be noted that physical properties of the granules such as the 

membrane thickness and granule radius have inherent variabilities which effect the rate of 
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release (Adams et al., 2013; Al-Zahrani, 1999; Du et al., 2004). Generally, release models only 

model a single component nutrient release by assuming equimolar counter diffusion, thereby 

removing the need to model the water transport. There are some situations, however, where 

this equimolar counter diffusion assumption may not be valid, such as the initial water ingress 

period or in environments of low water availability.  

A multi-stage release model has been extensively used to model the nutrient release (Du et al., 

2004; Shaviv et al., 2003b; Wei et al., 2017). Generally, these models describe three main stages; 

the initial lag period where water diffuses into the core, the linear release period where a 

constant concentration driving force exists and the decay period where the internal 

concentration can no longer be maintained at the constant saturated condition (Shaviv et al., 

2003b). This type of multistage model provides a good mechanistic representation of the release 

process under ideal conditions. A few models within the literature have been extended to include 

additional effects. One model incorporated estimates of water evaporation during the lag period 

and soil contact area (Basu & Kumar, 2008). Another model incorporated soil diffusion and 

described the diffusivity in the soil as a function of soil moisture content (Friedman & Mualem, 

1994). Water penetration in the initial lag period has also been incorporated into a 

pharmaceutical release model (Petitti, Vanni, & Barresi, 2008), which is governed by similar 

mechanisms to CRF release. The external water potential has been used to calculate the initial 

lag period in the literature, thereby incorporating elements of water transport into their model 

(Du et al., 2006). However, there is still space within the literature to extend models to better 

describe the release process, especially in the areas of temperature dependence and water 

behaviour during release.  
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3 Economic analysis of non-conventional fertiliser technologies  
 
The purpose of this chapter is to investigate the production costs of a range of enhanced 

efficiency nitrogen fertilisers, with an emphasis on controlled release fertilisers (CRFs). 

Historically, large premiums have been charged for CRFs, prompting the need to better 

understand the production process. For example, in 2009 the wholesale and retail cost was 

estimated at 1,500 - 2,000 $ t-1 and 5,000 - 10,000 $ t-1 respectively (Bishop, 2010), while raw 

urea wholesaled for 340 $ t-1. It is imperative these enhanced efficiency fertilisers are cost 

competitive with conventional fertilisers, as any additional cost will be borne directly by New 

Zealand farmers and therefore hinder their uptake. An analysis of the production costs of these 

CRFs enables greater knowledge of the process and potential areas for cost savings.  

CRFs use thin coatings to control the rate of nutrient release, with reactive layer coated CRFs 

being the forerunner in this field. In reactive layer coating, the membrane is polymerised in situ, 

on the granule surface, allowing for multiple thin coatings to be applied (Patent No. U.S. 

4,711,659, 1987). Using this technology, the mass fraction of coating can be reduced from  

0.12 to 0.04 (Trenkel, 1997). A wide variety of reactive layer coated products exists however, this 

study is restricted to urea based CRFs, sometimes referred to as polymer coated urea (PCU) 

(Zhang, Nyborg, & Ryan, 1994). In this chapter, the term CRF refers specifically to urea based 

reactive layer coated CRF. 

This chapter will present a detailed cost analysis, examining the production process from initially 

powdered urea into a coated CRF product. The facility is designed to be representative of current 

commercial practices, used for products such as ESN® or Polyon®. The production cost of these 

conventional CRFs is then compared to biomass derived alternatives, to explore the feasibility of 

producing environmentally sustainable CRFs. This will be presented in the order of methodology, 

model and sensitivity results, biomass derived alternatives and discussion.  
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 CRF costing methodology  
The production of CRFs can be divided into two distinct processes: firstly, the granulation of the 

urea powder and secondly, the coating of the granules. A process flow diagram of this process is 

shown in Figure 3.1. The granulation process is the first step in the CRF production process. 

Companies may choose to purchase granulated urea as a process input however, the inclusion in 

this analysis allows for the tighter size distribution required for CRFs to be costed. The coating 

process is typically performed by either a rotary coating drum (Bishop, 2010; Suherman & 

Anggoro, 2011; Patent No. CN. 102,295,491 B, 2011) or a spouted fluidised bed (Bishop, 2010; 

Patent No. U.S. 5,547,486, 1996; Patent No. CN. 102,295,491 B, 2011; Salman, 1988; Suherman 

& Anggoro, 2011), both of which are considered in this study.  

 

Figure 3.1 – Process flow diagram of the CRF production process. 

The upstream urea granulation and screening process is common to both the rotary drum and 

the spouted fluidised bed coating process. However, the mode of each coating process is 

distinctly different and requires different process inputs, which is illustrated Figure 3.2. The 

coating drum process is the simpler process, where granules roll through the rotating drum due 

to the presence of baffles and the slight vertical incline of the drum. The co-polymer constituents 

are sprayed onto the granule bed and polymerise on the surface. The spouted bed uses 

compressed air to fluidise and circulate a bed of urea granules. During fluidisation, the co-

polymer constituents are sprayed onto the granules. For both processes, collisions and 

interactions between the particles during the polymerisation process distribute the polymer 

amongst the population.  

The total capital cost was found by sizing the key process equipment and then using relations and 

tabulated values from the literature to obtain a capital cost. Lang factors are then applied to 

estimate the total installed capital cost for the facility (Bouman, Jesen, & Wake, 2005; Lang, 1948; 

Perry, Green, & Maloney, 1997; Towler & Sinnott, 2013; Ulrich, 1984; UN Industrial Development 

Organization, 1998). The capital equipment is depreciated on an expected life of 12.5 years 

(Inland Revenue Department of New Zealand, 2015), with the depreciation cost spread over each 

year using straight line depreciation. Operating costs such as transportation, labour and 

electricity have also been estimated and are expressed in a $ t-1 format. An in-depth costing 

procedure for each key piece of process equipment is described in the following sections. 
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Figure 3.2 – Process flow diagram of the CRF coating process using a a) coating drum and b) spouted 
fluidised bed. 

All costs presented in this chapter are expressed in 2016 New Zealand dollars (NZD). All costs not 

originally in 2016 NZD were first exchanged into NZD using historical exchange rates supplied by 

the New Zealand Reserve Bank (Reserve Bank of New Zealand, 2016). Costs were inflated to 2016 

currency using appropriate indices supplied by Statistics New Zealand, such as the Capital Goods 

Price Index (Statistics New Zealand, n.d.).  

 

 Production basis 

The modelled process has been costed for a production of 16,000 t y-1 of 44% N coated fertiliser 

product. To account for the seasonal nature of New Zealand fertiliser production, a six-month 

operating window has been assumed for the facility. The economic costing has been prepared 

on the basis that the process is a modular addition to a pre-existing fertiliser production facility 

and hence shares in some facilities, core services and related outside battery limits (OSBL) costs. 

Production has been assumed to operate for 40 hours a week with two operators.  

 

 Raw materials 

The raw materials for CRF production consist of urea and the polymer coating material. Powdered 

urea is supplied to the process at a rate of 14.6 t h-1 at a wholesale cost of 362 $ t-1 calculated 

from a retail price of $514 (Ravensdown, 2016) and mark-up of 42% (World Bank, 2003). The 

granulated urea is assumed to have a bulk density of 765 kg m-3 and an apparent density of  

1,260 kg m-3 (UN Industrial Development Organization, 1998). Polyurethane is used as the 

reacted layer coating and is formed by the polymerisation reaction between castor oil and 

methyl-diisocyanate (MDI). Castor oil is combined with MDI in a mass ratio of 3:1 to give an 

approximate 1:1 ratio of hydroxide to isocyanate groups. The castor oil cost of 1,800 $ t-1  
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(ACS Japan, 2016; CastorOil, 2016; ICIS, 2016; Santana et al., 2010; Zauba, 2016a) and MDI cost 

of 2,600 $ t-1 (Afshar, 2014; Alibaba, 2016c, 2016d, 2016a, 2016b; Shdongdapu, 2016; Zauba, 

2016b) gives a final polymer cost of 2,000 $ t-1. For the base case, the unpolymerised castor oil 

and MDI mixture is supplied to the process at a combined rate of 0.7 t h-1. The final CRF has a 

urea mass fraction of 0.96, thereby making the total raw material cost for the final CRF product 

433 $ t-1. 

 

 Rotary drum granulator 

The rotary drum granulator converts the initial powdered urea feed into urea granules. The 

inclusion of a granulation process in the costing analysis allows for the costs associated with 

granule size distribution to be incorporated. The distribution of produced granules takes the form 

of a log-normal distribution. The mean of 0.743 mm and standard deviation of 1.045 mm was 

found by back calculation from the literature values describing a urea granulation process with a 

recycle ratio of 3:1 within a size window of 2 - 4 mm (Adetayo, Litster, Pratsinis, & Ennis, 1995). 

A total solids flow rate of 16.3 kg s-1 through the drum is required to produce the desired  

4.1 kg s-1 on-specification urea with a diameter of 2 - 4 mm. The remaining 12.2 kg s-1 is defined 

as off-specification as it contains granules either smaller than 2 mm or larger than 4 mm in 

diameter. 

The capital cost for the granulator is approximated at $336,000 by using figures produced in 

Ulrich (2004), which relates the capital cost to the total solids flow rate. The power required by 

the motor drive is estimated from tabulated data (Litster & Ennis, 2013), giving a required power 

of 113 kW.  The total capital cost for the motor is calculated through scaling equations (Towler & 

Sinnott, 2013) in the form of: 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = 𝑎 + 𝑏(𝑆)𝑛 (3.1)  

where a, b and n are tabulated values of -1,100, 2,100 and 0.7, respectively. Equation (3.1) 

provides a capital cost in 2010 US dollars of $35,000, which is equivalent to a current value of 

$48,000. The granulator introduces an additional power cost of 1.1 $ t-1 assuming a motor 

efficiency of 0.7 with an electricity cost of 0.1 $ kW h-1 (Transpower, 2016). 

 

 Granule screen 

A screen is used following the granulator to separate granules smaller than 2 mm or larger than 

4 mm in diameter from the process stream. The fine material less than 2 mm in diameter is 

removed in the first screen. The undersized granules are returned to the urea process stream 

entering the drum for granulation. The second screen removes granules larger than 4 mm, which 

will be passed to a crusher to be broken down. The required screen area is found from:  
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�̇�𝑠,𝑡 = 1.5 × 10−9𝜌𝑠
2𝐴 𝐷𝑝

0.7 (3.2)  

where �̇�𝑠,𝑡 is the total solids flow rate, 𝜌𝑠 is the solids apparent density, 𝐴 is the screen area and 

𝐷𝑝 is the particle diameter to be screened in microns (Perry et al., 1997). For the maximum 

possible flow rate of 16.3 kg s-1 the screen to remove undersized granules is required to be 91 m2 

in area. A second screen can be sized in the same way by assuming the maximum flow rate of 

16.3 kg s-1, which serves to screen granules larger than 4 mm, requiring a 56 m2 area. The capital 

cost of the vibrating screen was found by averaging values from two sources found in the 

literature. The capital cost of the screen size can be related to its area (A) in m2. 

𝑆𝑐𝑟𝑒𝑒𝑛 𝑐𝑜𝑠𝑡 = 10,000 (
𝐴

46
)
0.62

 

 

(3.3) 

This equation has a suitable range of 14 - 35 m2 and presents the cost in terms of 2011 US dollars 

(Perry et al., 1997). A similar relationship between capital cost and screen area is provided in 

Equation (3.4), where the screen area is used to estimate the capital cost of the screen. 

𝑆𝑐𝑟𝑒𝑒𝑛 𝑐𝑜𝑠𝑡 = 104.0485−0.8882×log10(𝐴)+0.326×[log10( 𝐴)]2  
 

(3.4) 

This has an applicable range of 0.3 - 15 m2 and presents the cost in terms of 2001 US dollars 

(Turton, Bailie, Whiting, & Shaeiwitz, 2013). As the required size is outside of the bounds of the 

relations, the screens were sized using multiple individual screens. The size of each screen was 

maximised to fit within the bounds of the cost equation. The undersized and oversized screens 

were calculated to cost $22,300 (average of $27,900 and $16,700) and $22,100 (average of 

$31,800 and $12,400), respectively, for a total combined cost of $44,400 (Perry et al., 1997; 

Turton et al., 2013). Although the oversizing for the full solids flow rate is unrealistic from an 

operating viewpoint, it allows for a margin of error in cost estimation and process operation.  

 

 Granule crusher 

Oversized granules were removed from the process stream using the screen and are passed 

through a granule crusher and returned to the granulator. The cost of the jaw crusher has been 

extracted from two sources within the literature then averaged for a final capital cost. In the 2004 

capital costing guide produced by the Society of Chemical Engineers New Zealand (SCENZ), the 

cost of a jaw crusher is expressed by Equation (3.5) (Bouman et al., 2005), relating the purchase 

cost to the capacity in kg s-1 (�̇�). Equation (3.5) only covers a capacity range of 1-60 kg s-1 and 

presents the cost in 2004 New Zealand dollars.  

𝐶𝑟𝑢𝑠ℎ𝑒𝑟 𝑐𝑜𝑠𝑡 = 2.26 × 103�̇�0.611 (3.5)  

Couper, Penny and Fair (2012) also provide a cost estimation for the jaw crusher based on the 

mass flow rate of the fertiliser, as shown in Equation (3.6). The equation is suitable for cost 
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estimation over the range of 3 - 56 kg s-1 and presents the cost in 2004 US dollars. The equation 

has been modified from the original to use the mass flow rate in terms of kg s-1 (�̇�). 

𝐶𝑟𝑢𝑠ℎ𝑒𝑟 𝑐𝑜𝑠𝑡 =  7.7 × 103(3.6�̇�)0.57 
 

(3.6) 

The jaw crusher is sized by examining the flow rate of granules through the unit. The crusher has 

been sized for the maximum off-specification granule flow rate of 16.3 kg s-1 and has an 

accompanying capital cost of $145,000 (Bouman et al., 2005; Couper, Penney, & Fair, 2012) from 

averaging the result from Equations (3.5) and (3.6). 

 

 Rotary coating drum 

A coating drum provides a simple approach to coating granules with a thin polymer layer. A 

rotating drum with internal baffles slowly moves granules through the drum at a prescribed 

residence time. The polymer precursors are sprayed onto the granules directly through spray 

nozzles; this polymer cures on the surface of granules during its residence time in the drum. The 

drum and urea granules are heated to 75 °C using natural gas to facilitate the polymerisation 

reaction.  

The total mass flow rate through the drum is the combination of 4.1 kg s-1 of urea granules and 

0.2 kg s-1 of polymer, creating a total mass flow rate of 4.3 kg s-1. Polymer is applied to the granule 

in three distinct coats to reduce coating imperfections. Fourier-transform infrared spectroscopy 

(FTIR) analysis from the literature suggests that at 75 °C the majority of the polymerisation occurs 

within four minutes (Cateto, Barreiro, & Rodrigues, 2008) therefore, a residence time of  

12 minutes has been assumed. The drum is calculated to have a 16 m3 internal volume, found by 

using the mass, flow rate, urea density and average volume holdup of 0.15 (Towler & Sinnott, 

2013). The capital costing of the drum is based on the solids flow rate through the drum of  

4.3 kg s-1 and has a corresponding capital cost of $125,000. The capital cost has been estimated 

using reference figures which relates the solids flow rate in kg s-1 to the capital cost with a suitable 

range of 0.5 - 30 kg s-1 (Ulrich, 2004). A solids flow rate relation to capital cost introduces 

limitations to this analysis as this fails to account for physical drum size and residence time, which 

influences capital cost. The motor drive for the coating drum is sized using the same procedure 

as the granulator, requiring a 23 kW motor costing $18,000 and an additional power cost of  

0.2 $ t-1, assuming a motor efficiency of 0.7.  

Heat is supplied to this process to maintain the 75 °C reaction temperature using a hot air stream 

flowing through the drum, with a recycle loop installed on the exhaust. The heat loss in this drum 

system has been modelled as radiant and convective heat transfer from the drum surface to the 

surrounding environment, as well as through the hot coated granules leaving the drum. Radiant 

heat loss is calculated using 
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𝑞𝑟𝑎𝑑𝑖𝑎𝑛𝑡 =  𝜀𝜎(𝑇ℎ
4 − 𝑇𝑐

4)𝐴 (3.7)  

where 𝑞𝑟𝑎𝑑𝑖𝑎𝑛𝑡 is the radiant heat loss, 𝜀 is the emissivity factor of 0.85 (Engineering Toolbox, 

n.d.) for weathered stainless steel, 𝜎 is the Stefan-Boltzmann constant, 𝐴 is the heat transfer area 

of 10 m2. From a drum temperature (𝑇ℎ) of 75 °C and an ambient temperature (𝑇𝑐) of 25 °C, the 

radiant heat loss from the system is estimated as 16 W. The heat loss from convection can be 

calculated using:  

𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 = ℎ𝑐𝐴(𝑇ℎ − 𝑇𝑐) (3.8) 

where 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 is the convective heat loss and ℎ𝑐  is the convective heat transfer coefficient, 

which has been approximated at 200 W m-2 K-1 (Engineers Edge, 2000). This corresponds to forced 

convection of moderate cross flow around a cylinder, giving a heat loss of 103 kW. Natural gas at 

a cost of 9 $ GJ-1 is used to maintain the 75 °C temperature in the system and therefore the total 

radiant and convective heat losses can be costed at 0.22 $ t-1. The heat loss associated with CRFs 

leaving the drum can be quantified using the specific heat of urea of 1.334 kJ kg-1 K-1, with a heat 

change of 25 °C – 75 °C and a mass flow rate of 4.1 kg s-1 resulting in 300 kW of heat at a cost of 

0.63 $ t-1. 

The polymerisation reaction is an exothermal process and can be used as a heat input into this 

process. The inclusion of this heat of reaction would be onerous and restrictive as the number of 

polyurethane bonds per volume of polymer material would need to be known. For the purpose 

of this study, this heat of reaction has not been included as a heat input and hence this study 

may overestimate the heat required for the process. 

 Blower 

A blower is used to provide air to the spouted bed to fluidise the particles. The minimum 

fluidisation velocity is approximated by the Ergun equation when the pressure drop is equal to 

the weight of the particles and was calculated to be 1.08 m s-1. The actual gas flow rate is typically 

higher than the minimum fluidisation air velocity to account for losses and provide a safety 

margin. From the literature the actual air velocity is on average 1.47 times the minimum 

fluidisation velocity. Therefore, the operating gas velocity is 1.59 m s-1 and a volumetric flow rate 

of 0.96 m3 s-1 is required in each bed. The pressure drop in the spouted bed is estimated using 

the extended Ergun equation:  

∆𝑃 =
150𝜇𝐿

𝐷𝑝
2

(1 − 𝜖)2

𝜖3
𝑣𝑠 +

1.75𝐿𝜌

𝐷𝑝

(1 − 𝜖)

𝜖3
𝑣𝑠|𝑣𝑠| (3.9) 

where ∆𝑃 is the bed pressure drop, 𝜇 is the dynamic viscosity of air, 𝐿 is the bed height, 𝐷𝑝 is the 

average granule diameter, 𝜖 is the void fraction and 𝑣𝑠 is the superficial air velocity. A bed 

pressure drop of 9,700 Pa was calculated from a bed height of 0.74 m, air viscosity and density 

of 2.075 × 10-5 Pa and 1.029 kg m-3, respectively, for air at 75 °C, an average granule diameter of 

3 mm, superficial velocity of 1.59 m s-1 and a void fraction of 0.42.  
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The capital cost of the blower is estimated by averaging a range of costs derived from the 

literature. Perry et al. (1997) estimates the capital cost from the volumetric flow rate through the 

blower (�̇�), expressed in terms of m3 s-1, as follows: 

𝐵𝑙𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡 = 4,450 + 57(3600�̇�)0.8 
 

(3.10)  

This equation has a suitable range of 0.05 - 1.38 m3 s-1 and gives a cost in 2013 US dollars (Towler 

& Sinnott, 2013). Perry et al. (1997) provides a similar equation, relating the volumetric flow to 

the capital cost over the suitable range of 0.24 - 71 m3 s-1 and provides the cost in 2011 US dollars. 

𝐵𝑙𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡 = 67,000 + (
�̇�

4.72
)
0.6

 

 

(3.11) 

From these two equations the capital for the blower is estimated at $316,000 (Perry et al., 1997; 

Towler & Sinnott, 2013). The electricity cost to provide the compressed air is approximated using: 

𝑃𝑜𝑤𝑒𝑟 =
1 × 10−3∆𝑃𝑄

𝜀𝑏𝑙𝑜𝑤𝑒𝑟𝜀𝑚𝑜𝑡𝑜𝑟
 

 

(3.12) 

where power is in kW, ∆𝑃 is the pressure supplied by the blower, 𝑄 is the volumetric flow rate in 

m3 s-1 and 𝜀 is the efficiency of the motor drive and blower, both with an efficiency of 0.7. 

Approximately 840 kW of power is required for the blower resulting in a power cost of  

6 $ t-1. 

The compression through the blower partially preheats the air prior to entering the fluidised bed. 

Applying an ideal gas assumption with the pressure increase across the blower of 11 kPa per 

spouted bed adds the equivalent of 235 kW of heat to the air stream. A recycle loop is 

implemented to recycle heat from the process and reduce losses. It is assumed that the only heat 

loss from the process is that lost through the hot coated granules leaving the spouted bed. 

Granules are heated from an initial 20 °C up to approximately the stream temperature over the 

course of the coating process therefore, the heat duty required during operation can be 

approximated as the heat required to raise the temperature of the granules. The heat duty is 

calculated in the same way as for the drum coating process.  

 

 Spouted fluidised bed 

The spouted fluidised bed offers an alternative method to the coating of urea granules. A spouted 

bed uses a stream of compressed air to fluidise the granules and sprays the granules with an 

atomised polymer. Preheating is required to facilitate the polymerisation reaction and the heat 

can be applied through preheating granules entering the spouted bed and through heating the 

air flow through the bed.  
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The mass flow rate of the urea granules and polymer of 4.3 kg s-1 provides the basis for the 

spouted fluidised bed sizing. For this analysis, a coating time of 12 minutes is assumed to allow 

for comparison to the coating drum. It is possible these granules could be coated immediately 

prior to addition into the spouted bed, with the fluidised bed used to contact granules for an 

even coating. The total volume of material in the spouted bed is divided by the bed voidage of 

0.42 (Olazar et al., 2001) to give the required internal spouted bed volume of 5.8 m3. The spouted 

bed capital cost can be estimated using the literature relationships (Ulrich, 2004) that utilise the 

internal bed volume as a sizing factor. The literature relationships have an applicable range of 

0.1 - 1.1 m3; the spouted bed costing has been made by costing six 0.97 m3 units, giving a capital 

cost of $649,000. Although for this costing analysis, the spouted beds were restricted in size to 

1.1 m3, the use of larger beds is likely.  

Similar to the coating drum, the fluidising air is preheated prior to fluidisation and it is assumed 

that a recycle loop is implemented to reduce heating costs. Air enters the process at 20°C at  

7 m3 s-1 and is heated during compression in the blower to 51°C and is finally preheated to 75°C 

for the polymerisation reaction. It is assumed there is a 25% heat loss in this recovery loop, 

equivalent to a 74 kW heat loss. Heat is also lost from the spouted bed via radiant and convective 

losses. Convective and radiant heat losses are calculated following the same method as for the 

rotary drum, with a heat transfer area of 28 m2, resulting in heat losses of 280 kW. Heat losses 

from this system total 354 kW; this is offset by the additional 235 kW supplied by the blower, 

which is detailed in Section 3.1.7. Natural gas is required to supply the remaining 45 kW of heat 

lost to the environment, at a cost of 0.14 $ t-1, assuming a 70% efficiency. The cost to preheat the 

urea for the spouted bed is the same as for the rotary drum, requiring heating of 300 kW of heat 

at a cost of 0.63 $ t-1. 

 Labour costs 

The production of fertiliser in New Zealand is highly seasonal and plants operate for 

approximately six months of the year. The costed process is assumed to be a modular addition 

to existing fertiliser production facilities and produce a low quantity, premium product. The plant 

is assumed to operate for a standard 40 hour week, for a period of six months of the year, 

totalling 1,040 hours. It is assumed that, while the plant is not in operation, staff can be 

distributed around the plant in other roles. The throughput of 16.3 t h-1 requires two operators, 

at an assumed wage of 70,000 $ y-1. A factor of 0.4 was applied to make allowance for staff 

overheads and an additional factor of 0.25 for supervision, as detailed in Towler and Sinnott 

(2013). Labour accounts for a total of 115,000 $ y-1, corresponding to a cost of 7.26 $ t-1 for the 

CRF product.  

 

 Transportation costs 

Transportation is a key part of the production process in either delivering products to the facility 

or delivering the final product. Ning et al. (2013) provide a techno-economic assessment of the 
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production of pyrolysis oil and bio-char. This has been adapted to provide the basis for the 

transportation costing of the pyrolysis oil, which will be examined later in the biomass derived 

alternatives.  

To estimate the transportation costs it is assumed that the material has the same bulk density as 

urea of 780 kg m-3 and is transported 100 km. The bulk density of the material determines the 

mass that can be loaded into each truck and has been interpolated from density and loading 

values from the literature (Beckman & Radlein, 1999). Vehicle rent and fuel consumption have 

been established from the literature as 12.85 $ t-1 (Ning et al., 2013) and 2.8 km L-1 (Natural 

resources Canada, 2016; Ning et al., 2013). The average 2016 diesel cost excluding GST is  

0.88 $ L-1 (Ministry of Transport, 2017); road user taxes of 0.391 $ km-1 (New Zealand Transport 

Agency, 2017) are also applied. The final transportation cost is estimated at 18.33 $ t-1 100 km-1. 

Transportation costs affect the final fertiliser price but are constant with process changes. This 

cost is therefore more important in the following sections when comparing the cost of a CRF to 

biomass derived alternatives which require additional transportation of raw material.   

 

 Nitrogen utilisation efficiency  

Nitrogen utilisation efficiency (NUE) is a measure of the efficiency of the delivery of nitrogen to 

the plant system. The NUE enables the comparison of various fertilisation techniques with 

different efficiencies and can evaluate the cost of a fertiliser programme using a basis of cost per 

kg of nitrogen delivered to the plant. Conventional urea fertilisers have an NUE of around 50% 

(Chien et al., 2009; Shaviv & Mikkelsen, 1993; Trenkel, 2013). CRFs are designed to deliver more 

nutrients to the plants and can have an NUE of approximately 63% - 70% (Trenkel, 2013). It is 

important to note that NUE values vary significantly due to soil properties and weather 

conditions. The NUE is not sensitive to process changes except to those altering the membrane 

thickness. Changes to the membrane thickness alter the release duration and will therefore have 

some effect on the NUE however, this interaction is complex and not explored in this economic 

costing. The NUE affects the effective cost of the nitrogen delivered to the plant as it quantifies 

the nitrogen loss. The NUE is therefore used extensively in comparing various CRFs and biomass 

derived alternatives. 
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 CRF cost sensitivity  
The base costing analysis was performed for both the rotary drum coating and spouted bed 

coating scenarios. The summary of the capital costs is presented in Table 3.1 and the production 

costs are detailed in Table 3.2. The capital costs of the coating drum and spouted bed processes 

have been estimated at $3,200,000 and $6,560,000, respectively.  

Table 3.1 - Capital cost summary for the coating drum and spouted bed base production cases. 

Item Value Total   

Rotary drum 

Crusher 145,000  $ 
Screen 44,000  $ 
Drum agglomerator 340,000  $ 
Coating drum 130,000  $ 
Sized equipment estimate  720,000 $ 
Installed capital estimate  3,200,000 $ 
Capital depreciation  16 $ t-1 

Spouted fluidised bed 

Crusher 145,000  $ 
Screen 44,000  $ 
Drum agglomerator 340,000  $ 
Spouted fluidised bed 649,000  $ 
Blower 320,000   
Sized equipment estimate  1,490,000 $ 
Installed capital estimate  6,560,000 $ 
Capital depreciation  32 $ t-1 

 

The final production costs of CRFs produced by the rotary drum and spouted bed were estimated 

at 476 $ t-1 and 498 $ t-1, respectively. For the 16.3 t h-1 production rate and yearly operating 

hours of 1,040 h y-1, the drum coating process is most economically favourable.   
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Table 3.2 – Production cost summary for the rotary drum and spouted bed production cases. 

Raw material costs Spouted bed Coating drum  

Urea 346 346 $ t-1 
Polymer 87 87 $ t-1 

Production costs  

 Capital depreciation  33 16 $ t-1 
 Power  7 1 $ t-1 
 Natural gas 1 1 $ t-1 
 Labour  7 7 $ t-1 
 Delivery to farm  18 18 $ t-1 

Total production cost  

CRF production cost (bulk) 498 476 $ t-1 
CRF cost (kgN basis) 1.13 1.08 $ kgN-1 

 

Recently, Ravensdown, a New Zealand fertiliser distributor, commissioned a Sackett high 

intensity mixer (HIM) (dual interwoven paddle mixer), capable of batchwise mixing and coating, 

in their Christchurch facility. The installed HIM has a 4 t capacity and 250 t h-1 throughput and 

was purchased at an installed cost of $6,000,000 (AJ Sackett & Sons Company, 2016; Malthus, 

2016). This is similar in magnitude to the capital cost for the drum process, estimated at 

$3,200,000 for a 14.6 t h-1 throughput. If the HIM can be operated at the lower 14.6 t h-1 

throughput, and if the other operating costs are assumed to be similar to that of the rotary drum, 

the CRF cost can be roughly estimated at 492 $ t-1 (1.12 $ kgN-1). If the HIM was designed for the 

smaller scale facility, it is expected that the capital cost of the HIM would approach that of the 

rotary drum due to the similar design and operation of these two mixers. It is expected that the 

HIM will require additional downtime for cleaning, and higher operating costs due to the faster 

rotational speed of the mixer. It is unlikely that the overall costs will be significantly higher than 

those for the rotary drum.   

The CRF production price is highly sensitive to many of the process parameters, especially 

operating hours per year, production rate, coating residence times, raw material costs and 

membrane thickness. The sensitivity of the overall production cost is further explored in this 

chapter. As the spouted bed coating process is more expensive at the desired production rate, 

the sensitivity of the spouted bed to residence time and operating hours will be examined to 

indicate its viable range of operation. The sensitivity of the process to all other key process 

parameters will be examined on the drum coating process only.  

 

 Sensitivity to yearly operating hours 

Figure 3.3 shows the sensitivity of the CRF production cost from the spouted bed and rotary drum 

to yearly operating hours. Increasing the yearly operating hours, assuming full throughput is 

maintained, reduces the capital cost per tonne by distributing the fixed costs across a larger 
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yearly output. As the operating hours increase, the spouted bed production costs reduce rapidly 

and approach those of the rotary drum. After 4,000 h y-1 the difference in production cost 

between the two methods is negligible. The rotary drum process is less sensitive to the changing 

operating hours due to the low initial capital cost of this process, while for the spouted bed 

significant cost savings can be achieved.  

 

Figure 3.3 - Effect of yearly operating hours on the CRF production cost from the rotary coating drum 
and spouted bed cases. 

 

 Sensitivity to coating residence time 

Figure 3.4 shows the sensitivity of the total granule cost to the residence time within the spouted 

bed. The base case uses an average coating time of 12 minutes, derived from the time to cure 

three distinct polymer layers. This coating time may be extended in order to allow additional time 

for the polymer to harden or to cool the coated granules, as this is an exothermic polymerisation 

reaction. Alternatively, a mass growth coefficient could be used to estimate the CRF coating time 

in a spouted bed. An average mass growth coefficient from the literature of 0.00131 min-1 (da 

Rosa & dos Santos Rocha, 2010; da Rosa & dos Santos Rocha, 2013; Martins, Souza, Shankar, & 

Oliveira, 2008) would result in a coating time of approximately 35 minutes. An increase in the 

coating time from 12 to 35 minutes would increase the production cost from 498 $ t-1 to 

581 $ t-1. This cost increase is principally driven by the increase in capital cost resulting from the 

larger required spouted bed volume and blower capacity. The residence time influences the 

spouted bed process production costs but is also connected to the coating quality and coating 

thickness making it a key factor in the process. 
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Figure 3.4 - Effect of spouted bed residence time on the CRF production cost. 

The sensitivity of the drum coating process to residence time could not be assessed, as the capital 

costing methods use the solids flow rate as a basis. The solids flow rate basis introduces 

limitations as this inherently imposes a fill fraction and residence time within the cost calculation. 

For a rotary drum, an increase in residence time results in a longer drum length. A rough 

approximation of the added cost can be made by scaling the solids flow rate by a factor of three, 

to roughly approximate the three times longer residence time in the drum. Using this scaling 

factor, the capital cost for the coating drum would increase from $130,000 to $274,000, resulting 

in an increase in the bulk CRF cost of 3 $ t-1. Due to the simple nature of the design, a longer drum 

is not expected to have significantly higher capital costs however, more power may be required 

to rotate the drum.  

  

 Sensitivity to Lang factors 

Lang factors are used to estimate the total installed capital cost of a process facility by applying 

scaling factors to the key capital equipment cost. Straight line depreciation is used to spread the 

cost of this installed capital equipment across 12.5 years (Inland Revenue Department of New 

Zealand, 2015). Table 3.3 shows the total installed capital cost and the CRF production cost for 

various Lang factors. For the base case, an average Lang factor of 4.4 was used (Bouman et al., 

2005; Lang, 1948; Perry et al., 1997; Towler & Sinnott, 2013; Ulrich, 1984; UN Industrial 

Development Organization, 1998). Even for higher Lang factors, the low initial capital cost of the 

drum means that the total CRF cost is insensitive to the chosen Lang factor.   
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Table 3.3 - Sensitivity of the CRF production cost to Lang factor estimates in rotary drum systems. 

Lang factor [-] 3.0 4.0 4.4 6.0 8.0 

Installed capital cost [$] 2,200,000 2,900,000 3,200,000 4,300,000 5,700,000 

Production cost [$ t-1] 472 475 476 483 490 

 

 Sensitivity to raw material prices 

As observed in Table 3.2, the combined raw material costs constitute the majority of the CRF 

production costs, contributing 80% - 90% of the total cost. The sensitivity of the CRF cost to the 

urea and polymer costs is detailed in Table 3.4 and Table 3.5, respectively. The base case assumes 

a wholesale urea price of 362 $ t-1 resulting in a CRF production cost of 476 $ t-1. The production 

cost has a high sensitivity to the cost of urea, due to the high urea mass fraction of 0.96. An 

increase in the urea cost is beneficial for CRFs, as this increases the cost competitiveness by 

reducing the relative cost difference between CRFs and a conventional fertiliser, although this 

effect is likely to be marginal.  

Table 3.4 - Sensitivity of the CRF production cost to the urea cost in rotary drum systems. 

Urea cost [$ t-1] 300 362 400 500 600 

Production cost [$ t-1] 417 476 513 609 704 

The base case uses a polymer price of 2,000 $ t-1, resulting in a production cost of 476 $ t-1. An 

increase in the polymer cost to 3,000 $ t-1 results in a final cost of 520 $ t-1. The low mass fraction 

of the polymer in the final product partially reduces the sensitivity to the polymer cost. However, 

the cost of the polymer remains the major difference between the CRF and uncoated urea 

therefore, it is essential to minimise the polymer cost.  

Table 3.5 - Sensitivity of CRF production cost to the polymer cost in rotary drum systems. 

Polymer cost [$ t-1] 1,500 1,750 2,000 2,500 3,000 

Production cost [$ t-1] 455 466 476 499 520 
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 Sensitivity to CRF membrane thickness 

The final nitrogen content is a key metric for any fertiliser, as the nitrogen content determines 

how much product is required to achieve a desired nitrogen field loading. Changes to the coating 

thickness alter the nitrogen content as the mass fractions of the raw materials are altered. The 

nitrogen content will also affect other parameters such as transportation and possibly application 

costs. Table 3.6 details the sensitivity of the production and final fertiliser cost to changes in the 

CRF nitrogen content. The base case examines a polymer mass fraction of 0.04 resulting in a 44% 

nitrogen fertiliser costing 476 $ t-1. Increasing the polymer thickness to 0.065 reduces the total 

nitrogen content to 43% and increases production costs to 512 $ t-1. The additional raw material 

costs of thicker membranes are compounded when considering the cost per kg of nitrogen, as 

the total nitrogen content also decreases.  

Table 3.6 - Sensitivity of CRF cost to the final nitrogen content for rotary drum systems. 

Nitrogen content [%] 45 44 43 42 41 

Raw material cost [$ t-1] 398 433 469 504 540 

Production cost [$ t-1] 442 476 512 547 582 

Fertiliser cost [$ kgN-1] 0.98 1.08 1.19 1.30 1.42 
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 Biomass derived alternatives fertilisers 
Increased scrutiny of the biodegradation of conventional CRF membranes has been highlighted 

in new European Union (EU) legislation. The legislation, which is to come into force in 2020, 

requires 90% degradation of the polymer within 24 months (European parliament, 2019). As the 

coating material represents a significant cost in CRF production, it is advantageous to examine 

alternative coating technologies that could be used. Biomass and pyrolysis derivatives can 

potentially provide a sustainable and low cost alternative to conventional membrane coatings. 

Furthermore, waste biomass is a large and currently unused resource within New Zealand. 

Pyrolysis can be used to densify this woody biomass and produce bio-char and pyrolysis oil, both 

of which can be used in CRF production. This section explores the feasibility of some alternative 

technologies using this currently underutilised resource. 

 

 Bio-char impregnation 

Bio-char is a by-product of the fast pyrolysis reaction. The highly porous bio-char (Atkinson, 

Fitzgerald, & Hipps, 2010) can be used as a support material for fertilisers to slowly release 

nutrients into the soil. The bio-char can be impregnated by immersing it in a nitrogen solution. 

The urea, polar solvent and bio-char are added in a ratio of 1:1:1 and heated to a temperature of 

150 °C for up to 12 hours. The impregnation increases the nitrogen concentration from the 1% 

provided from the pyrolysis process to an average of 12.6% (Patent No. W.O. 2014091279 A1, 

2014). The nitrogen impregnated bio-char can be used raw or further encased in a polymer matrix 

such as sodium alginate, cellulose acetate or ethyl acetate (Patent No. W.O. 2014091279 A1, 

2014), to further extend the release. Table 3.7 details the costing analysis performed on the 

uncoated, nitrogen impregnated bio-char fertiliser. The raw bio-char is estimated to cost  

150 $ t-1 (Ning et al., 2013). Power costs were calculated as the cost to heat the slurry solution to 

the required temperature, ignoring heat losses. Transportation and labour costs were 

approximated using the same process as for the CRF base case. The economic analysis was 

performed on both the raw impregnated and polymer coated fertiliser. The polymer coated bio-

char costs 2,700 $ t-1 with a corresponding nitrogen content of 9.5% and a nitrogen cost of  

28.30 $ kgN-1. This data has been excluded from further discussion as it is not a financially viable 

alternative.  

It is possible to produce the uncoated bio-char matrix at a relatively low bulk and nitrogen cost 

of 250 $ t-1 and 1.99 $ kgN-1, respectively. However, this is not cost competitive with urea and 

will have inferior control over the release behaviour, compared to the CRF. Therefore, bio-char 

is not considered further. One limitation of this analysis is that only the ability of the CRF to 

deliver nitrogen to the plant is assessed. Bio-char has many additional benefits such as its ability 

to host micro-organisms and improve the availability of fertiliser nutrients (Atkinson et al., 2010), 

which is not accounted for in the cost analysis of the fertiliser.  
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Table 3.7 - Production cost of bio-char impregnation fertiliser. 

Raw material cost   
Urea 99 $ t-1 

Bio-char 108 $ t-1 

Production cost   
Capital depreciation - $ t-1 

Labour cost 7 $ t-1 

Electricity cost 11 $ t-1 

Transportation 26 $ t-1 

Production cost summary   
Total cost (bulk) 250 $ t-1 

Nitrogen content 12.6 % 

Total cost (nitrogen basis) 1.99 $ kgN-1 

 

 Pyrolysis polymer matrix 

A biodegradable organic matrix can be formed through the incorporation of pyrolysis oil and -

NH2 containing compounds such as ammonia and urea. Pyrolysis oil provides a diverse chemical 

feedstock with a high abundance of carboxyl, carbonyl and phenolic groups which react with NH2 

compounds to form linkages between the molecules. The pyrolysis polymer matrix is formed by 

reacting pyrolysis oil and urea in a continually stirred reactor at 50 psig, and can incorporate up 

to 10% nitrogen by mass (A. Bridgwater, 2000; Czernik & Bridgwater, 2004). After the 

condensation and polymerisation reactions in the reactor, a spray drier at 100 °C is used to dry 

the polymer matrix to a 5% moisture content prior to pelletisation (Beckman & Radlein, 1999). 

Beckman and Radlein’s (1999) techno-economic analysis has been adapted for the present 

costing analysis and is summarised in Table 3.8. For this analysis, pyrolysis oil has been costed at 

420 $ t-1 (Beckman & Radlein, 1999), or 328 $ t-1 of fertiliser.  

The pelletised pyrolysis oil based matrix provides an unconventional method to apply nitrogen 

to the soil. The polymer matrix has a bulk price of 461 $ t-1, comparable to that of the CRF, but 

only containing 10% nitrogen. The per kg of nitrogen cost of the pyrolysis matrix is 4.61 $ kgN-1, 

which is not economically feasible. Furthermore, it is unknown what effect the other constituents 

of the pyrolysis oil may have on the plant and soil system.  
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Table 3.8 - Production cost of pyrolysis polymer matrix fertiliser. 

Raw material cost   
Urea 79 $ t-1 

Pyrolysis oil 328 $ t-1 

Production cost   
Capital depreciation 20 $ t-1 

Labour cost 7 $ t-1 

Electricity cost 4 $ t-1 

Cooling water 8 $ t-1 

Transportation 16 $ t-1 

Production cost summary   
Total cost (bulk) 462 $ t-1 

Nitrogen content 10% % 

Total cost (nitrogen basis) 4.62 $ kgN-1 

 

 CRF membrane derived from lignin  

Lignin derivatives can also be used as an alternative feedstock to produce membrane layers for 

use in CRFs. Previous research created a CRF using these lignin derivatives, achieving a relatively 

high final nitrogen content of 30% (Cartagena, 1996). Lignin, rosin and linseed oil are added in 

fraction of 0.29, 0.14 and 0.57 at 150 °C to form the membrane coating, which is applied as a 0.35 

mass fraction of the total CRF product. The economic costing for this process is detailed in Table 

3.9. The lignin cost is calculated by assuming the 27% lignin is extracted from the whole pyrolysis 

oil (Lyu, Wu, & Zhang, 2015) and the remaining oil fractions are considered waste. The lignin 

membrane is applied to the granule using a rotary drum system, as described in Section 3.1.6, 

with the exception that polymer mixture is heated to 150 °C. 

In their current form, the lignin based membrane coatings are not economically feasible with an 

effective bulk membrane cost of 3,200 $ t-1 and applied with a membrane mass fraction of 0.35. 

The thick membrane required results in high fertiliser costs on a bulk and per kg of nitrogen basis 

of 802 $ t-1 and 2.35 $ kgN-1, respectively. It is possible that using reactive layer coating techniques 

may reduce the thickness required and reduce costs. Alternative methods to produce thin lignin 

based membrane coatings for fertilisers have been reported in the literature (Behin & Sadeghi, 

2016; Sadeghi, Shayesteh, & Lotfiman, 2016). These methods use waste lignin and modify it using 

acetic or oxalic acid to increase the hydrophobicity of the lignin and improve its controlled release 

characteristics. The benefit of this process is that it removes the need for the use of an isocyanate 

as the lignin itself forms the membrane layer, this technology could prove revolutionary if 

developed further.  

  



34 
 

 

Table 3.9 - Production cost of lignin based membrane fertiliser. 

Raw material cost   
Urea 287 $ t-1 

Lignin 101 $ t-1 

Rosin 266 $ t-1 

Linseed oil 67 $ t-1 

Production cost   
Capital depreciation  16 $ t-1 

Labour cost 1 $ t-1 

Electricity cost 1 $ t-1 

Natural gas 4 $ t-1 

Transportation 18 $ t-1 

Production cost summary   
Total cost (bulk) 802 $ t-1 

Nitrogen content 29.9 % 

Total cost (nitrogen basis) 2.35 $ kgN-1 

 

 CRF membrane derived from pyrolysis oil 

Polyurethane type reactions are commonly used for reactive layer coating membranes. In this 

reaction a hydroxyl containing polyol is combined with an isocyanate to form the urethane bond. 

Pyrolysis oil may provide a cheaper and more sustainable source of this polyol component, as 

pyrolysis oils contain between 20% and 35% sugars by mass (Stas, Kubička, Chudoba, & Pospíšil, 

2014). An economic assessment to examine the variability of this process is detailed in Table 3.10. 

It has been assumed that 30% of the pyrolysis oil can be recovered as usable sugars, with the 

remainder being classified as waste. Similar to the lignin, it is possible that this extraction could 

be performed in combination with some other high value component in the oil to offset the cost. 

A pyrolysis oil cost of 420 $ t-1 (Ning et al., 2013) has been used to derive a sugar cost of  

1,400 $ t-1, which was combined in a 3:1 ratio with MDI to generate an effective membrane cost 

of 1,800 $ t-1. This has been applied following the same rotary drum process as described in 

Section 3.1.6, to create a 44% nitrogen CRF with a cost of 468 $ t-1. It is likely that additional costs 

may be incurred through the pyrolysis oil separation process, which has not been costed here. 

Through future development, it is possible that both the sugar (30 %wt) and lignin (27 %wt) 

components of the pyrolysis oil could be used for membrane coatings. Assuming that 

approximately 57% of the pyrolysis oil could be extracted and again a 3:1 mass ratio is used, the 

membrane cost could be reduced to 1,300 $ t-1, for a final granule production cost of 446 $ t-1. 

Table 3.10 shows a summary of the costs for a CRF produced by these methods if this extraction 

is possible. The costing procedure follows that outlined in Section 3.1.6, with different polyol 



35 
 

costs, so the same sensitivity analysis can be used as presented in Section 3.2.4. Although the full 

extraction is unlikely, producing a RLC membrane from pyrolysis oil provides a best-case estimate 

for the potential of biomass derived alternatives. 

Table 3.10 – Production cost of pyrolysis oil based membrane fertiliser. 

Raw material cost 
Sugar polyol Sugar + lignin 

polyol  
Urea  346 346 $ t-1 

Polyol 46 24 $ t-1 

Isocyanate 33 33 $ t-1 

Production cost    
Capital depreciation  16 16 $ t-1 

Labour cost 7 7 $ t-1 

Electricity cost 1 1 $ t-1 

Natural gas 1 1 $ t-1 

Transportation 18 18 $ t-1 

Production cost summary    
Total cost (bulk) 468 446 $ t-1 

Nitrogen content 44.0 1.0 % 

Total cost (nitrogen basis) 1.06 44.00 $ kgN-1 

 

 Sensitivity of biomass derived alternatives to transportation cost 

Biomass derived alternatives incur additional transportation costs, as the waste biomass used 

needs to be collected and transported to the facility. The distance of the waste biomass source 

to the processing facility is of critical importance for the economic feasibility of these alternatives. 

Table 3.11 examines the sensitivity of the cost of production to the transportation distance. It 

has been assumed that the waste biomass undergoes pyrolysis at the source, and only the 

pyrolysis oil, with a density of 1,200 kg m-3 (Ning et al., 2013), is transported to the facility. The 

base case for the CRF pyrolysis polymer detailed in Section 3.3.4 assumes a total distance of  

100 km, with a cost of $18. The transportation of pyrolysis oil is the most viable option, as this 

densifies woody waste biomass. Without prior densification, it would not be economically 

feasible to transport the waste biomass to the facility.  

Table 3.11 - Sensitivity of the production cost to the transportation distance for a pyrolysis oil based 
membrane CRF. 

Transport distance [km] 0 50 100 150 200 

Transportation 
cost 

[$] 13 16 18 21 24 

Production cost [$ t-1] 471 474 476 479 482 
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 Comparison of fertiliser technologies 
The NUE is a measure of the efficiency of a fertiliser to deliver nitrogen to the plant. Conventional 

fertiliser applications generally have lower NUE values due to the high water solubility; CRFs 

should increase the NUE by progressively making nutrients available. Table 3.12 compares the 

cost of each fertiliser, on a per kg of nitrogen basis, when this efficiency is incorporated into the 

cost. Despite the lower urea bulk cost, when the efficiency is incorporated into the price the urea 

cost (1.57 $ kgN-1) become comparable with the cost of the base case CRF (1.67 $ kgN-1) and the 

CRF developed using a pyrolysis oil membrane (1.56 $ kgN-1) from Section 3.3.4.  

Table 3.12 - Effect of NUE on the cost to deliver nitrogen (N) to the plant. 

Fertiliser type 
Nitrogen cost 
(production) 

NUE 
Nitrogen cost 
(delivered to 

plant) 

[-] [$ kgN-1] [%] [$ kgN-1] 

Urea 0.79 50 1.57 

CRF 1.08 65 1.67 

Lignin CRF 2.35 65 3.62 

Pyrolysis oil CRF 1.01 65 1.56 

 

A cost analysis presented by Trenkel (1997), references the production costs of reactive layer 

coated CRFs to be approximately 1.9 times that of bulk urea. For the assumed urea price of  

362 $ t-1, this corresponds to an estimated CRF cost of 693 $ t-1. This estimated CRF cost is similar 

to the upper limit of CRF cost competitiveness found to be 631 $ t-1. However, it is expected that 

some of the costs associated with this process have decreased over the two decades since the 

1997 analysis, also considering this was a recently developed technology at the time. A more 

recent analysis, also by Trenkel, references ESN, a commercially available CRF product which 

markets for a premium of 100 - 200 $ t-1 above conventional urea. Furthermore, the use of ESN 

was shown to return a positive net gain to the farmer from increased production and fertiliser 

efficiency (Trenkel, 2013). This premium is comparable to the production costs estimated in this 

chapter of 115 $ t-1 for the base case using a rotary drum and reinforces the feasibility of this CRF 

technology.  

As conventional fertilisers have high water solubility, they have a short residence time in the soil. 

Generally, a split-wise application is used, where the fertiliser is applied over multiple smaller 

applications during the growing season, to combat the short soil residence time. As the CRFs are 

designed to progressively make these nutrients available over the entire growing season, only a 

single application is required, reducing costs for the farmer. Table 3.13 shows the incorporation 

of these applications costs into the cost to deliver nitrogen to the plant. The application costs 

have been approximated as 12 $ ha-1 (Askin & Askin, 2016; Simonne & Hutchinson, 2005). With 



37 
 

the incorporation of the application costs, it can be observed that the CRFs and the pyrolysis oil 

based CRFs are able to supply nitrogen to the plant at a lower cost than the conventional urea. 

The lignin based fertiliser, however, is not economically viable under any conditions.  

The cost competitiveness of the CRFs in Table 3.13 is conditional on the efficiency gains in NUE 

that accompany CRF use. Table 3.14 details the sensitivity in the cost to deliver 1 kg of nitrogen 

to the plant using the CRF base case, to a changing NUE. The larger the difference between the 

CRF and urea NUE, the more cost competitive CRFs become. For a urea NUE of 50%, CRFs will 

become cost competitive at an NUE of 53%. Alternatively, for base case NUE values for urea and 

CRF of 50% and 70%, respectively, CRFs will be cost competitive up to a bulk cost of 631 $ t-1, 

corresponding to an effective membrane cost of 5,560 $ t-1.  

 

Table 3.13 - Effect of application cost and frequency on cost to deliver 50 kgN ha-1 to the plant. 

Fertiliser type 
Nitrogen 

application 
(to field) 

Nitrogen 
application 
(to plant) 

Applications 
per year 

Application 
cost 

Nitrogen cost 
(delivered to 

plant) 

[-] [kgN ha-1yr-1] [kgN ha-1yr-1] [yr-1] [$ kgN-1] [$ kgN-1] 

Urea 100 50 3 0.72 2.29 

CRF 77 50 1 0.24 1.91 

Lignin CRF 77 50 1 0.24 3.86 

Pyrolysis oil CRF 77 50 1 0.24 1.81 

 

 

Table 3.14 - Sensitivity of nitrogen cost to nitrogen utilisation efficiency including application cost. 

NUE [%] 50 53 55 60 65 70 75 

Nitrogen cost 
(delivered to plant) 

[$ kgN-1] 2.41 2.29 2.21 2.05 1.91 1.79 1.68 
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 Discussion  
The economic assessment demonstrates the viability of CRF technology to compete with 

conventional fertilisers. When consideration is given to the application cost and efficiencies of 

each fertiliser application, CRFs remain cost competitive with urea up to a bulk production cost 

of 631 $ t-1, relative to the urea cost of 362 $ t-1. It is important to note that this is not an 

exhaustive costing analysis however, the estimated bulk cost of 476 $ t-1 allows for significant 

error in this costing analysis while maintaining the cost competitiveness of the CRF technology.  

 

 Plant operating conditions 

The desired mode of CRF coating significantly impacts the production cost, as the capital cost is 

significant at this scale. Low cost production can be achieved using a rotary drum coater; the 

spouted bed incurs much higher capital costs and involves greater technical complexity. The 

financial trade-off between the two methods alters significantly with operating conditions. For 

high scale production, the costs are comparable between the two methods. For low scale 

production, the lower capital costs associated with the rotary drum make it significantly cheaper 

than the spouted bed. Consideration should also be given to the quality of the polymer. 

Generally, it would be expected that the spouted bed would produce a uniform and high quality 

product. However, this quality is difficult to express in terms of a cost or economic benefit.  

The curing time of the polymer has a significant impact on the capital costs, as this alters the 

required residence time in the spouted bed or rotary drum. It is advantageous to minimise this 

time to reduce the equipment size or increase process throughput. The base case of a 12 minute 

curing time is reasonable based on the FTIR data, but further process optimisation could be used 

to minimise this. This curing time could be reduced using an amine catalyst, pre-polymerising the 

co-polymer constituents or increasing the reaction temperature. The introduction of the amine 

catalyst may only be possible in the rotary drum, due to problems recovering this in the spouted 

fluidised bed.  

The HIM represents a possible alternative to the conventional rotary drum and spouted fluidised 

bed technologies. The HIM consists of two interwoven paddle mixers, which rotate in opposing 

directions to rapidly mix particles in a low shear environment.  The HIM is expected to have 

similar operating and capital costs, while providing better agitation and particle flow than is 

present in the rotary drum. For this reason, the feasibility of a HIM for producing high quality CRF 

is further explored in this thesis. 

 

 CRF characteristics 

It is essential to optimise both the process conditions and CRF performance to achieve a cost 

competitive and efficient CRF. The CRF membrane thickness should be minimised to reduce the 

application of foreign materials into the soil and to reduce the raw material costs for the process. 
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However, the thickness of the polymer required is determined by the coating quality and the 

hydrophobicity of the membrane. The performance of the membrane is critical to target nutrient 

applications to the demands of the plant, across the entire growing season. Therefore, to achieve 

a highly reliable product with a high NUE, some trade-off between the polymer performance and 

production cost may be required. This also affects decisions related to the types of process 

equipment used, such as opting for the more expensive spouted bed to achieve higher quality 

coatings. These trade-offs can be judged against the final cost to deliver a kg of nitrogen to the 

plant, as this incorporates both the production cost and the efficiency gains from the membrane 

quality. Membrane performance can be measured using laboratory based experiments and 

simulated field trials; this is further examined in Chapter 6 and Chapter 7. 

 

 Biomass derived alternatives 

Numerous biomass derived alternatives exist for the creation of slow and controlled release 

fertilisers. It can be identified from Section 3.3 that the most viable biomass derived alternatives 

are those utilising thin membrane coatings. Like the base case CRF, the economic viability of 

biomass alternatives is highly sensitive to nitrogen content and the resulting NUE.   

The membrane coating derived from the sugars and lignin within pyrolysis oil represents an 

economically favourable biomass alternative to conventional urea and CRFs. Using the pyrolysis 

oil as a low cost feedstock reduces the overall membrane price however, the expensive 

isocyanate component still contributes a significant cost to this. Pyrolysis oil is highly variable, 

and therefore the sugar and lignin content may vary significantly between batches and 

feedstocks. Furthermore, the separation and isolation of these compounds will likely prove 

difficult. The pyrolysis oil also contains a wide variety of compounds and the compatibility of 

these with the soil system should also be assessed. Although in principle this alternative appears 

economically feasible, significant research and development are required to achieve a reliable 

CRF product. 

  



40 
 

 Conclusions 
The economic assessment demonstrates that non-conventional fertiliser technologies are 

capable of being cost competitive with urea applications, while also delivering improved 

environmental outcomes. The CRF production process is sensitive to the scale of operation, the 

bulk polymer price and the transportation costs of any biomass used in the process. Furthermore, 

the final cost to deliver the fertiliser to the plant is highly dependent on the NUE of the resulting 

CRF. When assessing these fertiliser technologies, it is imperative to compare them based on the 

cost to deliver nitrogen to the plant. This enables both the NUE and the application cost to be 

incorporated into the fertiliser price.  

Thin, reactive layer coated CRF represent the most viable competitor to conventional fertiliser 

technologies. The thin coatings maintain a high overall nitrogen content and minimise the raw 

material costs. From the base case analysis, for a urea cost of 362 $ t-1, a 44% nitrogen 

polyurethane coated CRF could be produced for a bulk cost of 476 $ t-1. For a urea and CRF NUE 

of 50% and 70%, respectively, the cost to deliver 1 kg of nitrogen to the plant is 2.29 $ kgN-1 and 

1.91 $ kgN-1, respectively. In this base case, CRFs will remain cost competitive with urea up to a 

bulk cost of 631 $ t-1, allowing for a polymer cost of up to 5,560 $ t-1. 

Biomass derived alternative fertiliser technologies offer additional sustainability benefits over 

conventional CRF technologies. Utilising waste biomass to produce thin membrane CRF remains 

the most viable option, with the other assessed technologies not economically feasible. However, 

it should be noted that significant research into the extraction of chemicals from pyrolysis oil 

needs to be undertaken before this can be considered a viable option. Furthermore, the 

hydrophobicity of the created membranes and interaction with the soil system need to be 

investigated. 

Based on the findings in this chapter, this thesis will further explore the use of a HIM as an 

alternative to the rotary drum and spouted fluidised bed. The HIM is thought to have superior 

mixing to conventional technologies and may produce high quality CRFs at a cost comparable to 

that of the rotary drum mixer. Furthermore, as the cost competitiveness of CRFs is highly 

sensitive to the NUE, this thesis will also explore the highly variable NUE observed in literature. 

The performance of CRFs under various conditions will be examined to understand this NUE and 

how to model the nutrient release to best target fertiliser applications.  
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4 Modelling of mixing in controlled released fertiliser systems 
 

The adequate mixing of fertiliser material is essential for controlled release fertiliser (CRF) 

production as this impacts the homogeneity of the final product. In CRF production, a thin 

membrane coating is applied post-granulation (Jarosiewicz & Tomaszewska, 2003), generally 

while the granules are being mixed to ensure an even coating distribution. This chapter analyses 

mixing performance for CRF manufacturing, while Chapter 5 uses data produced in this chapter 

to examine the coating performance.  

 

 Mixing systems 
Particle mixing is required to mix various fertiliser particles to create blends or as part of the 

particle coating process. A spouted fluidised bed is one technology which can be utilised for this 

purpose (Azeem et al., 2014; da Rosa & dos Santos Rocha, 2013; Donida & Rocha, 2002; Tzika, 

Alexandridou, & Kiparissides, 2003) as shown in Chapter 3 but these generally require high capital 

and operating costs. Therefore, a rotary drum is commonly selected for CRF production (Azeem 

et al., 2014; Lu et al., 2016; Tzika et al., 2003), owing to its relatively low capital cost and 

versatility. Particles are rotated in either a batch or continuous drum with a polymer application 

sprayed onto the top of the particle bed (Patent No. U.S. 6,364,925 B1, 2002). The flow regime 

within the rotary drum can prove problematic for particle mixing, due to the passive zone that 

arises in the centre of the particle bed (Kumar, Freireich, & Wassgren, 2015). To ensure adequate 

mixing, flights are included but the design of these can be complex. Design of the rotary drum is 

not trivial and poor performance can result from an inadequate design.  

A high intensity mixer (HIM), commonly used in the cereal industry, may provide an alternative 

to these conventional technologies. The HIM consists of two interwoven paddle mixers that 

provide rapid and low shear mixing. This chapter explores the performance of a lab scale HIM 

against current blending and coating technologies. As experimental trials are only able to 

produce limited data, a modelling approach has been taken to compare the performance of a 

HIM and rotary drum mixer for CRF production. 

 

Models of granular mixing systems can be complex, and a wide range of approaches have been 

taken to model these systems. Models can either approximate these granular systems as discrete 

or continuous systems based on the length scale considered (Zhu, Wu, & Yu, 2005). Discrete 

particle scale simulations enable analysis of inter- and intra-particle coating variability which 

dictates the performance of the produced CRFs. Whereas, continuum modelling can describe the 

bulk transport phenomena. This research focuses around the use of the discrete element method 

(DEM) to simulate granular systems as this enables the analysis of individual particles.  
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DEM modelling techniques are commonly used to simulate the mixing of granular systems (J. 

Bridgwater, 2012; Chou, Song, & Hsiau, 2017; Hassanpour et al., 2011; Zhu et al., 2005). 

Segregation can occur in mixing systems, where particles are concentrated in different regions 

based on their particle size, or density if mixtures are present (Williams, 1976). Real systems are 

generally modelled using homogeneous particles of a single size, shape and density to simplify 

modelling. In rotating drum systems, larger particles concentrate around the outside of the drum, 

while in fluidized bed systems, smaller particles concentrate in the top layer of the bed (Li, 

Wassgren, & Litster, 2013). It is essential to consider the assumptions and limitations of these 

simulated systems when interpreting the mixing or coating performance, especially the 

possibility of segregation.  

DEM simulations of a rotary drum system showed both mixing performance and particle 

segregation within the system was dependent on the flow condition. A cascading flow was found 

to produce the fastest mixing, followed by cataracting flow then the slow rolling flow. 

Segregation was found to be a function of both fill drum fill level and rotational speed through 

their effect on the percolation of smaller particles through the bed (Arntz et al., 2008).     

Research into a DEM simulated Forberg paddle mixer and coater, similar to the HIM studied here, 

showed particle segregation occurring. Smaller particles were found to concentrate in the 

bottom of the mixer and in the top of the headspace above the blades (Li et al., 2013).  

DEM simulations have been widely used to analyse the mixing performance of systems similar to 

that of the HIM described in this chapter. One such study found that HIMs have high levels of 

axial mixing across the sets of paddles when operated with the blades rotating up through the 

middle of the mixer (Hassanpour et al., 2011). 

Research into an individual paddle mixer using DEM simulations demonstrated the effect of 

varying the angular offset of the mixing blades. A 30 ° offset of the mixing blade from the central 

shaft was found to produce the fastest mixing within the system, but also exerted the greatest 

force on the particles (Ebrahimi, Yaraghi, Ein-Mozaffari, & Lohi, 2018). The forces are important 

to consider as this can result in particle breakage or damage to the CRF coating. Thus, a trade-off 

exists between the mixing time and particle breakage.  

Quantifying the degree of mixing within a system allows for optimisation of industrial processes 

and hence is a heavily researched topic (Chou et al., 2017). The average height, nearest neighbour 

and Lacey mixing index represent only a few of the many different indices to measure mixing, 

each with their own strengths and weaknesses. The average height method has some limitations 

as the simplistic calculations only quantify mixing in one dimension (Wen, Liu, Liu, & Shao, 2015). 

The nearest neighbour method examines each particle’s position relative to other particles within 

the system. This provides good quality data on the movements of particles and mixing within the 

system and is grid independent (Wen et al., 2015) but it is computationally intensive. The Lacey 

mixing index discretizes a mixer into cells along one, two or three dimensions. Particles are 

initially flagged based on location or species. The concentration of flagged particles in each cell 
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is determined, the variance of this across the mixer characterises the mixing performance (Chou 

et al., 2017). The Lacey index does not account for the number distribution of particles in each 

cell. Thus, systems with variable particle density can experience fluctuations in the index, and 

exhibit grid dependency. For this chapter, a Lacey mixing index is used, as this allows for rapid 

analysis of the mixing systems. 

This chapter details the design and build of a lab scale HIM for the purpose of producing CRFs. 

Experimental measurements of particle contact parameters enabled the system to be modelled 

using DEM simulations in the LIGGGHTS software package. The simulated particle behaviour in 

the HIM is validated against measurements of the lab scale HIM using particle tracking 

velocimetry (PTV). The validated DEM model is then used to examine the mixing performance 

under a range of different conditions and to compare the performance to a conventional rotary 

drum mixer.   
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 Experimental methods 
Experimental trials provide essential information for the development and validation of models 

of physical systems. This section details the design and build of the HIM and the experiments 

performed to obtain particle contact parameters for the DEM model. The validation of the DEM 

was performed by comparing the DEM model with observations of the HIM during operation 

using Particle Tracking Velocimetry (PTV). The subsequent analysis of the DEM data that enables 

the quantification of the mixing performance is also detailed in this chapter.  

 

 High intensity mixer design and development  

A lab scale HIM was developed to perform mixing and coating operations to assess the feasibility 

of this technology for CRF production. The HIM design is currently used for cereal blending 

operations, but little work has been done on the feasibility of this technology for coating 

operations. Figure 4.1 shows a Computer Aided Design (CAD) render of the lab scale HIM body 

without the additional motor drive and control unit. The HIM has two counter rotating internal 

shafts, which generally rotate outwardly from the centre, so that the blades push material around 

the outside of mixer and up through the centre. This rotation can also be reversed so that the 

blades push material down through the centre of the mixer. In this thesis, the term “outwardly 

rotating” blades refer to the first condition where material is pushed up through the centre of 

the mixer with the left and right shafts rotating counter clockwise and clockwise respectively. 

The term “inwardly rotating” blades refer to the case where material is pushed down through 

the centre of the mixer with the left and right shaft rotating clockwise and counter clockwise 

respectively.  

 

Figure 4.1 - Solidworks® render of the lab scale HIM body (end plate removed). 
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 Mixer design 

The HIM was designed around two interwoven horizontal paddle mixers, with capacity for a 

maximum granulated urea load of 1 kg. The interwoven paddles make the distance between the 

centres of the two cylinders a key design constraint. The mixer blades need to be equal to the 

cylinder diameter to remove particles from the wall, which dictates the distance between the 

centres. The offset between the centres of these two cylinders needs to allow for a full radius 

and an additional offset for the width of the central shafts so collisions between blades and the 

opposing shaft do not occur. This design used cylinders 60 mm in radius with an offset between 

the circle centres of 80 mm. 

An additional box above the top of the mixer was included to stop particles exiting through the 

top of the mixer during operation. This box was constructed out of 12 mm thick Perspex so that 

the user could observe the mixer during operation. The box height was determined from force 

balance calculations based on the acceleration of the particles from the blades. This force balance 

cannot account for particles which become pinched between two blades which may experience 

exceptionally large forces, for this reason an aluminium lid was fabricated to protect users from 

stray particles. The lid was fitted with a magnetic interlock connected to the variable frequency 

drive, which would shut down the motor if the lid was removed during operation. The lid 

provided an additional layer of safety as the rotating blades present an entanglement hazard.  

The body of the mixer was milled from a solid aluminium block. Aluminium was selected as it 

provided sufficient abrasion resistance from the rotating blades whilst providing good heat 

transfer properties. The dimensions of the mixer body are outlined in Figure 4.2, full dimensioned 

drawings can be found in Appendix A.  

 

Figure 4.2 – Dimensioned drawing of lab scale HIM body excluding end plates (units of mm). 

The mixer was built upon a 450 × 300 × 10 mm stainless steel plate to provide a heavy base for 

the mixer, which is attached to 5 mm rubber feet. These rubber feet dampen any vibrations from 

the operation. A compressed Kaowool® ceramic fibre mat was used to insulate the heat from the 
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mixer body that could operate between 70 °C and 100 °C, from the base on which the motor, 

gearbox and control unit are attached.   

 

 Blade design 

Blades for the HIM were developed to be interchangeable, such that different blades could be 

used to achieve different flow regimes. Figure 4.3 shows the designs for the blades used in the 

mixer. The mixer blades were printed on an UpBox Mini 2 three-dimensional printer in 

acrylonitrile butadiene styrene (ABS) plastic for rapid and low-cost prototyping. The three-

dimensional printing also allowed for geometries that would be otherwise very difficult for 

conventional machining. Although three-dimensional printed parts have an inherent weakness 

in the adhesion between layers, these parts provided adequate strength and longevity in the 

mixer during experimental trials. The modular design of the blades meant that any damaged 

blades could be replaced individually. The blades are configured in the mixer with five blades on 

each counter rotating shaft. On each of these shafts the orientation of the blades is alternated 

on the square shaft to allow for interweaving of the blades of both shafts along the length of the 

mixer. 

The blades were printed with the internal square hole orientated in the horizontal plane to 

ensure high resolution of the internal square hole, for a tight fit onto the square shaft. The blades 

were angled such that no additional support material was required to support the overhang 

during printing as the build angle was less than 45°. The parts were printed with a 99% fill density 

to ensure a high level of blade strength and rigidity. Both the strength and rigidity are important 

characteristics of the blades as any deformation may cause the blades to become misaligned 

resulting in a motor stall or blade breakage. There is also the possibility of significant torque for 

the blades to overcome, especially on start-up and during polymer applications. To allow for 

some movement in the blades, a safety tolerance of 0.5 mm was applied to the side of each 

blade.  

Figure 4.3 shows simplified dimensioned drawings of the two different mixer blade designs 

examined in this chapter. Figure 4.3a, shows a mixer blade consisting of a solid angled face, 

referred to in this chapter as a “full blade”. Figure 4.3b, shows a mixing blade consisting of an 

angled cut-away face with a cylindrical shaft, similar to that used in the cereal industry and 

referred to in this chapter as a “paddle”.    
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Figure 4.3 – Dimensioned drawings of the modular blades for use in the lab scale HIM displaying the a) 
full blade and the b) paddle (units of mm). 

 

 Motor sizing and frequency control  

The mixer is driven by a 0.4 kW, 230 V, 50 Hz, three phase, John Brooks EO5IK40GNCW2L2 

vertically orientated high torque start motor with attached filter. The high torque motor design 

incorporates heavy duty motor windings to achieve a high initial torque at low frequencies either 

at start or near stall conditions. This is required to overcome the high initial inertia that can result 

from the static bed of particles. A vertically orientated motor was selected to reduce the footprint 

of the overall mixer unit which was constructed on a stainless-steel platform and designed to fit 

within a fume hood.  

The motor is geared via a 7.5:1 ratio BrooksDrive gear box FCNDK-30-7.5:1-63B14. The motor 

speed control is performed by a Teco E2-200 240 V variable frequency drive model JNE2-2P2-H-

1/3-F-N4S:IP65. The variable frequency drive takes in a single-phase signal AC power from the 

mains supply, rectifies the AC to a smooth DC signal then converts the smooth DC signal back to 

a three phase AC output using Pulse Width Modulation (PWM). The output voltage is determined 

by the length of the pulses in the PWM and is used to control the torque of the downstream 

mixer motor. The frequency of the output signal from the PWM is used to control the speed of 

the motor. The benefit of utilising a variable frequency drive instead of a variable voltage drive is 

that the there is a greater level of control over the speed of the motor. When using a variable 

voltage drive, the actual motor speed is a function of the load on the motor, meaning achieving 

precise control is very difficult. Using a frequency speed drive, the motor speed is related directly 

to the frequency of the supply. This motor frequency can slip slightly behind that of the supply 

as it approaches the upper limit of the torque of the motor however, this is reduced through 

adequate sizing. All these components were sourced from John Brooks - Industrial Automation 

Suppliers in Christchurch, New Zealand. 
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The 7.5:1 ratio gearbox and variable frequency drive allow the speed of the mixer to be controlled 

between 0.25 and 3.27 Hz. The speed is controlled through an interface on the variable frequency 

drive up stream of the motor and gear box. The calibration curve in Figure 4.4 shows the 

relationship between the rotational speed of the shaft and the output in the variable frequency 

drive. The calibration curve was performed by capturing high frame rate images and measuring 

the rotations within a 20 s to 60 s acquisition period. The acquisition period was scaled with the 

speed to reduce error at low frequencies. 

 

Figure 4.4 - Calibration curve of the HIM internal shaft speed and the variable frequency drive output. 
Error bars of less than 0.5% are not shown. 

 

 Temperature control 

The mixer unit was equipped with temperature control to enable the heating of the internal 

mixer surface to improve polymerization kinetics. Three individual 150 W cartridge heaters were 

incorporated into the mixer body along with a thermocouple to provide temperature control to 

the unit. The cartridge heaters were equally spaced along the width of the mixer, approximately 

25 mm from both the insulated base and internal mixer surface. The thermocouple was mounted 

in the middle of the mixer, in the peak that exists between the two concentric cylinders. The high 

thermal conductivity of the aluminium and the location of the thermocouple ensure the internal 

drum surface is close to the temperature set from the proportional-integral-derivative (PID) 

controller operating a solid-state relay. A compressed ceramic mineral wool is used to thermally 

insulate the milled aluminium body from the base plate. 

The system consists of approximately 11 kg of milled aluminium and requires an approximate 20 

minute preheat time to take the system from 20 °C to 70° C. During operation, the three 150 W 

cartridge heaters provide sufficient heat to maintain the internal surface temperature at 70 °C 

with the additional urea and polymer added.  
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 Spray system 

The HIM was developed in order to improve CRF coating performance due to the poor 

homogeneity that can result in conventional rotary drum applications. Reactive layer coating 

(RLC) technologies were identified as the most feasible option for producing high quality thin 

films. In this study, polyurethane polymer coatings were investigated however, other polymers 

can also be used and future work will expand to biomass derived polyols and other green 

polymers. The polymer application is explored in Chapter 5. 

RLC membranes polymerise in-situ on the particle surface and begin to react when the isocyanate 

and polyol containing compounds come into contact. To reduce fouling in the system, the 

isocyanate and polyol components require separate spray nozzles. Each nozzle needs to atomise 

the feed stream to achieve even distribution of the thin polymer, which can be as thin as 30 µm.    

A 1/8” stainless steel air atomisation nozzle (model number: B1/8JJN) with opposing air and liquid 

inlets with manual shut off needle was selected for atomising both the diisocyanate and polyol 

components. Compressed air atomisation systems can handle liquids with higher viscosities and 

surface tension as the compressed air assists in atomising the flow, whereas hydraulic systems 

rely on the pressure drop over the nozzle. Utilising compressed air atomisation added additional 

complexity into the spray system but allowed for greater versatility in the compatible feed 

solutions for future polymer research.  Compressed air systems have the added benefit that the 

spray performance can be optimised for a single flow rate by altering the compressed air 

pressure.  

A stainless-steel external mix flat spray nozzle (model number: SUJE416-50DF-SS) was selected 

for its versatility in handling viscous flows and ability to produce fine atomised sprays. Options 

were limited for the nozzle selection due to the low flow rates desired for the lab scale mixer. 

This nozzle produced a flat spray profile of approximately 50° but the angle reduces with 

increasing viscosity. The flat profile was selected since it was compatible with the rectangular 

spray zone. Two additional adaptor components CP17181 and CP46259-ENP were required to 

join the spray nozzle and housing unit. All parts were selected with disassembly and cleaning in 

mind. Stainless steel was selected for greater corrosion resistance and a wider range of chemical 

compatibility.  
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 Measurement of particle contact parameters 

Contact parameters detail the interactions between particles and other particles or surfaces. The 

accurate measurement of these parameters is essential for the development of descriptive DEM 

models of mixing systems. In this section, the theory governing the coefficient of restitution, 

kinetic friction and static friction is examined and the measurement techniques described.  

 

 Coefficient of restitution  

The Coefficient of Restitution (COR) quantifies the kinetic energy lost during a collision between 

two objects, where COR values of 0 and 1 relate to perfectly inelastic and perfectly elastic 

collisions respectively.   

The COR can be expressed as, 

𝐶𝑂𝑅 = √
𝐸𝐾,𝑓𝑖𝑛𝑎𝑙

𝐸𝐾,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (4.1)  

Where 𝐸𝐾 is the kinetic energy before and after the collision. Here, a constant mass can be 

assumed over the collision thereby simplifying (4.1): 

𝐶𝑂𝑅 =
𝜈𝑓𝑖𝑛𝑎𝑙

𝜈𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (4.2)  

Where 𝜈 is the relative linear velocity before and after the collision. The COR was determined for 

N-Control™ - ABS collisions, N-Control - Aluminium collisions and Urea - ABS collisions. Both the 

aluminium plate and three-dimensional printed ABS plate were selected and printed respectively 

to match the internal surfaces within the custom-built mixer. The COR was measured by dropping 

urea and N-Control particles from various heights onto flat plates of ABS and aluminium whilst 

recording the bouncing of the particle on the plate with a high-speed camera. The particle drop 

height was varied to achieve different collision velocities to examine any collision velocity 

dependence of the COR. Figure 4.5 shows a sample image from a collision test between an N-

Control particle and an ABS plate. The collisions were captured using a MotionPro X3 high-speed 

camera with a Nikon Micro-NIKKOR 55 mm lens. Images were captured at 1040 Hz with an 

exposure time of 476 μs with additional lighting provided by an LED spotlight, set up parallel to 

the camera to reduce shadowing. High-speed images were acquired of urea and polymer coated 

urea particles colliding with flat surfaces. GOM Correlate™, a digital image correlation and 

evaluation software package was used to process the acquired two-dimensional images and 

extract displacement and in-plane velocity data for the first particle - surface collision and any 

subsequent collisions that were also captured using PTV. It is important to note that the first and 

subsequent collisions were treated as separate datasets as the likelihood of out of plane effects 

increase with each subsequent collision. 
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Figure 4.5 – a) Image of the experimental measurement of an N-Control particle colliding with ABS 
plate captured with a high-speed camera at 1040 Hz and b) a diagram of velocities before and after 

collision used for the COR calculation. 

 

 Coefficient of static friction 

The coefficient of static friction provides the frictional force that acts on an object to prevent 

movement. The coefficient of static friction between a particle and a flat surface can be 

determined from the minimum angle (𝜃𝑚𝑖𝑛) at which the particle begins to slide down an inclined 

plane and is illustrated in Figure 4.6. The frictional force on the particle at any point when static 

friction applies is expressed as: 

𝐹𝑓,𝑠 = 𝜇𝑠. 𝐹𝑁 
(4.3)  

Where 𝜇𝑠 is the coefficient of static friction, 𝐹𝑓,𝑠 is the frictional force resulting from the static 

friction and 𝐹𝑁 is the normal force. The force of gravity on the particle (𝐹𝑔) is equal to the product 

of the particle mass and the acceleration due to gravity. This normal force (𝐹𝑁) is equal to the 

component of the gravitational force perpendicular to the flat plane.  

𝐹𝑓,𝑠 = 𝜇𝑠. 𝐹𝑔. cos (𝜃) 
(4.4)  

With the particle initially at rest and the plate horizontal, friction exceeds gravity and the particle 

remains stationary. As the angle of the incline (𝜃) increases the gravitational force acting along 

the place increases. The particle remains static until an angle 𝜃𝑚𝑖𝑛, at which point the frictional 

and gravitational forces are equal and opposite. At any angle greater than 𝜃𝑚𝑖𝑛, the static 

frictional force can no longer provide enough force to prevent the particle rolling down the plane. 

The angle 𝜃𝑚𝑖𝑛 can be observed experimentally and hence 𝜇𝑠 is found by: 
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𝐹𝑓,𝑠 = 𝜇𝑠. 𝐹𝑔. cos(𝜃𝑚𝑖𝑛) = 𝐹𝑔 . sin (𝜃𝑚𝑖𝑛) (4.5)  

𝜇𝑠 =
sin (𝜃𝑚𝑖𝑛)

cos (𝜃𝑚𝑖𝑛)
= tan (𝜃𝑚𝑖𝑛) 

 
(4.6)  

 

Figure 4.6 - Force balance on particle on an inclined plane for the determination of the coefficient of 
static friction for particle - surface interactions. 

The value of 𝜇𝑠 for the specific particle and surface interactions within the mixer was measured 

experimentally using flat plates of ABS and aluminium. A variable angle inclined plane was 

constructed by fixing one end of the specific material plate to flat surface and placing a scissor 

lift platform under the other free-floating end. To begin with, the height of the scissor lift is at a 

minimum so that the angle of the inclined plate is close to 0°. Particles are then placed on the 

plate and by increasing the height of the scissor lift, the angle of the platform increases as one 

end of the plate rests on the platform. When the particles begin to roll down the plate, the angle 

of the inclined plane was found by measuring the height and length of the plate. This process was 

repeated for 50 particles and 𝜇𝑠 was found using Equation (4.6). 

The coefficient of static friction for particle - particle interactions are measured differently to the 

previously mentioned particle - surface interactions. For a pile of unconstrained particles, the 

angle of repose between the surface and the effective cone shape formed by the particles gives 

an estimate of the coefficient of static friction, 𝜇𝑠. This angle was measured experimentally by 

imaging the piles formed by these particles and fitting a cone around the pile as shown in Figure 

4.7. The coefficient of static friction was found from Equation (4.6), the same as the particle - 

surface interactions. The coefficient of friction for particle-particle collisions, as measured by the 

angle of repose, tends to saturate and so this method will likely underpredict the true value 

needed for the DEM. Experimental velocity measurements will be used to provide validation of 

the model.  
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Figure 4.7 - Determination of coefficient of static friction for particle - particle interactions using the 
angle of the resulting pile. 

 

 Coefficient of kinetic friction  

The coefficient of kinetic friction applies when an object is rolling without slipping, where the 

point of contact is stationary relative to the plane. The kinetic friction applies at the point of 

contact and hence applies the torque required to enable rolling as this force is applied away from 

the centre of mass. Figure 4.8 shows a force balance over a particle rolling on a flat surface and 

the deceleration that results from kinetic friction.  

 

Figure 4.8 - Force balance on particle rolling on flat plane for the determination of the coefficient of 
kinetic friction. 

The torque required to provide the angular acceleration of the particle is provided by the kinetic 

friction which can be expressed as: 

𝜏 = 𝐼𝛼 , (4.7) 

where 𝜏 is the torque applied by the friction force, 𝐼 is the moment of inertia of the particle and 

𝛼 is the angular acceleration. The generic torque equation can be applied to the rolling spherical 

particle, 

𝐹𝑓,𝑘𝑟 = (
2

5
)𝑚𝑟2 (

𝑎

𝑟
) , (4.8) 
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where 𝐹𝑓,𝑘 is the frictional force from the kinetic friction, 𝑟 is the radius of the particle, 𝑚 is the 

mass of the particle and 𝑎 is the linear acceleration. The kinetic friction is related the normal 

force through the coefficient of kinetic friction (𝜇𝑘),  

𝑚𝑔𝜇𝑘𝑟 = (
2

5
)𝑚𝑟2 (

𝑎

𝑟
)  , (4.9) 

where g is the acceleration due to gravity. Equation (4.9) can then be rearranged to solve for 𝜇𝑘, 

𝜇𝑘 =
2𝑎

5𝑔
 (4.10) 

The coefficient of kinetic friction was determined for Urea and N-Control particles on ABS and 

Aluminium plates, which were representative of the internal surfaces in the mixer unit. The 

coefficient for each particle and surface combination was performed by placing individual 

particles on a flat surface and providing it with an initial velocity. This initial impulse and 

subsequent deceleration were captured using a MontionPro X3 high-speed camera with a Nikon 

Micro-NIKKOR 55 mm lens. Images were captured for at 500 Hz with an exposure time of 476 μs 

with additional lighting provided by a LED spotlight, set up parallel to the camera to reduce 

shadowing. The camera was positioned above the flat plate to capture movement in the two-

dimensional plane. GOM Correlate was used to process the images and extract the position, 

velocity and deceleration of the particle using PTV. Figure 4.9 shows an example of the PTV of a 

CRF particle after an initial impulse, the deceleration of which is used to calculate the coefficient 

of kinetic friction.   

 

Figure 4.9 – Example of CRF displacement on an aluminium surface after an initial impulse. Data is 
recorded with a MontionPro X3 high-speed camera with a Nikon Micro-NIKKOR 55mm lens and 

processed using GOM Correlate to perform PTV.  
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 High speed camera and particle tracking velocimetry   

The validation of the DEM was performed using high-speed imaging of the HIM operating under 

identical conditions. The collisions were captured using a MotionPro X3 high speed camera with 

a Nikon Micro-NIKKOR 55 mm lens. The operating mixer was imaged at a frame rate at 1040 Hz 

with an exposure time of 476 μs. The camera was positioned directly above the mixer in order to 

image down through the open top of the mixer as shown in Figure 4.10. The mixer was run for 

approximately 5 s prior to imaging to ensure the system was at steady state. The images were 

processed with GOM Correlate, which utilizes digital image correlation to perform PTV.  

The mixer consists of two counter rotating shafts, both of which rotate into the centre of the 

mixer body. For the initial comparison, the mixer was operated at 3.0 Hz using the full blade 

design with a 100 g fill of commercially available N-Control CRF particles with three seconds of 

steady state operation being recorded. A nominal blade position was selected in order to 

compare the behaviour of the DEM simulations and the high-speed camera images using PTV. 

The selected position is illustrated in Figure 4.11 and can be identified as the position where the 

blade in the bottom left-hand corner is in a vertical position, the 90° offset of the horizontal 

blades provide additional contrast for high speed imaging by restricting the field of view to the 

top half of the mixer. 

 

 

Figure 4.10 - High speed camera setup for imaging the operating lab scale HIM for the validation of the 
DEM simulations. 
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Figure 4.11 - Nominal 90° blade position selected for comparison between a) particle tracking 
velocimetry obtained from high speed camera imaging and the b) DEM simulation. 

DEM simulations have the benefit of providing three-dimensional particle tracking, while high 

speed camera imaging can only provide two-dimensional particle tracking while the particles 

remain within the field of view. When comparing the data from the high-speed camera and the 

DEM simulations, the data is restricted to the particles within the field of view of the camera, i.e. 

above the central shafts and within the open top viewing window. Twenty frames of both high-

speed image and DEM simulation data were processed for the initial validation case. The data 

was concatenated to provide a single large dataset for analysis. Using MATLAB®, the data was 

discretized into cells, allowing for the analysis of the behaviour of particles in distinct regions of 

the mixer. 

When comparing the DEM and PTV data there are two distinct cases. In cells with a low fill 

fraction, the PTV can capture almost all the particles between the top of the mixer and the central 

shafts where the blades then block any particles below the central shafts from view. In cells with 

a high fill fraction, many particles above the central shaft are obscured from the view of the high-

speed camera and hence PTV analysis due to the other particles in the mixer.  As only the particles 

in the top of the mixer can be captured via PTV then the DEM region of interest should also be 

restricted to reflect this. Figure 4.12 illustrates the changing region of interest when comparing 

the DEM data to the captured PTV data for analysing cells with high and low fill fractions. This 

approach produces more comparable PTV and DEM data datasets.  

 

Figure 4.12 - Region of interest for the comparison of DEM simulation data to PTV data for cells with a 
a) low fill fraction and b) high fill fraction.  
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 Discrete element modelling  
Experimental measurements, as seen previously, provide essential data for the validation of 

models but observations are limited to quantities than can be observed and measured in an 

operating system. Utilising DEM to model systems allows for the measurement of quantities such 

as particle location, forces and rotational velocities on every particle within the system which 

would otherwise be unmeasurable. By examining these quantities under different operating 

conditions, DEM simulations can be used to rapidly optimize mixing conditions.  

 

 DEM basis  

DEM is a method for characterising the behaviour of bulk materials by simulating the interactions 

between discrete particles on the particle scale. The DEM methodology combines Newton’s laws 

of motion with contact mechanics to iteratively calculate contact forces and update particle 

positions. Initially the particle positions are considered to identify contacts between particles. 

The underlying contact model calculates the forces on the particles to identify resulting particle 

acceleration and velocity to calculate the new position for the next time step. Newton’s laws of 

motions are applied to the particles, calculating both the particle’s rotational and translational 

motion within the simulation. Using these calculated rotational and translational motion 

components, a velocity Verlet scheme (Verlet, 1967) is used to update the particles position. 

During each time step the calculated rotational and translational motion is considered constant.   

The contact mechanic models used to describe the interactions between particles can be placed 

in two groups, either hard sphere or soft sphere models. Hard sphere models consider infinitely 

stiff particles, while soft sphere models allow some particle overlap due to deformation. Soft 

sphere models are commonly used for modelling real processes as with accurate contact 

parameters, simulations of these dense systems are readily handled. In these DEM simulations, 

a soft sphere model is used.  

DEM simulations are ideally suited for small scale systems as the simulation time scales with the 

number of particle contacts. If no contacts exist for a particle then the contact mechanics can be 

ignored, and the motion can be described purely by Newton’s laws of motions thereby reducing 

computation. Therefore, densely packed systems of large numbers of particles are 

computationally very expensive and scale up of DEM systems can be difficult. As these systems 

are scaled up, the relative performance between the two systems are expected to scale similarly. 

The major change different scales is the particle size relative to the mixer geometry, which may 

alter flow patterns, especially in the rotary drum. In the HIM system, particles may be more prone 

to breakage, as the larger blades will have faster tip velocities and impart larger forces during 

collisions. The DEM model developed here is utilised in Section 5 to examine the coating 

performance of the two systems. The relative coating preference is also expected to scale 

similarly, as the spray zone for each system is determined by the length and width of the mixer.  
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DEM simulations were performed by Julian Chee an honours student and Daniel Clarke and 

Megan Danczyk, PhD candidates in the Department of Chemical and Process Engineering at the 

University of Canterbury. Simulations used LIGGHTS, an open source DEM code (Kloss, Goniva, 

Hager, Amberger, & Pirker, 2012). Table 4.1 presents a summary of the model parameters. All 

analysis of the DEM results was performed by the author. 

 

Table 4.1 - DEM model parameters 

Model parameter  

Contact model Hertz tangential 
Rolling friction model Constant directional torque 

Particle density [kg m-3] 1232 
Particle radius [m] 0.00159 

Time step [s] 0. 000001 
Number of particles [-] 4800 

Particle properties Particle Wall 

Youngs modulus [kg m-1 s-2] 1.00 × 107 1.93 × 109 
Poisson’s ratio [-] 0.33 0.29 

Interaction parameters 
Particle – Particle 

Particle – Wall 
Wall – Wall 

Coefficient of restitution [-] 0.715 1.00 
Coefficient of static friction [-]  0.292 1.00 

Coefficient of kinetic friction [-] 0.005 1.00 
 

 

 Analysis of mixing performance  

Mixing indices are used to quantify mixing in a system and there are a wide range of indices for 

different mixing situations and metrics. Here the Lacey mixing index is used. The Lacey mixing 

index is a common index and examines the variance in each discretized cell of the mixer with the 

average of the total system. The variance of flagged particles in each of the discretized system 

cells (𝑆2) is calculated from the number of cells (𝑁), the average flagged number fraction 

(𝑥𝑓𝑙𝑎𝑔,𝑎𝑣𝑒), and the number fraction of flagged particles in each cell (𝑥𝑓𝑙𝑎𝑔,𝑖). 

𝑆2 =
1

𝑁 − 1
∑ (𝑥𝑓𝑙𝑎𝑔,𝑖 − 𝑥𝑓𝑙𝑎𝑔,𝑎𝑣𝑒)

2
𝑁

𝑖=1
 

 
(4.11) 

The variance in the fully mixed (𝑆𝑅
2) and unmixed systems (𝑆𝑂

2) are used to find the mixing limits 

of the system, using the average number of particles in each cell. 
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𝑆𝑅
2 =

𝑥𝑓𝑙𝑎𝑔,𝑎𝑣𝑒(1 − 𝑥𝑓𝑙𝑎𝑔,𝑎𝑣𝑒)

𝑛
 

 
(4.12) 

𝑆𝑂
2 = 𝑥𝑓𝑙𝑎𝑔,𝑎𝑣𝑒(1 − 𝑥𝑓𝑙𝑎𝑔,𝑎𝑣𝑒) 

 
(4.13) 

The variance in the flagged particles number fraction across each cell can be compared to the 

mixing limits to produce the Lacey mixing index (𝑀𝐿𝑎𝑐𝑒𝑦) at each point in time. 

𝑀𝐿𝑎𝑐𝑒𝑦 =
𝑆2 − 𝑆𝑂

2

𝑆𝑅
2 − 𝑆𝑂

2 (4.14) 

A Lacey mixing index of 0 indicated fully unmixed (𝑆2 = 𝑆𝑂
2), while an index of 1 indicates a fully 

mixed system (𝑆2 = 𝑆𝑅
2). For the DEM simulation, the Lacey mixing index was measured by 

discretising the mixer into 5 × 6 × 1 (𝑥, 𝑦, 𝑧) cells within MATLAB. At each time step the effective 

flagged fraction concentration of each cell was extracted and the Lacey Mixing Index was 

calculated. Cells with less than 10 particles, which might bias the resulting mixing index were not 

counted. Mixing performance was examined based on an axial and radial initial particle split 

within the mixer. The axial split flagged particles based on their 𝑦 axis position along the length 

of the mixer shaft. The radial particle split flagged particles based on their 𝑥  axis position, across 

the width of the mixer.  

A force analysis was also produced to complement the mixing analysis and provide information 

on the forces experienced by particles in the system. Average force measurements were made 

by averaging the magnitude of the net force vector of all particles in the mixer at a single mixer 

speed after removing the effects of gravity. The standard deviation of the forces at each mixer 

speed were also analysed in the same way to understand the variance of the forces in the mixer.  

 

 Modelling rotary drum mixer and coater  

Rotary coating drums are commonplace within industry and are widely used for CRF production. 

Therefore, it is essential to compare the performance between the HIM and that of the 

conventional rotary drum. Understanding the performance of each mixer can assist in targeting 

the right coating technology to a given application.   

To compare the performance of the HIM to that of the rotary drum, a similar sized rotary drum 

mixer was modelled. As these are both small scale mixers, it is important to interpret any results 

with respect to this, as conditions or results may vary with scale up. The rotary drum was sized 

to contain 4800 uniform spherical urea particles with a 3 mm diameter. To enable adequate room 

in the drum for coating and mixing operations, the particle volume fraction was set at 35%. The 

bed of particles in the bottom of the rotary drum cannot pack perfectly due to the spherical 

geometry, hence a packing factor needs to be applied to estimate the drum size. In this mixer 

irregular packing will occur with a maximum packing factor limit of approximately 0.64 (Song, 

Wang, & Makse, 2008), this represents an upper limit, so a lower factor of 0.55 has been 
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assumed.  A drum length to radius ratio of approximately 0.7 was sourced from the literature 

(Arntz et al., 2008) and used to determine the drum dimensions from the desired volume fraction, 

particle volume and packing factor. The resulting drum measures 65 mm in radius and 46.45 mm 

in length. Internal flights are used within the drum to encourage mixing and breakup the stagnant 

volume in the middle of the particle bed. These flights are set at a height of half the bed height 

(Patent No. U.S. 5,547,486, 1996), which corresponds to a height of 16.52 mm. A rendered model 

of this drum is illustrated in Figure 4.13, with full dimensioned drawings in Appendix B.     

 

Figure 4.13 - Solidworks render of the rotary drum used in the DEM simulations of the drum coating 
process with the ends removed to show internal features. 

 

The operating speed of the mixer was designed to produce cascading flow, which occurs between 

Froude (𝐹𝑟) numbers of 0.12 < 𝐹𝑟 < 0.46. At Froude numbers above 0.46 the flow regime begins 

to transition into cataracting flow (Arntz et al., 2008). The Froude number was calculated from 

the drum radius (𝑅), rotational velocity (𝜔) in Hz, particle radius (𝑟) and gravity (𝑔) (Arntz et al., 

2008), 

𝐹𝑟 = (2𝜋𝜔)2(𝑅 − 𝑟)/𝑔 (4.15) 
 

The rotational speed of the drum was 0.8, 1.1 and 1.4 Hz, corresponding to 𝐹𝑟 of 0.14, 0.31, and 

0.41 respectively. The drum was simulated for 19, 14 and 11 s at 0.8, 1.1 and 1.4 Hz respectively 

to generate approximately 15 full rotations of the drum at each speed.  

The mixing in the system was quantified using the Lacey Mixing Index. A two-dimensional grid 

was constructed across the mixer, with voxels of three particle diameters in width and height, 

extending the entire depth of the mixer, creating a mesh of 21 × 21 × 1 (𝑥, 𝑦, 𝑧). Despite the large 
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number of voxels, many voxels are typically empty and only those with greater than 10 particles 

are included in mixing index calculations. The voxel arrangement was selected to enable 

comparisons between the HIM and the drum coater, despite more optimum meshes being 

possible. The Lacey mixing index was calculated for the mixing of two species of particles with 

identical properties. Figure 4.14 shows the initial particle split of flagged and non-flagged 

particles for the mixing analysis. A diagonal split was examined, where particles were flagged 

based on position in the bed and an 𝑥-dimension split examined a split of particles based on 𝑥 

axis position.  

 

Figure 4.14 - Initial particle split for Lacey Index calculations on a rotating drum with a a) diagonal split 
and b) 𝒙 axis split (particle centre points shown). 
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 Results and discussion  
This section details the experimentally measured contact parameters and the validation of the 

DEM models developed using these parameters. These validated models are then used to 

examine the performance of a small-scale HIM and rotary drum with respect to mixing and 

coating operations.  

 

 Measurement of DEM parameters 

Contact parameters provide critical information to enable the DEM simulation of systems of 

particles, to predict particle behaviour during contacts and collisions. Accurate measurement of 

these parameters is essential to develop a descriptive model of a system. 

 

 Coefficient of restitution  

The COR is used within DEM simulations to model the energy lost in collisions between particles 

and surfaces. The COR is measured by colliding particles with surfaces of interest and examining 

the ratio of the incoming and outgoing velocities. In this study, a single high-speed camera was 

used to collect two-dimensional collision data. Without a second calibrated high-speed camera, 

movement out of the two-dimensional plane cannot be quantified and may introduce error into 

the COR measurement.  

Particles were dropped from heights above the surface to give a variety of collision velocities of 

between 0.8 and 2 m s-1. In the first collision there is negligible velocity in the two horizontal 

planes therefore, there can be confidence in an accurate COR measurement. After each 

subsequent collision there is an increased likelihood of out of plane movement, which may 

impact the uncertainty in the two-dimensional measurement. The COR measurements presented 

in Figure 4.15 divide the datasets into initial and subsequent collisions to recognize the different 

levels of confidence. The figures are split into two parts; firstly, one showing the COR as a function 

of incoming velocity and secondly, one with a normalised incoming and outgoing velocity vectors 

so that the COR and corresponding rebound angle can be visualised. The black dotted lines show 

equivalent velocities at different rebound angles. As the velocities have been normalised, the 

rebound velocity also acts as a proxy for the COR as the COR is measured as outgoing divided by 

incoming velocity. 

The COR measurements of collisions between N-Control - ABS are shown in Figure 4.15a and 

Figure 4.15b. The COR for the N-Control - ABS collision can be estimated as 0.71 ± 0.03 (95% 

Confidence interval). There is some slight velocity dependence present in the COR 

measurements. The reduced COR at higher incoming velocities may result from the larger 

deformation and non-recoverable energy loss associated with this. This dependence is built into 

the DEM model through the Hertz-Mindlin model which scales the required force by the size of 
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the deformation. No bias of the COR measurements with respect to rebound angle is observed, 

rather the variability originates from the random nature of each unique collision. 

An analysis of the collision behaviour between the N-Control particles and an Aluminium plate is 

shown in Figure 4.15c and Figure 4.15d. The COR for the N-Control - Aluminium collision can be 

estimated as 0.61 ± 0.05 (95% confidence interval). Some velocity dependence is observed in the 

measured COR, similar to the N-Control – ABS interactions. It is expected that this velocity 

dependence may alter the COR by ± 0.05. It would be beneficial to have additional COR data for 

initial collisions at lower velocities however, there are practical limitations in obtaining these. As 

the collision velocity is determined by the gravitational acceleration, low collision velocities 

require low drop heights which are difficult to achieve and measure.  

COR measurements of urea and ABS collisions are shown in Figure 4.15e and Figure 4.15f. The 

COR for urea and ABS collisions has been estimated as 0.78 ± 0.06 (95% Confidence interval). 

There appears to be no discernible velocity dependence within the data.  
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Figure 4.15 - Coefficient of restitution (COR) for collisions of particle surface for N-Control – ABS 
collisions based on a) incoming velocity and b) normalised velocity. Similarly, for N-Control - 

Aluminium collisions based on c) incoming velocity and d) normalised velocity. Likewise, for uncoated 
urea – ABS collisions based on e) incoming velocity and f). The velocities were normalised by dividing 

the outgoing x (Vx) and y velocity (Vy) components by the incoming velocity (Vi). The ratio of the 
outgoing to incoming velocity vector is the COR.  

 

a) 

c) 

e) 

b) 

d) 

f) 
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 Coefficient of static friction 

The coefficient of static friction provides information for the DEM model to predict the behaviour 

of particles when they are in contact with other surfaces. Specifically, the coefficient of static 

friction describes the frictional force between two objects when they are stationary relative to 

each other. It is important to note that for any two materials this coefficient should be a constant 

but in experimental measurements shape effects may introduce some variability. The measured 

coefficient of static friction for particle - surface interactions are summarised in Table 4.2. The 

coefficient of static friction is approximately 0.3 for all measured particle-surface interactions. 

This similarity is beneficial for the mixer design, as particle flow behaviour should be similar 

throughout the system and coating process. 

Table 4.2 – Measured particle - surface coefficient of static friction. 

Material 1 Material 2 Coefficient of static friction 
𝜇𝑠 

N-Control ABS 0.29 ± 0.02 
N-Control Aluminium 0.30 ± 0.02 

Urea Aluminium 0.30 ± 0.02 
 

Where particle – surface interactions describe the behaviour of particles at walls or in contact 

with surfaces, particle – particle interactions describe how particles interact with each other. The 

coefficient of static friction for these particle – particle interactions can be characterised by the 

maximum angle a pile of particles will make with a surface, as this describes the frictional forces 

between particles. This method works best for either small particles or large piles to obtain a 

good resolution on the measured angle to reduce error. The measured coefficients of static 

friction are summarised in Table 4.3, where the error represents the 95% confidence interval of 

the measured results. Polymer coated N-Control and urea particles have very similar coefficients, 

indicating similar granular flow of the two species. Measurements were highly reproducible but 

had large measurement error originating from the identification of the angle due to the large 

particle size relative to the size of the pile. 

Table 4.3 – Measured particle - particle coefficient of static friction. 

Material 1 Material 2 Coefficient of static friction 
𝜇𝑠 

N-Control N-Control 0.7 ± 0.1 
Urea Urea 0.7 ± 0.1 

 

 Coefficient of kinetic friction  

The coefficient of kinetic friction describes the frictional force that acts in opposition to the rolling 

motion of an object. In the mixer this describes the rolling of particles along the surface of a blade 

or along the internal mixer surface. Table 4.4 details the measured coefficient of kinetic friction. 
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The coefficient of kinetic friction is consistent within experimental uncertainty across all particle 

- surface combinations at approximately 0.05. The coefficient was found to be slightly dependent 

on the velocity, with the coefficient of kinetic friction increasing as speed increased. One 

limitation of this method is that this excludes the effect of air resistance. As the maximum particle 

speed is around 1 m s-1 and the cross-sectional area is 7 × 10-6 m2, the drag is estimated at  

2 × 10-6 N with an estimated drag coefficient of 0.5 (Barry & Parlange, 2018) compared to the 

frictional force of 2 × 10-5 N. The error of 10% introduced by the drag is insignificant when 

compared to the measurement error of 60%. Furthermore, the effect of air resistance within the 

mixer system is expected to be negligible when compared to the duration of the contact time 

with one of these surfaces in the mixer. 

Table 4.4 – Measured particle-surface coefficient of kinetic friction. 

Material 1 Material 2 Coefficient of kinetic friction 
𝜇𝑘 

N-Control ABS 0.05 ± 0.03 
N-Control Aluminium 0.04 ± 0.03 

Urea Aluminium 0.06 ± 0.03 
 

 

 Validation of DEM simulations 

The DEM model validation was performed by comparing the particle behaviour from the DEM 

simulations to data recorded from the high-speed camera analysis. For the validation 100 g of N-

Control (44% Nitrogen polymer coated urea particles) were mixed at a shaft speed of 3.0 Hz. The 

camera view was discretized into 20 distinct regions to analyse flow patterns, as illustrated in 

Figure 4.16.  

To validate the DEM simulations, the velocity of particles in each voxel as measured by DEM and 

particle tracking velocimetry are compared in Figure 4.17. Figure 4.17 Illustrates that in general, 

the particle velocities in each voxel have similar mean and upper and lower quartiles showing the 

model and experimental have similar distributions. Some voxels are noticeably different, such as 

(1,1), (5,1), (1,4) and (2,4), all of which are voxels where the bulk particles are in contact with the 

mixer blades. These differences arise from the high-speed camera imagery being a two-

dimensional method and only able to capture particles on the surface, while DEM can analyse all 

particles in the full three-dimensional volume. The DEM data includes all particles in the specified 

voxel above the shaft position and therefore includes particles further down the blade which 

travel at the same rotational velocity but a slower linear velocity. To better represent the high-

speed camera which can only measure the top particles, an additional dataset was plotted for 

these cells, where the region was restricted to only the top 10% of the blade, covering a vertical 

range of 5 mm which should cover the top 2 layers of particles, similar to what can be imaged by 
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the high-speed camera. The restricted particle selection improves the agreement between the 

DEM and PTV data, with the mean values being almost identical in the (5,1), (1,4) and (2,4) cells. 

 

Figure 4.16 - Coordinate system for analysis of PTV and DEM simulation data. 

After the analysed region of the DEM is restricted, there is still residual error between the DEM 

and PTV in cell (1,1) and (1,2). The error is thought to result from the particle tracking velocimetry 

which uses colour gradients to track individual particles. In the regions of high particle density, 

the combination of the white particles and external lighting creates a very tight colour range, so 

it can be difficult to track particles in this region. Small errors in the identification of particles and 

their location over the short time step can result in large errors in the calculated velocities. The 

poor tracking of particles by PTV in high fill fraction cells explains the large velocity range in cells 

(1,1) and (2,1) as it would be expected that this velocity be controlled by the blade speed and 

therefore have a tight range. Despite these errors, Figure 4.17 generally shows a good agreement 

in the particle behaviour between the DEM and PTV data and provides confidence that the DEM 

accurately describes flow within the mixer. Furthermore, the particle velocities measured in 

Figure 4.17 are comparable to the blade tip velocity of 1.1 m s-1. It is reasonable to expect the 

impact velocities within the system to be approximately equal to or less than the tip velocity. 

Generally, the velocities within the system are equal to or less than 1.1 m s-1, as expected. A small 

fraction of particles have a higher velocity due to some initial momentum orientated in the final 

direction of travel. 
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Figure 4.17 - Comparison of the velocity magnitude of particles in each voxel for PTV data, DEM and 
DEM restricted to top 10% of the mixer. 

To further validate the DEM, Figure 4.18 shows a comparison of the average velocity vector in 

each voxel from DEM and PTV. Generally, there is good agreement between the PTV and DEM 

data however, (2,4), (3,1), (4,4) and (4,1) show some error in vector magnitude and direction. 

Particle behaviour in cell (2,4), (3,1) and (4,1) is characterised by mostly random particle 

movement as a result of collisions and a low particle fill, therefore some error is likely to occur 

and is inconsequential. The error observed in cell (4,4) is thought to originate from the position 

within the mixer. Cell (4,4) is characterised by a low fill fraction, with some particles being 

contacted by the moving blade while others having random trajectories possibly contributing to 

some of the error. The cosine similarity quantifies the error between the experimentally 

measured and DEM derived vectors as 0.83 however, if the low fill fraction cells are removed this 

cosine similarity increases to 0.91. In general, there is a reasonably high level of accuracy of the 

DEM model, with some errors originating from limitations of the PTV analysis, albeit at an 

acceptable level. The validated DEM model can be used to investigate mixer performance under 

different operating conditions.  
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Figure 4.18 - Vector map comparing velocity vectors from the DEM simulations (Blue Arrows) and the 
PTV measurements (Green Arrows). 

 

 Characterisation of mixing  

DEM simulation data was processed to analyse the mixing of two species using the Lacey mixing 

index, as shown in Figure 4.19. Axial and radial mixing were tested for both inwardly and 

outwardly rotating full blade configurations in a HIM. A similar analysis was performed using a 

paddle configuration for the HIM and the rotary drum system to provide a comparison to a 

conventional system.  

 

 Mixing time 

The time required to mix the system is assessed using the Lacey Mixing Index, which provides a 

simple metric through which the relative performance of each mixer can be assessed. As the 

Lacey mixing index is grid-dependent, the HIM systems can be directly compared, but some 

caution should be taken when comparing the rotary drum system. 

Inwardly rotating full blade configuration  

The mixing performance of an initial radial particle split with inwardly rotating full blade 

configuration is shown in Figure 4.19a. Each line represents a different mixing speed, with the 

Lacey index plotted against mixer revolutions. At low speeds all mixing is largely restricted to axial 
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mixing. As the speed increases, the revolutions required to reach a mixed condition decreases 

until a speed of 3.0 Hz. At speeds at and above 3.0 Hz, the system is capable of mixing in three 

revolutions. Mixing is enhanced because at high speeds particles within the mixer become 

airborne, and traverse from one side of the mixer to the other. After particles become sufficiently 

airborne, there will be minimal benefit in increasing rotational speed, which is observed as the 

speed is increased above 3.0 Hz.  

For the same inwardly rotating blade configuration, the mixing behaviour for an initial axial 

particle split can be examined in Figure 4.19b. The results for the axial particle split appear very 

similar to that of the radial split in Figure 4.19a. The mixing progression shows a similar sensitivity 

to the rotational speed however, mixing is slightly slower taking an additional 0.5 revolutions to 

reach the same mixing state.  

It can be observed in Figure 4.19a and Figure 4.19b, that at approximately each full period, the 

rate of change of the Lacey mixing index slows. The pattern occurs because of the circulation 

patterns in the mixer. Particles mostly move axially, driven by the angled blades, upon reaching 

the end of the mixer, there is a small hold-up time before particles traverse down the other side. 

The observed pattern is a result of a large plug of flagged particles from the initial separated 

particles reaching the end of the mixer and accumulating at the end of the mixer. To improve 

mixing in this inwardly rotating blade configuration, blades should be re-angled to increase radial 

mixing in the system.  

Outwardly rotating full blade configuration  

Figure 4.19c shows the progression of the Lacey mixing index for an initial radial particle split for 

an outwardly rotating full blade configuration. The outwardly rotating blades force the particles 

up through the centre of the mixer, thereby resulting in a large amount of radial mixing. In this 

configuration, the mixing proceeds rapidly, regardless of the rotational speed, reaching a fully 

mixed condition in approximately two revolutions.   

The progression of the Lacey mixing index for the initial axial particle split is examined in Figure 

4.19d. The axial initial particle split in Figure 4.19d, shows similar rapid, speed independent 

mixing, where changes in the mixing speed does not alter time number of revolutions required 

to mix the sample, as was also observed in Figure 4.19c. The mixing in the system proceeds very 

consistently as can be seen in the smooth progression of the Lacey mixing index at all speeds. 

This is because the initial axial particle split is easily mixed by the high level of axial mixing in this 

configuration.    
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Figure 4.19- Lacey mixing index for DEM HIM simulations using the full blade design, presented on a 
revolution basis at various rotational speeds for a) inward rotation with a radial particle split b) 

inward rotation with an axial particle split c) outward rotation with a radial particle split d) outward 
rotation with an axial particle split. The red and blue mixers show the direction of rotation while the 

image below shows the initial particle split. 

Outwardly rotating paddle configuration  

The design of the blade dictates the particle flow behaviour that occurs within the mixer. The full 

blade design moves the entire particle bed due to the large flat plane. While the paddle design 

acts on particles towards the outer radius of the mixer. Figure 4.20a and Figure 4.20b shows the 

mixing performance of the outwardly rotating HIM with a paddle blade for the initial radial and 

axial particle splits respectively. The mixing performance of the paddle is poorer than that of the 

full blade. Mixing in the paddle blade system shows speed dependence, where the number of 

revolutions required to reach a mixed condition changes with mixer speed. Higher rotational 

speeds show a long-term offset, which may imply perfect mixing would take a significant length 

of time. An oscillating pattern can be observed, especially in Figure 4.20a, this is thought to be 

caused by pockets of particles of a single flag type falling through the gap that now exists between 

a) b) 

c) d) 
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the paddle’s circular shafts. Interestingly, the mixing performance decreases with increasing 

rotational speed. At lower speeds the particles may mix more in the particle bed in the bottom 

as they cascade more through the open spaces between the blade shafts. At higher speeds, the 

blade may only be interacting with particles in contact with the blade tips, reducing cascading 

mixing. The paddle blade system shows good mixing at slow speeds for radial particle 

distributions. However, more rotations are required to reach a mixed condition at high mixer 

speeds or for axial particle splits. 

 

Figure 4.20- Lacey mixing index for DEM HIM simulations using the paddle configuration, presented on 
a revolution basis at various rotational speeds for a) inward rotation with a radial particle split b) 

inward rotation with an axial particle split. The blue mixers show the direction of rotation while the 
image below shows the initial particle split. 

Rotary drum  

The mixing of particles in drum systems relies on the particles on the outside of the bed moving 

faster relative to those on the inside of the bed. The induced circular flow pattern then mixes the 

particles within the bed. Figure 4.21a and Figure 4.21b shows the progression of the Lacey mixing 

index for an initial 𝑥 axis particle split and diagonal particle split respectively. The rotary drum is 

able to rapidly mix particles with an initial 𝑥 axis particle segregation, as seen in Figure 4.21a. For 

the 0.8, 1.1 and 1.4 Hz systems, approximately 2, 3 and 5 rotations are required respectively to 

reach a mixed condition within the drum. The mixing of the initial diagonal split in Figure 4.21b, 

shows similar performance to the 𝑥 axis split, requiring approximately 2, 2.5 and 6 rotations to 

mix the 0.8, 1.1 and 1.4 Hz systems respectively. 

The number of revolutions to reach a mixed condition for the 0.8 and 1.1 Hz systems are similar 

for 𝑥 axis and diagonal particle splits. The 1.4 Hz diagonal split system is the exception to this, 

taking slightly longer than the 𝑥 axis split. Radial mixing in rotary drums is generally poor as a 

result of the stagnant zone that can result in the middle of the bed. Flights are included in this 

drum design to break up the particle bed, which explains the similar performance and rapid 

mixing of both initial particle splits. For mixing speeds above 1.4 Hz, the flow becomes more 

a) b) 



73 
 

chaotic, reducing the interaction between the particles and the baffles, reducing the mixing in 

the drum.  

Figure 4.22 shows the flow patterns within the rotary drum mixer at different speeds by showing 

snapshots of the system at a given point in time. Counterintuitively, as the mixer speed increases, 

there is a corresponding increase in the required mixing time, which is a result of the changing 

flow patterns within the mixer, visible in Figure 4.22. The 0.8 and 1.1 Hz systems show good 

mixing of the two species in a cascading flow pattern within the mixer. At 1.4 Hz, the system 

become more chaotic as the flow beings to develop into cataracting flow. For the 1.4 Hz system, 

pockets of particles carry over from the top to the bottom of the particle bed, resulting in minimal 

interaction with the bulk bed, thereby reducing mixing in the system.  

The different flow behaviour within the rotary drum at different speeds alters the Lacey mixing 

index for the initial zero-time measurement. This can be observed in Figure 4.21a and Figure 

4.21b, where the Lacey mixing index at zero revolutions decreases as the rotational speed 

increases. This phenomenon occurs because at higher rotational speeds, the particles become 

more dispersed throughout the system. The greater level of dispersion throughout the mixer 

changes the number of voxels being counted for the Lacey mixing index. Generally, the additional 

voxels have a low particle fill and can bias the Lacey mixing index, especially early in the mixing 

progression. This is a limitation of the application of the Lacey mixing index to system with varying 

number of active voxels and should be considered when comparing the mixing behaviour.  

The mixing behaviour in the rotary drum is significantly different to the HIM. The rotary drum 

shows a higher initial Lacey mixing index, resulting from the different grid and mixer geometry 

compared to the HIM. However, the progression of the Lacey mixing index is similar to that of 

the HIM, reaching a mixed value in 2 to 2.5 revolutions. However, the slower rotational speed 

results in a much longer mixing time. 

The mixing behaviour of the rotary drum observed here is consistent with the previous work 

within the literature. While the particle flow regime within a rotary drum is within the rolling and 

cascading regime, increases in the rotational speed of the drum results in improved mixing 

performance. However, once this flow transitions into the cateracting flow there is a reduction 

in the mixing performance (Gui, Gao, & Ji, 2013). It should be noted that the addition of a liquid 

into the system, such as for CRF coating operations, may significantly alter the particle flow 

behaviour and hence the mixing performance (Liu, Yang, & Yu, 2013). Furthermore, mixing in 

these drums is sensitive to the drum fill level, so to achieve good mixing performance systems 

should be designed for a given fill level (Yang, Cahyadi, Wang, & Chew, 2016).  
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Figure 4.21 - Lacey Mixing index for rotary drum mixing for an initial a) 𝒙 axis split and b) diagonal split 
at various rotational speeds. 

  

Figure 4.22 - Rotary drum flow patterns during mixing at different rotational speeds. The black and 
blue particles track the initial particle split during the mixing process. The dotted red lines indicate the 

position of the internal flights.  

a) b) 
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 Mixing forces  

In mixing granular materials, the forces experienced by the particles could lead to particle 

breakage. Therefore, mixing operations should be optimised with consideration given to the 

forces experienced within mixer as well as the mixing performance. 

HIM full blade configuration  

The mean force experienced by particles in the HIM at different speeds is shown in Figure 4.23. 

The mean forces for both inward and outward rotating systems are essentially identical at all 

speeds. The similarity is expected, as the mean is dominated by the large number of particles 

residing in the bottom of the mixer. For both configurations, the mean force is approximately  

1.5 × 10-3 N at 1.3 Hz increasing to approximately 2.5 × 10-3 N at 4.3 Hz. These particles experience 

similar forces as they are pushed around the mixer, albeit in a different direction. 

The standard deviation illustrates the range of forces experienced by the granules in the HIM and 

is shown in Figure 4.23. At speeds below 3.0 Hz, the outwardly rotating shafts show a much higher 

standard deviation and therefore, larger variance of forces experienced by the particles in the 

system. The higher forces result from the particles being pushed together through the densely 

populated central body of the mixer. At speeds higher than 3.0 Hz, the standard deviation of the 

force experienced in the inwardly and outwardly rotating shafts is essentially identical. This is 

because the particles in both systems have sufficient energy to become airborne in spray zone 

and collide with other blades and surfaces, which is the region where these maximum forces 

occur.  

 

Figure 4.23 - Mean (μ) and standard deviation (σ) of forces experienced by particles at each motor 
speed for the simulated inwardly and outwardly rotating shaft configurations in the lab scale HIM 

using the full blade design, operating at various rotational speeds. The red and blue mixers show the 
direction of rotation. 
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HIM paddle configuration 

The paddle geometry alters the mixing performance as well as the forces experienced by the 

particles, Figure 4.24 shows the mean and standard deviation of the forces experienced by 

particles in the mixer, rotating inwardly and outwardly at various speeds. It can be observed that 

particles experience a similar mean force to the full blade design however, the particles 

experience a significantly higher standard deviation of forces. This increased standard deviation 

is thought to result from the different flow patterns occurring within the mixer and the impact of 

particles with the tip of the mixer. Particles in the inwardly and outwardly rotating systems 

experience mean forces similar in magnitude to the full blade systems. The standard deviation of 

the forces in the inwardly rotating system is also similar to the full blade system, while the forces 

in the outwardly rotating system are approximately double those in the outwardly rotating full 

blade system. Interestingly, the standard deviation of the inwardly rotating system increases 

rapidly at 4.3 Hz and is approximately equal to the outwardly rotating system. This may be due 

to a few rogue particles getting trapped in the mixer geometry somewhere. Standard deviation 

indicates the likelihood of particle breakage in these systems, with high standard deviation 

corresponding to high probability of breakage.   

 

Figure 4.24 – Mean (μ) and standard deviation (σ) of forces experienced by particles at each motor 
speed for the simulated paddle configuration rotating both inwardly and outwardly. The red and blue 

mixers show the direction of rotation. 

Rotary drum  

Figure 4.25 shows the mean and standard deviation of the forces experienced by the particles in 

the rotary drum system at various speeds. As the rotational speed increases, particles reside 

higher up in the drum, as seen in Figure 4.22, and drop with a greater velocity, thereby 

experiencing greater forces. Despite the greater forces experienced as speed increases, there is 

very little change in the calculated mean force. This is because the increased force is only 
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experienced by the small fraction of particles traversing from the top of the mixer back to the 

bottom. The bulk of the particles in the bed experience a small consistent force, which dominates 

the mean force. The standard deviation is observed to increases linearly over the range from  

3 × 10-3 N at 0.8 Hz, up to 5 × 10-3 at 1.4 Hz. 

The mean force experienced by the particles in the rotary drum system is comparable to those 

experienced by particles in the HIM. However, the standard deviation in the mean force 

experienced by the particles in the rotary drum system is only comparable to the HIM system 

when operated in an outwardly rotating configuration, at speeds below 2.0 Hz. At speeds above 

2.0 Hz or in an inwardly rotating configuration, the standard deviation of the mean forces in the 

HIM is significantly higher than the rotary drum.  

 

Figure 4.25 – Mean (μ) and standard deviation (σ) of the net force on particles within the simulated 
rotary Drum at various rotational speeds (Excluding gravity). 

 

 Comparison of mixing performance  

Both the inwardly and outwardly rotating, full blade, HIM configurations are capable of rapid 

mixing. However, the outwardly rotating, full blade configuration provides more rapid mixing and 

is independent of the speed of rotation. Two distinct operating conditions exist for the HIM, 

below 3.0 Hz and above 3.0 Hz. At speeds below 3.0 Hz, the standard deviation of the particle 

forces for the outwardly rotating, full blade system is approximately double that of the inwardly 

rotating, full blade system. However, the outwardly rotating system requires less than half the 

revolutions of the inwardly rotating to mix the particles. At speeds above 3.0 Hz, the forces and 

mixing times in the two configurations are similar. It can therefore be established that for 

operations below 3.0 Hz, an outwardly rotating shaft configuration minimises mixing time while 

the inwardly rotating configuration minimises particle breakage. Above 3.0 Hz both 



78 
 

configurations perform similarly for blending operations. If the force to break the particles is 

significantly greater than the forces measured here, then mixing operations can be optimised 

with respect to mixing time only. It is possible that the mixing performance in the inwardly 

rotating scheme could be improved by redesigning the blades to incorporate additional radial 

mixing. On the basis of these results, it is advised that outwardly rotating, full blade configuration 

is implemented for optimal mixing.  

The paddle configuration for the HIM shows poor mixing performance requiring approximately  

3 revolutions at speeds from between 1.3 Hz and 2.3 Hz to mix the system. Furthermore, at 

speeds greater than 2.3 Hz, an oscillating long-term offset in the Lacey mixing index exists. 

Particles generally experience similar forces to those in the full blade except for the standard 

deviation in the outwardly rotating system, which is approximately double that of the full blade.  

Although the mixer performance is generally worse than the full blade system, the paddle blades 

are likely to be easier to manufacture. At a larger scale, the full blade systems will add significantly 

more weight and inertia into the system and also be harder to clean than the paddle design. 

Overall, for the production of CRF, the full blade system would be recommended over the paddle 

design. These results may vary with scale up as the size of particles relative to the system changes. 

The full blade system is still expected to have superior mixing at different scales, as there is 

greater blade surface area to move particles and encourage mixing.  

The mixing performance of the rotary drum can be compared with the optimal HIM 

configuration, which was with outwardly rotating blades. For this purpose, an arbitrary Lacey 

mixing index of 0.95 was considered to represent a fully mixed condition. The HIM is capable of 

mixing axial and radial particle splits in two revolutions at speeds between 1.5 to 4.3 Hz, 

representing mixing times of between 1.3 and 0.5 s. As the mixing speed increases the mean 

force experienced by the particles remains relatively constant at 1.5 × 10-3 N however, the 

standard deviation increases from 4 × 10-3 N to 20 × 10-3 N. The speed-independent mixing is 

beneficial as the mixing speed can be increased to reduce mixing time until maximum force limit 

is reached. The rotary drum is capable of mixing diagonal and 𝑥 axis particle splits within two 

revolutions at 0.8 Hz, representing a mixing time of 2.5 s. During this mixing, particles 

experienced a mean force of 1.5 × 10-3 N, with a standard deviation of 3 × 10-3 N. The mean net 

force experienced by the particles within the rotary drum is comparable to that in the HIM at 

around (1.5 – 2.0) × 10-3 N. The standard deviation is also comparable with the rotary drum having 

a standard deviation of 5 × 10-3 N at 1.4 Hz, while the HIM has a standard deviation of  

(4 – 8) × 10-3 N at 1.5 Hz. 

The HIM compared to the rotary drum provides significantly improved mixing, reducing mixing 

times by 35% to 75%. The agitation that exists in the HIM may be beneficial for mixing blends of 

various sizes and to maintain a homogeneous mixture. It is important to note that the added 

complexity of the HIM will likely add additional capital costs, but operating costs may be lower 

as only the shafts are rotated rather than the full mixer body. The capital costing of a rotary drum 

system is detailed in Chapter 3. 
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 Conclusions  
HIMs represent a new, emerging technology for use in the production of CRFs. The rapid and low 

shear blending possible with a HIM make it an attractive alternative compared to current 

production methods such as rotary drums and spouted fluidized beds. 

This chapter examined the feasibility of using a HIM for CRF production by designing and building 

a small-scale HIM. A discrete element method model of this mixer was developed using 

experimentally measured contact parameters to enable the simulation of this mixer under 

different operating conditions. The discrete element method (DEM) simulations were validated 

using particle tracking velocimetry measurements of the small-scale mixer during operation.  

The analysis of the HIM showed rapid, speed-independent mixing for the outwardly rotating shaft 

rotation and generally slower speed-dependent mixing for the inwardly rotating configuration. 

Based on a combination of the mixing time and forces experienced by particles during coating, 

two different operating conditions were identified. At motor speeds below 3.0 Hz, it is 

recommended that an outwardly rotating configuration be adopted due to the rapid mixing 

despite the higher forces experienced by the particles. At motor speeds above 3.0 Hz, either 

configuration can be used with similar performance.  

Compared to the conventional rotary drum technology, the proposed HIM represents a 

significant improvement in CRF mixing performance. The HIM was found to be able to reduce 

mixing times by 35% to 75% whilst maintaining a low shear environment. It is believed that the 

HIM, even in its current form represents a major improvement to mixing and coating operations 

in the agri-nutrient industry. With further development and optimization, this technology is 

expected to represent a major advancement in current practices and improve the production of 

CRF.   
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5 Modelling of inter- and intra-particle coating variability 
 

Membrane coatings are applied to granulated fertiliser formulations to produce controlled 

release fertilisers (CRFs). The quality of these polymer coatings determines the performance and 

homogeneity of the CRF product. As the coating performance is related to the mixing 

performance, this chapter references results from Chapter 4 to simulate the coating process in 

the high intensity mixer (HIM) and rotary drum mixers.  

In controlled release systems, coating thickness dictates the mass transport through the 

membrane, so it is essential to understand how the design and operation of the coating system 

affects coating thickness. Two types of coating variability exist, inter-particle and intra-particle 

variability. Inter-particle variability examines the distribution in the total polymer applied to each 

particle within a population. The intra-particle variability examines the distribution of a coating 

around the surface of a single particle.  

Historically, mixing in granular systems was measured using techniques like physical sampling 

and image analysis (Van Puyvelde, Young, Wilson, & Schmidt, 1999). The residence time of 

particles in different zones of the mixer can be established from these experimental 

measurements. For coating operations, the residence time distribution of particles in the spray 

and circulation regions can be used to describe the inter-particle coating variation (Mann, 1983; 

Mann, Rubinovitch, & Crosby, 1979), which is found to be proportional to the reciprocal of the 

square root of the total coating time (Richard Turton, 2008). The inter-particle coating variability 

can also be assessed by measuring the mass gained by a sample of particles over the coating 

period (Paulo Filho, Rocha, & Lisboa, 2006). 

When analysing mixing and coating systems experimentally, results are limited to those 

parameters that can be physically measured. These measurable characteristics can be difficult, 

costly or time consuming to obtain. Utilizing discrete element method (DEM) modelling the 

measurement of parameters across all particles in the system, at any point in time is made 

possible. Measurable parameters include position, residence times, forces, linear and rotational 

velocities. Furthermore, once the model has been validated, DEM models can be used for rapid 

simulation of various operating conditions.  

The modelling of spray coating systems can be complex, and a wide range of approaches have 

been taken to simulate particle coating. It is not always necessary to simulate individual contacts 

between particles and spray droplets to model the coating process. Generally, the residence time 

of a particle within the spray zone per pass is used as a proxy for the coating mass gain with time 

(Ketterhagen, 2011). The definition of the spray zone therefore, is a key component of a coating 

model. Some models consider a point source conical spray profile from the nozzle (Hilton, Ying, 

& Cleary, 2013), while others consider a rectangular spray zone (Toschkoff et al., 2013). The spray 

application itself can be modelled as a constant flow, homogeneously spread across the entire 



81 
 

spray zone. Alternatively, the spray application can be modelled as individual droplets with 

random variations, as would be found in real systems.  

The method of modelling the coating application onto particles within this defined spray zone 

also varies greatly. Some models consider a point source polymer application (Toschkoff et al., 

2013), other models simply consider a two-dimensional grid, where the top most particle in any 

single cell receives an unobstructed polymer application (Li et al., 2013). More advanced models 

consider shadowing and situations where only a fraction of the surface receives a polymer 

application (Kumar et al., 2015). Caution must be taken when a two-dimensional grid approach 

is used to determine the polymer application as this grid dependent method may apply discrete 

limits on the system (Li et al., 2013). Considerations should also be given to the projected area 

exposed to the spray and the true surface area of the particle, as this changes the polymer coating 

thickness over the surface. The coating process can also be simulated using DEM by considering 

a wet particle model to simulate the coating process (Darabi, Pougatch, Salcudean, & Grecov, 

2011; Schmelzle, Asylbekov, Radel, & Nirschl, 2018; Washino, Chan, Miyazaki, Tsuji, & Tanaka, 

2016). It should be noted that these wet particle models are highly computationally intensive.  

DEM simulations have been used to simulate particle flow within a system similar to a HIM and 

identified preferential coating of smaller particles (Li et al., 2013). Particle segregation within the 

mixer resulted in a higher proportion of smaller particles residing in the polymer spray zone, 

thereby increasing the inter-particle coating variability. Furthermore, smaller particles are also 

less likely to receive shadowing from other particles in the system purely based on their size (Li 

et al., 2013).  

Simulations of a rotary drum using the DEM simulations, identified the drum diameter as a key 

parameter for the coating performance (Ban, Kumar, Agarwal, & Wassgren, 2017). The diameter 

of the drum relative to the size of the particle heavily influences the shape of the inter-particle 

coating thickness distribution. In systems with a small drum diameter relative to the particle size, 

an asymmetric inter-particle coating distribution can result. While larger drum diameters have 

more symmetric profiles (Ban et al., 2017).   

While inter-particle variations are relatively easy to estimate using experimental and modelling 

techniques, the intra-particle variations are often much more complex. Simulating the intra-

particles coating variability can be very computationally heavy as the rotational orientation of 

each particle must be recorded throughout the simulation. Experimental trials of a coating pan 

showed a speed and shape dependence of the intra-particle coating variation (Wilson & 

Crossman, 1997). DEM simulations of a coating pan also showed a high sensitivity of the intra-

particle variability to the particle shape. The inter-particle variability, however, was found to be 

relatively insensitive to shape effects (Ketterhagen, 2011). Hence both intra- and inter-particle 

coating variations should be analysed to determine coating performance. 

A Monte-Carlo approach has been used to simulate a polymer spray application to a single sphere 

based on random orientations in the spray zone. The coefficient of variation of the coating 
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thickness was found to follow the reciprocal of the square root of the spray zone entries (Freireich 

& Wassgren, 2010), which is a function of total coating time and mixer speed.     

A discrete element method coupled with computational fluid dynamics (DEM-CFD) model has 

been used to simulate individual spray droplet collisions in a fluidized bed system. A coating 

factor, which describes the deviation from a perfectly coated particle was used to assess air 

inflow velocities and Wurster spacing within the system (Hilton et al., 2013). DEM-CFD 

simulations have also been used to simulate wet particle mechanics, to model the interactions 

between the polymer and the spray, which is found to depend heavily on the droplet size. Both 

the total applied polymer and quality of the membrane coating relied on optimising the collision 

between the particle and droplet (Suzzi, Radl, & Khinast, 2010). 

This chapter examines the coating performance of a HIM to assess the feasibility of using this 

technology for CRF production. Using the validated model from Chapter 4, the coating 

performance of the HIM at various operating conditions is assessed. Simulations of a rotary drum 

also provide a comparison of the relative performance of a HIM to conventional manufacturing 

methods. The inter- and intra-particle coating variations, combined with the mixing simulations 

in Chater 4, are used to identify optimum operating conditions for CRF production. 
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 Modelling procedure 
Experimental measurements of CRF coating performance can be difficult, as a large quantity 

of coated particles need to be individually examined to obtain quality data on the particle 

scale. Modelling techniques, however, can be used to individually model the entire particle 

population from within a mixer to assess the coating performance. In this study, the DEM 

simulations of a HIM and rotary drum coater from Chapter 4 are used to examine the inter- 

and intra-particle coating variation. The DEM provides particle location data which is then 

post-processed in MATLAB® to perform the coating simulation on individual particles.  

The particle location data was extracted from the DEM simulations presented in Chapter 4 

which were performed by Julian Chee an honours student and Dr Daniel Clarke and Megan 

Danczyk, PhD candidates in the Department of Chemical and Process Engineering at the 

University of Canterbury, using the open source LIGGGHTS® DEM code (Kloss et al., 2012). All 

analysis of the DEM results was performed by the author.  

 

 Assessment of the inter-particle coating variability 

In coating operations, particles are contacted with an atomized polymer from a spray nozzle 

positioned above the mixer. The polymer then spreads over the particles via viscous flow and 

disperses amongst the population through collisions between surrounding particles as it cures 

within the mixer. The homogeneity of the coating distribution across the population is critical 

to produce high quality CRFs with uniform release properties. In this study, a model of the dry 

particle coating process has been developed to characterise the inter- and intra-particle 

coating variability. It should be noted that this is a dry particle model and does not consider 

redistribution of liquid during contacts or via viscous flows and examines only the application 

of polymer from the spray nozzle. In this chapter, the term “spray zone” refers to the volume 

in the mixer where particles may receive a polymer contact. The term “spray contact” refers 

to the event where a particle receives a polymer application.  

Using the DEM data, the residence time of particles in the spray zone can be assessed by 

examining the position data of each particle at each time step. The DEM simulation supplied 

the position data for individual particles at 1 ms intervals. For this model during each time 

step, the particle’s position is considered stationary and hence, the continuous polymer 

application into the mixer is discretised into 1 ms bursts. During this 1 ms burst, the particles 

are considered stationary. The particles exposed to the spray then receive an application for 

the full duration of the 1 ms time step. Afterwards, the particle locations are updated for the 

next time step and the exposure of each particle to the spray is reassessed. For a particle to 

receive a spray contact, it must be in the spray zone and have an unobstructed line of sight to 

the spray nozzle, i.e. any particles shadowed from the spray by a particle above will not be 

counted, as shown in Figure 5.1. The DEM data was processed by initially excluding any 

particles below the central shaft, then discretising the two-dimensional 𝑥 - 𝑦 plane within the 

spray window into 32 x 43 cells. Each particle within the 𝑥, 𝑦 bounds of the cell was examined 

and the highest particle in the voxel was considered to receive a polymer application. 
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Figure 5.1 - HIM visualisation of polymer coating application and spray zone, illustrating particles 
within the mixer are shadowed by those above, meaning only the topmost particles receive a 

polymer application. 

Figure 5.2 illustrates the simulation of the polymer spray application in the spray zone. Each 

of the spray zone voxels measures one particle diameter in the 𝑥 and 𝑦 dimensions, while it 

extends from the top of the mixer to the central shafts in the 𝑧 direction. Each particle is 

binned into these voxels based on the centre of mass of the particle. Each particle is 

considered to exist within one single voxel and not traverse multiple voxels. The spray is 

applied to the particle with the highest centre of mass in that voxel, that is the particle closest 

to the spray nozzle. In reality, particles would receive partial coatings based on the shadowing 

of the particles above them. Furthermore, this assumes a completely vertical spray 

application of constant flux, where in real systems a spray pattern will exist with flux varying 

with the distance from the spray nozzle. The assumptions used here vastly reduce the 

computational time. 

 

Figure 5.2 - Visualisation of spray zone mesh grid in one dimension. Red particles show those being 
contacted with polymer spray, while grey particles are considered to not receive any polymer 

spray. 

 

 Assessment of the intra-particle coating variability 

The intra-particle coating variability describes the variation in the coating over the surface of 

a particle. The coating thickness determines the resistance offered by the polymer and the 

probability of membrane failure, due to poorly coated regions. Measuring this experimentally 
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is difficult as particles must be measured individually using techniques such as micro-X-ray CT, 

nuclear magnetic resonance (NMR) or optical methods, which are costly and time consuming. 

Producing a basic model to simulate the polymer spray application onto a particle can provide 

a useful insight into the intra-particle coating variability. 

The polymer coating process is performed on individual particles, by randomly selecting 

particles from the DEM simulated population. If the desired coating time exceeded the 5 s 

DEM simulation time, the data were extended by randomly selecting another particle and 

concatenating the data. The short mixing times mean that the system is sufficiently 

randomised over these 5 s periods that the dataset can be extended with little impact on the 

randomness of the system. The original DEM simulation produced 6 s of data, but the first 

second is discarded.  

Each particle was simulated individually and was generated as a 3 mm diameter sphere, 

comprising of 512 triangles to form a surface mesh in Cartesian coordinates. The sphere 

meshing was performed using an open source MATLAB code to generate stl 

(stereolithography) points (Arso, 2012), this code is reproduced in Appendix D. 

The particle’s position is tracked in the mixer throughout the simulation and for each unique 

spray zone entry, a random initial entry orientation is assumed, and a new angular velocity 

sampled. The angular velocity is sampled from a distribution of rotational velocities generated 

from all particles across all time steps in the DEM data, that receive a polymer application. 

The angular velocity is considered constant for the duration of a unique spray zone entry. 

Figure 5.3 shows the modelling of a particle as it traverses the spray zone. The initial 

randomised orientation for that spray zone entry is illustrated as the yellow dot in Figure 5.3. 

During the spray zone visit, the particle is rotated each time step by a rotation matrix. In 

reality, the particle remains fixed, however, the position of the spray vector is rotated to same 

effect. 𝜃𝑥, 𝜃𝑦, 𝜃𝑧 are angular rotations about the 𝑥, 𝑦 and 𝑧 axes respectively and are 

generated from the sampled angular velocities, 𝜔𝑥, 𝜔𝑦 and 𝜔𝑧 by multiplying by the time step 

of 1 ms. The rotation matrix then finds the new spray position, 𝑥′⃑⃑  ⃑, from the position at the 

last time step 𝑥 .  

𝑥′⃑⃑  ⃑ = [
1 0 0
0 cos 𝜃𝑥 −sin 𝜃𝑥

0 sin 𝜃𝑥 cos 𝜃𝑥

] [

cos 𝜃𝑦 0 sin 𝜃𝑦

0 1 0
− sin 𝜃𝑦 0 cos 𝜃𝑦

] [
cos 𝜃𝑧 −sin 𝜃𝑧 0
sin 𝜃𝑧 cos 𝜃𝑧 0

0 0 1

] 𝑥  

 

(5.1) 

Note that the actual position of particles within the spray zone is not modelled, only its 

orientation. Spatial information is only useful when modelling the entire system or if a non-

uniform spray application was modelled. Rather, DEM position data is processed prior to the 

simulation to identify when each particle is contacted with a polymer, as described in Section 

5.1.1. This vastly reduces the computation time as the particles are only tracked during spray 

zone entries where they receive a polymer application, rather than for the entire coating time. 

For this model, a homogeneous polymer spray with a purely vertical velocity profile is 

assumed, which is justified on the basis that the diameter of the particles is much less than 

the size of the opening.  



86 
 

 

Figure 5.3 - Diagram of the particle behaviour in the spray zone, where the rotation of the particle 
through its flight alters the surface exposed to the polymer spray.  

Each unique spray zone entry may consist of a few individual coating events. Therefore, the 

particle’s orientation during this time must be tracked, whether it is receiving a polymer 

application or not. As each unique entry event re-randomizes the orientation and angular 

velocity, there must be criteria for what determines a new spray zone entry. Three conditions 

are considered to result in a new spray zone entry: (1) the time for a particle to complete a 

full rotation based on the angular velocity, (2) the time between collisions for a particle, and 

(2) the mixer circulation time. If any of these characteristic times are exceeded, then the 

orientation in the spray zone can be assumed random and a new unique spray zone can be 

considered for the next polymer application. 

The polymer application onto the meshed sphere varies with the curvature of the particle due 

to changes in the surface area exposed to the spray. Figure 5.4a shows the variation in 

polymer application around a sphere as a function of the red colour intensity. This polymer 

application is calculated using vector projection. For each face on the meshed sphere, the 

normal face vector of unit length is generated using the cross product 𝑎 × �⃑�  of the two vectors 

𝑎  (𝑎1, 𝑎2, 𝑎3) and �⃑�  (𝑏1, 𝑏2, 𝑏3) defined by the three vertex points. The normal vector 

generated from the cross product (𝑣𝑖⃑⃑⃑  ) needs to be divided by the magnitude of the vector to 

form the normal vector of unit length (𝑣𝑖𝑛⃑⃑ ⃑⃑  ⃑) 

𝑣𝑖⃑⃑⃑  = 𝑎 × �⃑� = |
𝑎2 𝑎3

𝑏2 𝑏3
| , − |

𝑎1 𝑎3

𝑏1 𝑏3
| , |

𝑎1 𝑎2

𝑏1 𝑏2
| (5.2) 

𝑣𝑖𝑛⃑⃑ ⃑⃑  ⃑ = 𝑣𝑖⃑⃑⃑  /‖𝑣𝑖⃑⃑⃑  ‖ (5.3) 

The position of the top of sphere, closest to the spray application, is used to generate the 

spray normal vector (𝑣𝑠⃑⃑  ⃑). The scalar projection of normal spray vector and normal face vector, 

of the same origin, 𝑃𝑟𝑜𝑗 𝑣𝑖⃑⃑  ⃑ 𝑣𝑠⃑⃑  ⃑, gives the projection of the spray vector onto the normal vector 

of the face. This is calculated for all faces of the sphere for each time step. 

𝑃𝑟𝑜𝑗𝑣𝑖𝑛⃑⃑ ⃑⃑ ⃑⃑   𝑣𝑠⃑⃑  ⃑ =
𝑣𝑠⃑⃑  ⃑. 𝑣𝑖𝑛⃑⃑ ⃑⃑  ⃑

𝑣𝑖𝑛⃑⃑ ⃑⃑  ⃑. 𝑣𝑖𝑛⃑⃑ ⃑⃑  ⃑
 

(5.4) 
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This concept is illustrated Figure 5.4b, which shows the calculated vector projection around 

the sphere. Any dot product less than zero indicates that the face does not receive any 

polymer and is set to equal zero in calculating the polymer application.  

 

Figure 5.4 – Determination of the amount of polymer spray each point on the spherical surface 
receives based on the projection of the spray vector onto the normal vector at that point.   

The amount of polymer applied to each face for each time step can be determined by 

multiplying the vector projection by the time step, to give an effective time each face is 

exposed to the full spray, in units of s. Multiplying the effective time receiving the spray by 

the polymer mass flux in units of kg m-2 s-1 and dividing by the polymer density in units of kg 

m-3 gives the thickness of the polymer coating in units of m. It is assumed the polymer is 

spread evenly over each individual face, which is approximately 6 × 10-8 m2 in area. A single 

polymer spray application onto a particle using this method is shown in Figure 5.5. 

This spray application model assumes no movement of the polymer on the surface of the 

particle. In real systems the polymer becomes distributed around the surface due to viscous 

flow or onto other particles through particle contact, slightly improving the homogeneity. This 

viscous flow is difficult to model as the viscosity of the polymer changes as the polymer cures. 

However, the viscosity of the polymer is high, and thickness of the layer is thin, resulting in a 

low driving force for flow. Thus, it is reasonable to ignore viscous flow effects. 
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Figure 5.5 - Application of a polymer spray onto a 3 mm diameter particle based on a random 
spray vector for a single time step of 1 ms and polymer application of 1 × 10-11 kg m-2 s-1. 

 

 Analysis of a rotary drum system 

Examining the coating performance in a rotary drum enables a comparison of the HIM to a 

conventional technology used to produce CRFs. Similar to the HIM, this section uses DEM data 

from Chapter 4 which modelled the particle flow in the system to simulate the coating 

performance in the mixer. The same procedure was followed for the inter- and intra-particle 

coating variability as for the HIM.  

The particle location data from the DEM simulation was processed in MATLAB to estimate the 

coating time experienced by each particle. The spay zone was defined as the area below a 45° 

line passing through the centre of the drum, as shown in Figure 5.6. The spray zone was 

discretized into 67 radial slices of 0.047 radians in the 𝑥 - 𝑦 plane, with 15 slices in the 𝑧 plane 

for a total of 1005 voxels across the spray zone. The radial slices were designed to have a 

width of one particle diameter at the top of the particle bed. For each time step of 1 ms, the 

particles were sorted into these voxels, with the particles closest to the centre of the drum 

recorded as receiving polymer spray for the entirety of the time step.  
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Figure 5.6 – Defined spray zone for the rotary drum simulations. The spray zone was defined as a 
cylindrical mesh, with each voxel measuring one particle diameter in width and length at the 

average bed height, extending out radially. 
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 Results and discussion  
This section details the simulated coating performance of the HIM and rotary drum system. 

When examining the data in this chapter, it is important to consider the assumptions of this 

analysis. The defined spray zones are arbitrary in that they represent the lab scale mixer build 

in Chapter 4. These mixers may be redesigned to optimise the size of the spray zone for 

industrial applications. Furthermore, during the coating application, there may be situations 

where a polymer spray does not contact a particle. In this model it is assumed that this 

polymer becomes deposited on the blades or wall of the mixer and is ignored. In the future, 

a wet particle model might enable more accurate simulation of the polymer deposition.  

 

 Assessment of inter-particle coating variability 

The inter-particle coating performance of a mixer was assessed by examining the distribution 

of the total coating time of each particle within the system. As the polymer application rate 

is generally constant, the coating time is considered proportional to the amount of coating 

each individual particle receives. 

 

 High intensity mixer full blade configuration  

In the inwardly rotating, full blade configuration, particles are lifted around the edge of the 

mixer and are propelled across the mixer body, through the spray zone. Figure 5.7 shows the 

spray contact residence time of particles at different mixer speeds. At speeds below 2 Hz, 

insufficient force is applied for particle hold-up in the spray zone and hence, a near zero 

coating time is observed. As the speed is increased above 2 Hz, the larger force allows for a 

longer hold-up in the spray zone above the central shafts. Figure 5.8 shows the distribution 

of the spray contact residence times around the mean for both inwardly and outwardly 

rotating, full blade systems. There is a large variation in the spray contact residence time 

experienced by the particles in the system as seen in Figure 5.8a. The residence time 

distribution shows some sensitivity to the mixer speed, with the distribution tightening 

around the mean as the speed increases. For coating purposes, the speed dependence may 

be beneficial, as the speed of the system can be adjusted to achieve a desired level of variance 

in the final product. However, the generally broad nature of the spray zone residence time 

distribution may result in a poor polymer homogeneity.  

The outwardly rotating blade residence time in Figure 5.7, produces much longer residence 

times than the inwardly rotating configuration. The outwardly rotating system propels 

particles up through the centre of the mixer, concentrating particles around the centre of the 

mixer. The high density of the particles in the centre may lead to significant particle 

shadowing, as only the topmost particles receive a polymer application. This may be beneficial 

as the particles may receive higher frequency, shorter duration coating applications. The 

outwardly rotating configuration also encourages a relatively high spray coating residence 

time even at slow rotational speeds. Figure 5.8b shows some speed dependence with the 

distribution tightening around the mean as the speed increases however, the speed 

sensitivity is less than for the inwardly rotating system.     
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For optimum coating in a HIM, it is suggested that an outwardly rotating configuration be 

used due to the tight residence time distribution and high mean spray zone residence times. 

It is important to note that the tuning of the residence time distribution of the outwardly 

rotating system is more difficult due to the low sensitivity to speed. If changes to the 

residence time distribution are required after commissioning, this would likely require a 

redesign of the blade geometry.  

 

Figure 5.7 - Mean residence time for particles in the spray zone for inward and outward rotation 
schemes within the simulated HIM at various rotational speeds. 

 

Figure 5.8 - Distribution of spray zone residence times (t) around the mean time (μt) for a) 
inwardly rotating schemes and b) outwardly rotating schemes within the simulated HIM at various 

rotational speeds. 

For any system, there would be a theoretical maximum mean residence time, based on the 

area of the spray zone, particle cross sectional area and the number of particles within the 

system, as for any system. As the rotational speed of the inwardly rotating blades increases 

in Figure 5.7, the mean residence time appears to approach an asymptote, where a practical 

residence time limit may exist. Although increasing the mixer speed beyond this point won’t 

a) b) 
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change the spray zone residence time, it may alter the frequency of appearances in the spray 

zone which is also a key metric for intra-particle coating distribution.  

 

 High intensity mixer paddle configuration  

The paddle configuration represents a conventional blade design currently used within the 

cereal industry. Figure 5.9 shows a comparison of the mean spray contact residence time for 

the full blade and paddle design. The paddle shows a much lower mean spray zone residence 

time than the full blade system but follows a similar trend. The lower residence time is a result 

of the smaller cross-sectional area of the paddle reducing the number of particles propelled 

into the spray zone. Figure 5.9 shows the spray contact residence time distribution around 

the mean for the outwardly rotating paddle and full blade designs. The paddle produces a 

broader spray contact residence time distribution compared to the full paddle as seen in 

Figure 5.10. As the mixer speed is increased the spray contact residence time distribution 

tightens around the mean up to 2.6 Hz. Speeds faster than 2.6 Hz render no improvement in 

the residence time variability. The paddle would not be recommended for CRF particle coating 

due to the low mean spray zone residence time and high variability.  

 

 

Figure 5.9 - Mean residence time in the spray zone for an outward rotating HIM, comparing the 
original and paddle designs at various rotational speeds. 
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Figure 5.10 - Distribution of spray zone residence times (t) around the mean time (μt) for a) 
outwardly rotating paddle design and b) the outwardly rotating full blade design within the 

simulated HIM at various rotational speeds. 

 

 Rotary drum 

Figure 5.11 shows the mean and standard deviation of the spray contact residence time for 

the rotary drum at various speeds. The mean residence time is observed to be relatively 

constant at approximately 0.01 across all rotational speeds. As the rotational velocity of the 

drum increases, particles experience higher linear velocities and receive more frequent, 

shorter spray applications. As the drum speed increases from 0.8 to 1.4 Hz there is a 40% 

reduction in standard deviation in the spray contact residence time, resulting in greater inter-

particle homogeneity.  

Figure 5.12 shows the spray contact residence time around the mean for the rotary drum 

system. Across all speeds, the rotary drum produces broad spray contact time distributions, 

with speeds of 0.8 and 1.1 Hz showing a log-normal distribution, while 1.4 Hz shows an 

approximately normal distribution. The large variability of residence times will cause a highly 

variable CRF product. In order to reduce the variability, the drum speed and total coating time 

can be further optimized however, it is likely a large variability will still exist. From the 

available data, it is recommended to use an operating speed of 1.4 Hz for coating operations 

using this mixer design as this provides the tightest residence time distribution, with a mean 

residence comparable to all other speeds. 

a) b) 
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Figure 5.11 - Spray zone mean residence time and standard deviation at various speeds within the 
simulated rotary drum at various rotational speeds. 

 

Figure 5.12 - Distribution of spray zone residence times (t) around the mean time (μt) for the 
simulated rotary drum at various rotational speeds. 

 

 Comparison of coating performance  

The coating performance can be compared using the mean and standard deviation of the 

spray contact residence time, as these parameters dictate the required coating time and 

coating homogeneity respectively. The mixers will be compared on a comparative force basis, 

and on each mixer’s optimum coating condition. 

In the rotary drum system, the best intra-particle coating performance was observed at  

1.4 Hz. It is important to note the best mixing was observed at 0.8 Hz. At 1.4 Hz, the rotary 
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drum system has a mean spray contact residence time of 0.01 with a standard deviation of 

20% of the mean. Under these conditions, particles experience a mean force of 1.5 × 10-3 N 

and standard deviation of 5 × 10-3 N. Although this system has a very low mean residence 

time, the variance of the coating is at an acceptable level.  

The outwardly rotating, full blade HIM is used for comparison to the rotary drum as this 

showed the best overall coating performance. Operating at 1.6 Hz, the particles experience a 

similar force to those in the rotary drum at 1.4 Hz. At 1.6 Hz, the HIM system had a mean 

spray zone residence time as a fraction of the run time of 0.04 and a standard deviation of 

30% of the mean value. Particles within the system experience a mean force of 1.5 × 10-3 N 

and a standard deviation of 8 × 10-3 N. Under these conditions, the HIM has a mean spray 

coating residence time of four times that of the rotary drum, but it has a larger variability in 

the residence time distribution. On the basis of comparing similar forces, it would be 

recommended to use the rotary drum due to the tighter residence time distribution. 

However, in reality the HIM would be operated at a much higher speed where the 

performance is significantly improved.  

The outwardly rotating, full blade, HIM operating at 4.3 Hz can be compared to the rotary 

drum at 1.4 Hz, to compare the optimum operating conditions. This 4.3 Hz system had a mean 

spray zone residence time of 0.1 as a fraction of the run time and a standard deviation of 15% 

of this mean value. At this higher rotational speed the mean force experienced by the particles 

is approximately 2 × 10-3 N with a standard deviation of 20 × 10-3 N. Operating at 4.3 Hz the 

HIM is able to reduce coating time by a factor of 10 compared to that of the rotary drum and 

provide a smaller variation in the coating thickness. The 4.3 Hz system represents a significant 

improvement over the rotary drum in being able to rapidly coat particles to a similar quality 

and is recommended for coating operations. Overall coating time is an important metric as 

this effects production throughput and machine sizing.  

The paddle design produces a low mean residence time in the spray zone of 0.06 as a fraction 

of the run time at 4.3 Hz, compared to 0.1 of the same system with the full blade design. The 

residence time distribution is also very wide which will result in a highly variable intra-particle 

coating distribution. Particles within the HIM operating at 4.3 Hz will experience a mean force 

of 2 × 10-3 N with a standard deviation of 40 × 10-3, approximately twice that of the full blade 

design. As a result of the higher particle forces and lower mean residence time and higher 

variability, the paddle design is not recommended for coating operations. 

It is important to note that the definition of the spray zone alters the spray zone residence 

time. The spray zone of the HIM was restricted to the open section in the top of the mixer in 

order to model the lab scale mixer for future coating trials. The top of the mixer could be 

designed to be more open and thereby facilitating a larger possible spray area. Similarly, the 

spray zone in the rotary drum is limited by the bed dimensions, as this dictates the surface 

area of the bed exposed to the polymer spray.  Increasing the drum size to enlarge the bed 

area would require a greater level of initial capital investment and on-going operating costs 

to rotate this larger drum.  
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 Assessment of intra-particle coating variability 

The intra-particle coating variations are examined by sampling particles from the DEM 

population, tracking their movement and simulating the coating process. Figure 5.13 shows 

the simulated coating thickness for each triangular mesh elements for an individual particle.  

 

Figure 5.13 - Simulated membrane coating thickness (Cartesian co-ordinates) for a 3 mm diameter 
particle in a 4.3 Hz outwardly rotating blade configuration, for a coating time of 30 s with 63 

unique spray zone entries. 

The membrane variability shown in Figure 5.13 can be described by the mean and standard 

deviation of the thickness. The membrane thickness determines the mass transport 

resistance offered by the membrane. These local variations are important as regions of thin 

polymer coating result in rapid nutrient release and in extreme cases, membrane rupture, so 

it is critical that the membrane is as uniform as possible (i.e. has a low standard deviation of 

the coating thickness). Different coating simulations can be compared by using a 

dimensionless membrane variability, calculated as the standard deviation divided by the 

mean coating thickness. Figure 5.14 shows the coating thickness across each face element for 

a simulated particle in a HIM with full blades rotating outwardly at 4.3 Hz. The coating 

thickness of the particle has a mean and standard deviation of 3.0 × 10-5 m and 0.3 × 10-5 m 

respectively, resulting in a dimensionless membrane variability of 0.11. Coating systems need 

to be designed to minimise this dimensionless variability and produce consistent membranes. 

For context, a 4 wt% membrane coating is the industrial standard for high quality CRF. This 

corresponds to a 3.0 × 10-5 m coating on a 3.0 × 10-3 m urea particle and is what is modelled 

in this chapter. 



97 
 

 

Figure 5.14 - Coating thickness variability across all cells of a 3 mm diameter particle in a 4.3 Hz 
outwardly rotating blade configuration, for a coating time of 30 s with 63 unique spray zone 

entries. Plotted with mean coating thickness and the calculated mean coating thickness plus and 
minus the one standard deviation. 

Figure 5.15 shows the dimensionless membrane variability for 500 particles, with the 

inclusion of different factors into the spray simulation model, based on data from DEM 

simulations. The inverse square root of the coating events represents a scaling factor, based 

on random number theory. If the membrane variability follows some scalar multiple of this 

trend, then the variability is mainly driven by the number of coating events. The random face 

dataset in Figure 5.15, shows the membrane variability where a random face is selected, and 

polymer applied over a single 1 ms time step. When the residence time of each spray 

application is added into the simulation, the dimensionless variability increases as the coating 

time for each face is no longer random. The residence time for each random face selection is 

sampled from the coating residence times from the DEM dataset, so each face is no longer 

equally weighted. The inclusion of rotation effects onto the residence time model reduces the 

simulated membrane variability. Rotation effects reduce variability as the coating application 

for a single coating event is now distributed around additional faces. Figure 5.15 illustrates 

that in building intra-particle coating models, assumptions need to be carefully considered as 

different inclusions or omissions drastically alter the result.   
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Figure 5.15 - Comparison of membrane coating variations measured as the standard deviation (σ) 
of the coating thickness divided by the mean (μ) with the inclusion of different simulation 

parameters averaged over 500 granules. The “events-0.5” data set represents a purely random 
system. The other datasets represent spray simulations on a discretized sphere with different 
effects added into the model such as the random face selection from the discretized sphere, 

residence time of each spray zone entry and a constant 4π rad s-1 rotation of the particle during a 
spray zone. Simulations based off data from the 4.3 Hz HIM with a full blade. 

 

 Effect of rotation on spray simulation  

The rotation of a particle during coating exposes additional surfaces to the spray application. 

Figure 5.16 shows the membrane variability of 500 coated particles under different constant 

rotational velocities. The coating performance improves significantly with increases in the 

mixing speed, especially for short coating times. At longer coating times, the particles 

experience a greater number of coating events, so the effects of rotation are diminished. 

Beyond 2.6 Hz, there are only minimal gains in membrane variability from an increased 

rotation. 

As the rotation of particles impacts the coating homogeniety, this should be considered when 

optimising systems. Figure 5.17 shows the distribution of rotational velocities of particles in 

the HIM and rotary drum at three different operating speeds. The rotational velocity of 

particles in the HIM for the full blade and paddle blade designs are shown in Figure 5.17a and 

Figure 5.17b, respectively. For both blade designs, the mean rotational velocity increases with 

mixer speed, with the full blade design also showing a reduction in the standard deviation. 

The rotary drum system in Figure 5.17c, shows a very broad distribution, resulting from the 

cascading nature of the rotary drum, which remains relatively constant across all speeds. 

There is generally a high level of rotation in all examined systems with mean rotational 

velocities of approximately 5 Hz. At these rotational speeds, the rotational speed of the 

particles in the mixer is not thought to hinder the membrane coating variability. 
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Figure 5.16 – Effect of particle rotational velocity on membrane coating variation measured as the 
standard deviation (σ) of the coating thickness divided by the mean (μ), averaged over 500 

particles based on a) coating time and b) number of entries into the spray zone. 

  

 

Figure 5.17 - Rotational velocity distribution for particles in the spray zone for a) an outwardly 
rotating HIM with a full blade, b) an outwardly rotating HIM with an paddle blade and for c) a 

rotary drum. 

 

a) b) 

a) b) 

c) 
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 Coating event characteristic time 

To reduce computation time, the orientation of a particle is only tracked during a coating 

event, rather than its whole time in the mixer. The orientation of the particle is assumed to 

be random at each unique spray zone entry. However, a coating event may comprise several 

short polymer applications as the particle passes through the spray zone but is obscured from 

the spray, (e.g. by the passage of another particle). It is important to determine whether 

exposure to the spray is a unique coating event, or simply the continuation of an earlier event. 

A unique-coating event is assumed if the time between polymer applications exceeds any of 

three characteristic times. Firstly, that the rotational velocity of the particle is such that a full 

rotation has occurred whilst not receiving a polymer application. Secondly, that the elapsed 

time between polymer applications exceeds the mean collision time between particles in the 

system. Thirdly, that the time between polymer applications exceeds that of the mixer 

circulation time.  

The distribution of rotational velocities of particles receiving a polymer application is shown 

in Figure 5.17. For each system and mixing speed, the magnitude of the mean rotational 

velocity vector is used as the mean rotational velocity. Table 5.1 calculates the time for a 

particle in each system to perform a full rotation based on the mean velocity.  

Table 5.1 - Average time for one full particle rotation in a HIM and rotary drum operating at 
different rotational speeds based on the average particle rotational velocity in the spray zone. 

HIM 2.6 Hz 3.3 Hz 4.3 Hz 

Full blade 0.202 s 0.180 s 0.167 s 
Paddle 0.209 s 0.188 s 0.184 s 

Rotary Drum 0.8 Hz 1.1 Hz 1.4 Hz 

 0.195 s 0.193 s 0.180 s 
 

Collisions of a particle in the spray zone, with another particle or wall will re-randomize the 

orientation and rotational velocity, resulting in a new spray zone entry. Table 5.2 details the 

time between collisions of particles within the spray zone. As no fluid phase is modelled in 

the DEM simulation, collisions can be identified as any time with non-zero acceleration, other 

than gravity. For the rotary drum, these times only consider collisions of airborne particles.  

Table 5.2 – Average time between collisions of particles in the spray zone for a HIM and rotary 
drum operating at different rotational speeds. 

HIM 2.6 Hz 3.3 Hz 4.3 Hz 

Full blade 0.110 s 0.109 s 0.083 s 
Paddle 0.130 s 0.117 s 0.091 s 

Rotary Drum 0.8 Hz 1.1 Hz 1.4 Hz 

 0.029 s 0.017 s 0.014 s 
 

The circulation time has been considered as any time when the particle is not receiving a 

polymer application. Figure 5.18a and Figure 5.18b shows the circulation time for a HIM in 

and a rotary drum system respectively. A short circulation time will most likely correspond to 
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a particle undergoing a collision or other temporary obstruction from the spray zone. A long 

circulation time is likely to represent a circulation through the particle bed. 

Figure 5.18a shows distinct short and long-term circulation times and is generally 

representative of the behaviour of all HIM systems. It is likely that circulation times below  

0.2 s represents particle collisions and short-term obscuring of particles of a single unique 

spray zone entry. Circulation times greater than 0.2 s are likely to represent circulation 

through the particle bed. No distinction between the short- and long-term residence times 

can be observed in the rotary drum system in in Figure 5.18b. Table 5.3 details the distinction 

between the short- and long-term circulation times in the mixing systems.  

 

Figure 5.18 -Circulation time calculated from DEM simualtion data for a) a HIM with a full blade 
design operating at 3.3 Hz and b) a rotary drum operating at 1.4 Hz. 

Table 5.3 – Transition between short- and long-term circulation times in a HIM and rotary drum 
operating at different rotational speeds. Where a distinction between the short and long-term 

circulation times could not be made N/A is used. 

HIM 2.6 Hz 3.3 Hz 4.3 Hz 

Full blade 0.216 s 0.193 s 0.182 s 
Paddle 0.180 s 0.180 s N/A 

Rotary Drum 0.8 Hz 1.1 Hz 1.4 Hz 

 N/A N/A N/A 
 

The characteristic time measured for each HIM system by each of the three methods is 

relatively consistent. The full blade, HIM, has the shortest characteristic times of between  

80 ms and 110 ms, while the paddle design has characteristic times of between 90 ms and 

130 ms. The rotary drum has shorter residence times of 30 ms and 10 ms. For the spray 

simulations, the shortest of each characteristic time is selected for the spray simulations. A 

shorter characteristic time results in a higher frequency of unique spray zone entries. The 

implication is that the duration of the unique spray zone entries is likely to be shorter than 

for the HIM, as there is a smaller tolerance for what constitutes a unique entry. The simulation 

of the unique spray zone entries in the HIM systems will be very similar due to the comparable 

characteristic times. This result is logical, as it would be expected that the cascading nature 

a) b) 
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of the rotary drum will produce short unique spray zone entries, hence the characteristic time 

between these events will be expected to be short. Whereas for the HIM, particles have a 

long hold up as they traverse across the spray zone and hence a longer characteristic time is 

expected.  

 

 Spray simulations 

Particle coating simulations were performed on 100 particles from each mixing system using 

the DEM data. Figure 5.19 shows the average membrane variability for 100 particles in a HIM 

with a full blade design, against time and against coating events. As the coating time 

increases, the membrane variability in Figure 5.19a reduces across all speeds. The 4.3 Hz 

system shows the lowest variability at each coating time. However, as the coating time 

increases, the variability between the different speeds also decreases. On a coating entry 

basis, Figure 5.19b, all systems follow the same decay curve, showing that the reduced 

variability at high speeds is a result of the increased number of coating events. This common 

decay curve shows that the flow conditions within the mixer scale with rotational speed. The 

coating event frequency increases rapidly with mixer speed, with the 2.6, 3.3 and 4.3 Hz 

systems receiving approximately 145, 200 and 290 coating events respectively for a 120 s 

coating time. The results follow the reciprocal of the square root of the number of total 

coating events, which shows a scaling factor based on random number theory. This similar 

behaviour shows the variability in this system is driven by the number of random appearances 

in the spray zone.  

 

Figure 5.19 - Comparison of the simulated membrane coating variation measured as the standard 
deviation (σ) of the coating thickness divided by the mean (μ) for 100 particles in a HIM with the 

full blade design, at various speeds and coating times, reported against a) coating time and b) 
spray zone entries. 

Figure 5.20a and Figure 5.20b shows the membrane variability for the HIM with paddles as a 

function of time and coating events respectively. The membrane variability of the paddle 

system shows similar trends to the full blade system. Figure 5.20a shows the membrane 

variability decreasing with coating time however, the variability is higher than that of the full 

blade system, and the difference between each mixer speed is larger. Figure 5.20b shows that 

a) b) 
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the variability at each mixer speed follows the same decay curve, as well as the random 

number theory scaling factor, again showing the variability is a function of coating events and 

that the flow conditions scale with speed. The coating event frequency increases with mixing 

speed with the 2.6, 3.3 and 4.3 Hz systems experiencing approximately 150, 150 and 275 

respectively for a 120 s coating time. 

 

Figure 5.20 - Comparison of the simulated membrane coating variations measured as the standard 
deviation (σ) of the coating thickness divided by the mean (μ) for 100 particles in a HIM with the 
paddle design, at various speeds and coating times, reported against a) coating time and b) spray 

zone entries. 

Finally, Figure 5.21a and Figure 5.21b shows the membrane variability from the coating 

simulations at different rotational speeds on the basis of coating time and coating events 

respectively for the rotary drum system. Figure 5.21a shows the membrane variability is at 

least four times larger than that of the HIM across all coating times. The membrane variability 

as a function of coating events, in Figure 5.21b, does not follow the same decay curve, unlike 

the HIM systems. The flow regime within the drum is not scalable with speed and the changing 

speed alters the flow conditions within the drum. Interestingly, the best performance was 

observed in the cascading flow regime in the 0.8 Hz system, rather than the higher speeds 

where flow transitions to cateracting flow. The preference towards a cascading regime has 

been observed in the mixing literature, where a cascading flow was found to have better 

performance than faster, more chaotic flow regimes. The coating event frequency is much 

lower than that for the HIM systems. For a 120 s coating time, the 0.8, 1.1 and 1.4 Hz systems 

experience approximately 95, 70 and 40 unique coating events.  

 

a) b) 
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Figure 5.21 - Comparison of the membrane coating variations measured as the standard deviation 
(σ) of the coating thickness divided by the mean (μ) for 100 particles with simulated coating in a 
rotary drum at various speeds and coating times, reported against a) coating time and b) spray 

zone entries. 

Figure 5.22a and Figure 5.22b shows a comparison of the best operating conditions from each 

system against coating time and coating events respectively. Figure 5.22a shows that the HIM 

with the full blade design shows the most consistent membrane coating across all mixer 

speeds, followed by the paddle design then finally the rotary drum. To achieve the same 

membrane variability of 0.075 for the 120 s coating time in the full blade system, the paddle 

design and rotary drum system would require coating times of 240 s and 1000 s respectively. 

Even at long coating times, the rotary drum shows unacceptably high membrane variability 

and a variability of at least 0.1 would be required for CRF production. Figure 5.22b shows the 

full blade, HIM system shows the highest coating event frequency per unit time, followed by 

the paddle design and finally the rotary drum. It is recommended that a HIM with a full blade 

design operating at 4.3 Hz be used to achieve the most homogeneous CRF membrane coating. 

 

Figure 5.22 – Comparison of the membrane coating variations measured as the standard deviation 
(σ) of the coating thickness divided by the mean (μ)  for 100 particles with simulated coating in a 
HIM with the normal and paddle designs both operating at 4.3 Hz and a rotary drum operating at 

1.4 Hz for various coating times, reported against a) coating time and b) spray zone entries. 

b) a)

0 

a) b) 
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One limitation of this analysis is that it is not able to simulate the transfer of polymer between 

particles. In real systems, contact between particles, especially in the circulation zone, results 

in a transfer of polymer between particles as well as a possible smoothing of the membrane 

surface. Furthermore, some polymer may contact the wall or paddles, which was ignored in 

this analysis. The polymer on the walls of the system may be transferred to particles through 

interactions in the mixer. Adding these effects would alter the distribution of polymer on the 

surface of a particle and likely increase the homogeneity of the polymer coating. It is expected 

that these effects would also be impacted by polymer coating time as longer coating times 

will allow for more interactions between particles. Incorporating these into the model is the 

subject of ongoing future work. 
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 Conclusions  
This chapter examined the CRF coating performance in a HIM and rotary drum system. Using 

DEM data that was validated in Chapter 4, the inter- and intra-particle coating variations were 

assessed in these systems at a range of operating conditions. The HIM showed favourable 

coating performance and demonstrated potential as an alternative technology for CRF 

production.   

The HIM operating with an inwardly rotating full blade configuration demonstrated a high 

mean spray zone residence time across all speeds, with the distribution of these residence 

times tightening with increasing speed. The outwardly rotating full blade configuration 

showed lower mean spray zone residence times than for the inwardly rotating system 

however, the distribution of these residence times was much tighter. The performance of the 

outwardly rotating paddle blade configuration was found to have a significantly lower mean 

residence time in the spray zone with a very broad residence time distribution. For optimum 

coating operations, an outwardly rotating full blade configuration operating at speeds above 

3.5 Hz is recommended. Despite the mean residence time being 25% greater for an inwardly 

rotating blade system at 3.5 Hz, the tighter residence time distribution is more advantageous 

for coating operations as this reduces the inter-particle coating variability.  

The intra-particle coating model demonstrates the sensitivity of intra-particle coating 

variability to factors such as coating time, spray zone entries and mean residence time in the 

spray zone. The paddle blade design was also assessed and was found to have slightly poorer 

intra-particle performance compared to the full blade system. The full blade HIM was able to 

reduce coating times by a factor of ten while improving the intra-particle coating variability 

significantly by a factor of four compared to the rotary drum. For the same 120 s coating time 

the HIM was able to produce a CRF with a membrane coating variability (standard deviation 

of the coating thickness divided by the mean) of 0.1 while the rotary drum produced a 

variability of 0.4.  

The HIM represents an opportunity to improve coating performance and reduce coating 

times, with the full blade configuration showing the best performance. It is important to note 

that these results are based on the designed spray zone for that system and optimisation of 

these mixers may alter the size of this spray zone and hence, coating performance. Further 

work is required to develop this dry particle model into a wet particle model to incorporate 

droplet mechanics and polymer diffusion across the particle surface. 
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6 Controlled release fertilisers under variable temperature conditions 
 

Controlled release fertilisers (CRFs) use transport resistant membranes to control the rate of 

nutrient release. This release process is governed by diffusion and hence, it is highly 

temperature dependent. Various empirical (Adams et al., 2013; Broschat & Moore, 2007; 

Huett & Gogel, 2000) and mechanistic models (Basu & Kumar, 2008; Du et al., 2004; Shaviv et 

al., 2003b) have been proposed however, few fully incorporate the effects of varying 

temperatures. As temperatures in the field vary both hourly and seasonally, quantification of 

the temperature dependence is essential to properly target fertiliser applications. This 

chapter explores the temperature dependence of CRFs, under ideal conditions, using both 

experimental measurements and modelling techniques. 

A wide range of experimental methods exist to measure nutrient release from CRFs. 

Commonly, release experiments are conducted in ideal, water saturated environments, such 

as free water (Adams et al., 2013; Broschat, 2005) or saturated inert sand (Adams et al., 2013; 

Huett & Gogel, 2000). In these saturated environments, the external mass transport 

limitations are negligible and hence, nutrient release is dominated by transport across the 

membrane. Under these ideal conditions, nutrient release is temperature controlled. 

Measurement of the nutrient release during experimental trials can be made using a variety 

of methods. In water release studies, or studies where leachate is collected, the electrical 

conductivity of the solution can be used to measure nutrient release (Adams et al., 2013; Chin 

& Kroontje, 1961; Lu et al., 2007; Ni et al., 2011; Venkatesan & Suryanarayana, 1956). The 

electrical conductivity allows for rapid, continuous and non-invasive measurement of the 

nutrient release but it can be affected by other dissolved ions and is non-linear with 

concentration (Adams et al., 2013). Conductivity measurements are useful for measuring the 

release from compound fertilisers but unless ion selective electrodes are used (Broschat, 

2005; Broschat & Moore, 2007) this method cannot distinguish between different 

contributing species.  Measurements of urea can also be troublesome due to the low 

conductivity of the dissolved solution. Spectrophotometry offers an alternative measurement 

method to conductivity and can be used to measure nutrient release from water release trials 

(Azeem, Ku Shaari, Man, & Trinh, 2017; Mahdavi, Abdul, & Khanif, 2014; Qiu et al., 2013; 

Riyajan, Sasithornsonti, & Phinyocheep, 2012; Roshanravan, Soltani, Mahdavi, Rashid, & 

Yusop, 2014; Trinh, Dao, Ku Shaari, Ismail, & Shuib, 2014; Trinh, Kushaari, Shuib, Ismail, & 

Azeem, 2015) or leaching columns (Huett & Gogel, 2000) at discrete intervals. This method 

can be used to assess the concentration of multiple species by examining absorbance of light 

across a spectrum of different wavelengths. For increased sensitivity, colorimetric ultra violet 

spectrophotometry can be performed (Douglas & Bremner, 1970; Fujinuma et al., 2009; Huett 

& Gogel, 2000; Mahdavi et al., 2014) however, this is only feasible for small scale trials due to 

the complexity. Other measurement methods include high performance liquid 

chromatography (Paradelo, Soto-Gómez, Pérez-Rodríguez, Pose-Juan, & López-Periago, 2014) 

or physical mass measurements of dried samples (Wilson et al., 2009) but typically 

conductivity or spectrophotometry are favoured due to their low cost and ease of use.   
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Nuclear magnetic resonance (NMR) spectroscopy is a non-invasive (Stapf & Han, 2006) and 

highly chemical specific (Mantle & Sederman, 2003) measurement technique that can be used 

to quantify chemical species within the CRF core. NMR uses an electromagnetic field to excite 

nuclei within the sample away from their rest-states. As the nuclei returns to their rest-states, 

an electronically detectable, time dependent signal is formed. Subsequent Fourier analysis of 

the signal produces a spectrum of the detectable species present in the sample. NMR is 

extensively used in controlled release pharmaceutical research (Gagnon & Lafleur, 2009; 

Karakosta & McDonald, 2007) and although it is not known to be used for CRF development, 

it has previously been used to measure urea (Park & Kim, 2011; Taylor, Bacher, & Dybowski, 

2007). This technique may allow for the quantification of the internal core environment and 

measurements of membrane diffusion in situ, which would otherwise be unmeasurable. In-

depth theory and explanation of NMR is described in various excellent texts such as Staph and 

Han (2006), Wang (2015) and Callaghan (2011).    

Temperature is the primary factor affecting the rate of release from CRFs (Fujinuma et al., 

2009; Patent No. U.S. 4,369,055, 1983). Even small changes, such as the hourly temperature 

variations for field applied CRFs can affect the nutrient release (Husby et al., 2003). The 

temperature dependence of CRF nutrient release has been examined by many experimental 

studies within the literature (Adams et al., 2013; L. Carson & Ozores-Hampton, 2013; Du et 

al., 2006; Husby et al., 2003; Kochba, Ayalon, & Avnimelech, 1994). As the temperature 

increases, the diffusivity of nutrients in the membrane increases, resulting in faster release. 

Generally, the rate of nutrient release from CRFs approximately doubles for every 10 °C 

increase in temperature (Adams et al., 2013; Du et al., 2006; Patent No. U.S. 4,369,055, 1983; 

Shoji, Gandeza, & Kimura, 1991; Gandeza, Shoji, & Yamada, 1991) although this is membrane 

specific. The diffusivity of water in the membrane also increases with temperature, resulting 

in shorter initial lag periods prior to release (Du et al., 2006).  

The diffusion coefficient is a measure of the transport rate of a solute internally within a 

membrane and examines the transport from one internal membrane interface to another. 

While permeability is a measure of the solute transport across a membrane and includes the 

partition coefficient to measure the flux from one external membrane interface to the other. 

In CRF modelling, the permeability is a more useful metric, as the concentration of the core 

and the external environment are either measurable or can be easily inferred and for this 

reason, permeability is used in this chapter. However, it is noted that the urea permeability is 

proportional to diffusivity and hence follows the temperature dependence of the diffusivity.  

A wide range of CRF nutrient release models have been proposed in the literature. Empirical 

models offer simple estimations of nutrient release however, these are limited in application 

to situations similar to the measured system. Therefore, mechanistic models are essential to 

provide transferrable information on the nutrient release profile, to efficiently target fertiliser 

applications. One of the leading models within the literature is a three stage mechanistic 

model (Shaviv et al., 2003b), hereafter referred to as the ‘Shaviv model’. Like many models 

within the literature, the Shaviv model is designed for free water release environments, with 

all variables assumed constant, which is only true if the temperature is constant (Friedman & 

Mualem, 1994; Trinh et al., 2013). An Arrhenius approach has been suggested to model 
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release at various constant temperature conditions (Du et al., 2006), but not for varying 

temperature environments. The internal saturated concentration also varies with 

temperature, resulting in changes to the concentration driving force and transition into the 

decay stage of the release process (Trinh et al., 2015). The saturated concentration 

temperature dependence has been shown within the literature (Halonen, Kangas, Haataja, & 

Lassi, 2017; Kawahara & Tanford, 1966) and hence it is important to incorporate this into 

release models.  

This chapter examines these temperature dependent variables and demonstrates that 

temperature dependence can be integrated into the models readily. Temperature dependent 

models enable improved prediction of CRF release when used in variable temperature 

environments and assist with the design and blending of CRFs to optimize nutrient 

application.  
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 Mass transport theory  
Diffusion across the thin membrane controls the nutrient release from CRFs. In these systems, 

two main diffusion processes are occurring, diffusion of water into the core and the diffusion 

of the urea out into the environment. This process can be described by the general mass 

transport equation: 

𝑁𝑢𝑟𝑒𝑎 = (𝑁𝑢𝑟𝑒𝑎 + 𝑁𝑤𝑎𝑡𝑒𝑟)𝑥𝑢𝑟𝑒𝑎 − 𝐶𝑇𝑜𝑡𝑎𝑙𝒟𝑢𝑟𝑒𝑎

𝑑𝑥𝑢𝑟𝑒𝑎

𝑑𝑧
  (6.1) 

where 𝑁𝑢𝑟𝑒𝑎 and 𝑁𝑤𝑎𝑡𝑒𝑟 are the molar flux of urea and water, respectively, 𝑥𝑢𝑟𝑒𝑎 is the mole 

fraction of urea, 𝐶𝑇𝑜𝑡𝑎𝑙 is the total molar concentration of species in the system, 𝒟𝑢𝑟𝑒𝑎 is the 

diffusivity of urea in the membrane and 
𝑑𝑥𝑢𝑟𝑒𝑎

𝑑𝑧
 is the gradient of the mole fraction in the 

membrane. In ideal water release trials, models generally assume equimolar counter diffusion 

(Shaviv et al., 2003b) and simplify the mass transport equation to Fick’s law: 

𝑁𝑈𝑟𝑒𝑎 = −𝒟𝑈𝑟𝑒𝑎

𝑑𝐶𝑈𝑟𝑒𝑎

𝑑𝑧
 (6.2) 

The mechanistic Shaviv model describes the nutrient release into an ideal, water saturated 

environment, using Fick’s law on a permeability basis. The nutrient release is described in 

three stages; the initial lag period, the linear release period, and the decaying release period. 

The lag period describes the initial period where water diffuses into the CRF core. Assuming 

the water concentration is small, the mass of water in the core can be expressed as: 

𝑚𝑤𝑎𝑡𝑒𝑟 =
𝑃𝑤𝑎𝑡𝑒𝑟

𝑙
𝐴𝜌𝑤𝑎𝑡𝑒𝑟∆𝑃𝑣𝑎𝑝𝑡 , 0 ≤ 𝑡 ≤ 𝑡∗ (6.3) 

where 𝑚𝑤𝑎𝑡𝑒𝑟 is the mass of water in the core as a function of time, 𝑃𝑤𝑎𝑡𝑒𝑟 is the water 

permeability, 𝑙 is the membrane thickness, 𝐴 is the surface area of the granule, 𝜌𝑤𝑎𝑡𝑒𝑟 is the 

water density and ∆𝑃𝑣𝑎𝑝 is the difference between the water vapour pressure and that of a 

saturated urea solution. The end of the lag period, denoted by 𝑡∗, occurs when the internal 

volume (𝑉) has been saturated with a critical mass fraction of water (𝛾) to enable nutrient 

release: 

𝛾𝜌𝑤𝑎𝑡𝑒𝑟𝑉 =
𝑃𝑤𝑎𝑡𝑒𝑟

𝑙
𝐴𝜌𝑤𝑎𝑡𝑒𝑟∆𝑃𝑣𝑎𝑝𝑡

∗  (6.4) 

Therefore, the duration of the initial lag period can be expressed as: 

𝑡∗  =
𝛾𝑙𝑟

3∆𝑃𝑣𝑎𝑝𝑃𝑤𝑎𝑡𝑒𝑟
 (6.5) 

where 𝑟 is the granule radius. After the critical internal water content is achieved, equimolar 

counter diffusion is established, and the linear release period begins. The Fickian diffusion is 

assumed to have a constant concentration driving force at a given temperature, as the 

concentration in the external environment is many orders smaller than the internal saturated 

concentration. Hence, the urea mass flux during the linear release period can be described 

as:   
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d𝑚𝑢𝑟𝑒𝑎

d𝑡
=

𝑃𝑢𝑟𝑒𝑎

𝑙
𝐴𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡 , 𝑡∗ ≤ 𝑡 ≤ 𝑡∗∗ (6.6)  

where 𝑚 is the total mass of urea released at time 𝑡, 𝑃𝑢𝑟𝑒𝑎is the permeability of urea, 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡 

is the saturated concentration of the internal urea solution and 𝑡∗∗ is the time where the 

linear release region transitions into the decay period. The nutrient release can be integrated 

with respect to time and divided by the total urea mass to express the urea flux as a 

cumulative fractional release, 𝐺: 

𝐺 =
3𝑃𝑢𝑟𝑒𝑎𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡

𝑟𝑙𝜌𝑢𝑟𝑒𝑎

(𝑡 − 𝑡∗) , 𝑡∗ ≤ 𝑡 ≤ 𝑡∗∗ (6.7)  

where 𝜌𝑢𝑟𝑒𝑎 is the density of solid urea. The linear release period ends once the internal core 

has fully dissolved into solution and the saturated internal concentration can no longer be 

maintained. The transition between the linear release and decay period occurs when the urea 

remaining within the core at time 𝑡, 𝑚𝑢𝑟𝑒𝑎,𝑡, divided by the volume of the core, 𝑉, equals the 

saturated concentration: 

𝑚𝑢𝑟𝑒𝑎,𝑡

𝑉
= 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡 , 𝑡 = 𝑡∗∗ (6.8)  

This 𝑡∗∗ condition is expressed on a fractional release basis, based on the density of urea and 

the saturated concentration: 

𝐺 = 1 −
𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡

𝜌𝑢𝑟𝑒𝑎
, 𝑡 = 𝑡∗∗ 

 
(6.9)  

This known condition is substituted into the fractional release expression from the linear 

release period and rearranged to find where this transition 𝑡∗∗ occurs: 

𝑡∗∗ = 𝑡∗ + (
𝜌𝑢𝑟𝑒𝑎 − 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡

𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡
)

𝑟𝑙

3𝑃𝑢𝑟𝑒𝑎
 (6.10)  

During the decay period, the internal concentration changes with time. Assuming the external 

urea concentration is negligible, the concentration gradient can be approximated as the 

internal urea concentration, 𝐶𝑢𝑟𝑒𝑎,𝑐𝑜𝑟𝑒, which is found from the fractional release: 

𝐶𝑢𝑟𝑒𝑎,𝑐𝑜𝑟𝑒(𝑡) = 𝜌𝑢𝑟𝑒𝑎 (1 −
𝑚𝑢𝑟𝑒𝑎

𝜌𝑢𝑟𝑒𝑎𝑉
) , 𝑡 > 𝑡∗∗  (6.11) 

where 𝑉 is the volume of the core. Using the internal urea concentration as the driving force, 

an expression for the urea flux can be formed using Ficks’s law: 

d𝑚𝑢𝑟𝑒𝑎

d𝑡
=

𝑃𝑢𝑟𝑒𝑎𝐴𝜌𝑢𝑟𝑒𝑎

𝑙
(1 −

𝑚𝑢𝑟𝑒𝑎

𝜌𝑢𝑟𝑒𝑎𝑉
) , 𝑡 > 𝑡∗∗  (6.12) 

The fractional release can be found through integration by parts and dividing by the total 

initial urea mass to form:  
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𝐺 = (1 −
𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡

𝜌𝑢𝑟𝑒𝑎
) 𝑒

(
−3𝑃𝑢𝑟𝑒𝑎
𝑟𝑙𝜌𝑢𝑟𝑒𝑎

(𝑡−𝑡∗∗)) 
, 𝑡 > 𝑡∗∗  (6.13)  

The fraction of urea release from a coated CRF granule during the entire release period can 

be expressed using a piecewise equation:    

𝐺 =

{
 
 

 
 

0, 𝑡 < 𝑡∗

3𝑃𝑢𝑟𝑒𝑎𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡

𝑟𝑙𝜌𝑢𝑟𝑒𝑎

(𝑡 − 𝑡∗), 𝑡∗ < 𝑡 ≤ 𝑡∗∗

(1 −
𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡

𝜌𝑢𝑟𝑒𝑎
) 𝑒

(
−3𝑃𝑢𝑟𝑒𝑎
𝑟𝑙𝜌𝑢𝑟𝑒𝑎

(𝑡−𝑡∗∗)) 
, 𝑡∗ < 𝑡 ≤ 𝑡∗∗

 

 

(6.14)  

The Shaviv model is an isothermal model, which provides an analytical solution for the CRF 

release profile under various, constant temperature environments. The temperature 

dependence of the release process is included in the Shaviv model only by changing the 

permeability and the saturation concentration. Based on the inputted parameters the 𝑡∗and 

𝑡∗∗ transition times and the pre-exponential decay factor are altered prior to generating the 

analytical solution. This is valid if the release is in an isothermal environment but cannot 

model non-isothermal release profiles, where these parameters change.  

The Shaviv model was extended to incorporate temperature dependence by numerically 

integrating Equation (6.6) and Equation (6.12) using Euler’s method.  A mass balance over the 

core is coupled to the system of equations to calculate the internal concentration and 

transition into the decay period based on the internal urea concentration: 

𝑑𝑚𝑢𝑟𝑒𝑎

𝑑𝑡
|
𝑡𝑛+1

  =

{
 
 

 
 

0, 𝑡 ≤ 𝑡∗

𝑃𝑢𝑟𝑒𝑎(𝑇)

𝑙
𝐴𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇), 𝑡 > 𝑡∗ & 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇𝑛) ≤

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛

𝑉
𝑃𝑢𝑟𝑒𝑎(𝑇)

𝑙
𝐴

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛

𝑉
, 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇𝑛) >

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛

𝑉

 (6.15)  

 

where 𝑉 is the internal volume of the CRF. The system of equations can be solved using Euler’s 

method to find the nutrient release as a function of time: 

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛+1
 (6.16)  

=

{
 
 

 
 

0, 𝑡 ≤ 𝑡∗

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛
+ 

𝑃𝑢𝑟𝑒𝑎(𝑇𝑛)

𝑙
𝐴𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇𝑛)(𝑡𝑛+1 − 𝑡𝑛) , 𝑡 > 𝑡∗ & 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇𝑛) ≤

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛

𝑉

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛
+

𝑃𝑢𝑟𝑒𝑎(𝑇𝑛)

𝑙
𝐴

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛

𝑉
(𝑡𝑛+1 − 𝑡𝑛) , 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇𝑛) >

𝑚𝑢𝑟𝑒𝑎,𝑡𝑛

𝑉

 

 

where 𝑡𝑛 denotes the current time step and 𝑇𝑛 is the temperature at the current timestep. 
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 Method 
Experimental procedures were developed to measure the nutrient release from polymer 

coated urea fertilisers in free water, at temperatures between 2 °C and 34 °C. The fertilisers 

examined were Polyon® (Harrell’s LLC) and N-Control 75™ (distributed by Ravensdown Ltd). 

The free water release trials provided an unrestricted mass transport environment, enabling 

the membrane permeability of the two CRF products to be measured.  

The thickness of the CRF membrane was measured under a microscope by examining CRF 

granules that had been set in a resin disc and cross sectioned using a lathe. The Polyon 

membrane was measured at (3.6 ± 0.3) × 10-5 m. The N-Control could not be measured due 

to poor optical contract and hence, for the diffusivity calculations have been assumed to have 

the same thickness as the Polyon granule. This assumption will alter the measured diffusivity 

by a scalar equal to the true thickness divided by the assumed thickness. However, this will 

not impact the measured membrane resistance as the membrane thickness is effectively 

cancelled out.  

 

 Granule characteristics  

The particle size distribution of the Polyon and N-Control is of critical importance for the mass 

transfer behaviour as this alters the surface area per unit mass, thereby altering the area for 

mass transfer. Approximately 1 g of each fertiliser, corresponding to 100 individual granules, 

was individually weighed and the diameter measured using a hole gauge with 0.5 mm size 

increments. The distribution of Polyon and N-Control granules in each size bin is shown in 

Figure 6.1. The average surface area of the Polyon and N-Control granules was calculated as 

(1.7 ± 0.3) m2 kg-1 and (1.5 ± 0.2) m2 kg-1, respectively. 

 

Figure 6.1 - Cumulative number distribution of Polyon and N-Control granules binned by diameter. 
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The membrane thickness for Polyon was measured using optical methods and found to be 

(3.6 ± 0.3) × 10-5 m. The yellow colour of the N-Control membrane resulted in poor optical 

contrast against the surrounding epoxy. Furthermore, the N-Control membrane ripped and 

distorted during cutting, rendering the thickness unmeasurable. Therefore, a thickness of  

(3.6 ± 0.3) × 10-5 m has been assumed for both CRF products. If the N-Control thickness is 

known, the measured permeability can be scaled linearly by the ratio of the true to assumed 

thickness.   

 

Figure 6.2 - Microscope image of a) Polyon and b) N-Control membranes set in epoxy resin and 
captured on a Leica stereo microscope using an 8x objective. 

 

 Constant temperature release experiments 

The release of urea from the CRF samples into free water was measured using ultra violet 

spectrophotometry. The absorbance of light in the 210 nm band of the free water solution 

was used to infer the concentration of urea in the solution and hence the release from the 

CRFs. Nutrient release for Polyon was measured at; (1.7 ± 0.4) °C, (3.1 ± 0.3) °C, (8.0 ± 0.3) °C, 

(22.2 ± 0.4) °C, (30.0 ± 0.7) °C, (34 ± 0.3) °C, and N-Control 75 at (3.1 ± 0.3) °C, (22.2 ± 0.4) °C 

and (30.0 ± 0.7) °C, only three temperatures were measured using N-Control 75 due to the 

limited amount of sample available. 

Three samples of each fertiliser, weighing approximately 2 g each, were placed in individual 

250 ml plastic sample containers. 200 ml of deionized water was added to each container, 

which initiated the nutrient release process. For incubation temperatures of 20 °C and above, 

sample containers were transferred to an IKA KS 4000 I Control shaker incubator. While, for 

temperatures below 20 °C, sample containers were transferred to a refrigerator. Incubation 

periods varied between 80 and 165 days. Throughout this period Onset Hobo® Pro V2 probes 

recorded the actual temperatures experienced by the samples in five-minute intervals. 

Measurements of the urea release were made throughout the incubation period. For each 

measurement, the containers were removed from the controlled temperature environment 

and a 3 ml sample of the solution was taken. This sample solution was placed in a 3.5 ml 

quartz cuvette, which was cleaned with deionized water before and after each sample. The 

cuvette was placed in a VWR UV-1600PC Spectrophotometer which had been baseline 
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corrected against deionized water. The absorbance of each sample solution was collected at 

210 nm, then the sample was returned to the bulk solution and placed back in the 

temperature-controlled environment. At the conclusion of the experiment, the CRF samples 

were removed from the solution and dried in an oven at 60 °C for 5 days to obtain a final mass 

of released urea.  

 Spectrophotometry calibration 

Spectrophotometry measures the absorbance of a medium by measuring the transmission of 

light at a specific wavelength through a sample, relative to the original intensity. The 

absorbance of a solution, at wavelengths specific to the solution’s constituents, increases with 

concentration. Calibration curves were prepared to relate the absorbance of a solution to its 

concentration.  

Stock solutions of urea with concentrations of (1.097 ± 0.007) g L-1, (2.59 ± 0.01) g L-1,  

(5.44 ± 0.03) g L-1, (8.91 ± 0.05) g L-1, (11.47 ± 0.07) g L-1 and (15.15 ± 0.09) g L-1 were prepared 

for the calibration. The initial empty mass of six 250 ml sample containers were recorded, 

prior to adding the urea sample and recording the new mass. A measuring cylinder was used 

to add 170 ml of water to each of the samples. Adding only 170 ml ensured that the total 

mass of the sample was below the upper limit of the balance, enabling mass measurements 

accurate to 0.0005 g. Sample containers were incubated at 22 °C overnight to ensure 

dissolution of urea from the highly endothermic mixing process. The absorbance of each 

dilution at 210 nm was measured using a VWR UV-1600PC Spectrophotometer and the results 

are presented in Figure 6.3. It can be observed that the 15.15 g L-1 measurement begins to 

depart from linearity so is not included in the calculation of the calibration curve. 

 

Figure 6.3 - Absorbance of 210 nm light of urea solutions between 0 and 15.15 g L-1 in a VWR UV-
1600PC Spectrophotometer using quartz cuvettes. The dotted line shows the linear calibration 

curve from 0 to 11.47 g L-1, after which the trend deviates from linearity.     

 

Analysis of the experimental data showed that the nutrient release from Polyon and N-

Control could not be described with the prepared urea calibration curve presented in Figure 
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6.3. This issue was identified as the nutrient release predicted by the calibration curve 

exceeded that measured via the gravimetric analysis at the conclusion of the experiment. A 

second calibration curve was prepared to verify the initial calibration however, this was found 

to be identical to that initially produced in Figure 6.3. The difference between the initial 

calibration curve and the gravimetrically measured data is shown later in this section in Figure 

6.6. 

As the incubation studies were performed at different temperatures, the influence of 

temperature on the calibration curve was investigated as a possible cause for the discrepancy. 

Figure 6.4 shows the absorbance of urea solutions at 210 nm at temperatures of 2 °C, 3 °C,  

8°C, 22 °C, 30 °C, 34 °C, prepared following a method similar to that in Section 6.2.2. There is 

some temperature dependence present, with the absorbance at a given concentration 

increasing with increasing temperature. However, the calibration curve remains linear, with 

changes in the temperature resulting in a proportional shift across all concentrations. This 

temperature dependence has been observed within the literature for other non-urea species 

(Ito, 1960; Yarborough, Haskin, & Lambdin, 1954). Although the temperature dependence is 

specific to each molecule, changes of 0.0% to 0.7% per degree have been observed previously 

(Yarborough et al., 1954), similar to the average 0.4% per degree observed in Figure 6.4. 

Although there is some temperature dependence in the measured absorbance, this does not 

fully account for the discrepancy observed.  

 

Figure 6.4 - Absorbance at 210 nm of urea solutions between 0 and 11 g L-1 in a VWR UV-1600PC 
Spectrophotometer at temperatures between 2 °C and 34 °C. 

 

As the experiments occur over an extended duration, the aging of the sample was possible 

over the course of the experiment. Figure 6.5 shows the absorption of a 1.2 gL-1 stock urea 

sample at 210 nm, measured periodically over a 30 day period. The scatter of data points in 

Figure 6.5 gives an insight into the error associated with the spectrometer measurements. 

For a single experiment, the spectrometer is capable of repeatedly measuring absorbance 

values to an accuracy of ± 0.003. However, the scatter in Figure 6.5, shows that the 
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uncertainty is dominated by the error in the baseline correction required prior to 

measurement of the absorption. These baseline corrections have an error of approximately ± 

0.01. However, there is no systematic decrease or increase in the absorbance at 210 nm over 

the 30 day experiment. Such a change would be clearly visible in Figure 6.5, therefore, it can 

be established that aging does not contribute to the discrepancy between the calibration 

curve and the gravimetric measurements. Previous work within the literature support this 

stability, reporting that urea solutions are stable for months when stored at temperatures 

below 60 °C (Chen, Ma, Huang, Dai, & Li, 2015; Dirnhuber, 1947). It is therefore unclear why 

there is a discrepancy between the urea release measured gravimetrically and from the UV 

absorbance.  

 

Figure 6.5 – Absorbance of 1.2 gL-1 urea stock solution at 210 nm over a 30 day period in a VWR 
UV-1600PC Spectrophotometer at 22 °C 

 

The dried granule mass recorded after the experiment was used to measure the total urea 

release over the duration of the experiment. Hence, the final concentration of the urea 

solution is known. Figure 6.6 shows the gravimetrically measured urea concentration plotted 

against the final recorded absorbance value. As the incubation studies were performed at 

different temperatures, the measured absorbance value for a given gravimetric release also 

varies with temperature. In order to compare all the gravimetric release data on a common 

basis, the absorbance values in Figure 6.6 have been adjusted using the temperature 

dependence detailed Figure 6.4 to normalise the measured absorbance to the equivalent 

22°C absorbance value. A linear relationship is apparent in Figure 6.6 and although some 

scatter exists, linear regression provides a reasonable fit to this data. This linear relationship 

demonstrates that across a range of concentrations, after the temperature effects are 

account for, the urea concentration in the solution can be inferred from a single relationship. 

Furthermore, as these samples range in incubation times of 30 to 165 days, there does not 

appear to be any aging of the sample. Despite not knowing the reason for the deviation from 

the produced calibration curve, this data shows the concentration of the solution can be 

inferred consistently and reliably from the absorbance of the solution. Therefore, in the 
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following sections, the release profile has been inferred from this linear relationship of 

absorbance with concentration and the final gravimetric release data.  

 

Figure 6.6 - Gravimetric urea calibration curve showing the final urea concentration determined 
from gravimetric analysis against the final measured absorbance of the solution at 210 nm. The 
urea calibration shows a comparison to the initially measured calibration curve. Data is collated 

from the release experiments in Section 6.3.1 Absorbance values have been normalised to present 
all absorbances for a 22 °C equivalent absorbance value.  

 

 Permeability measurements 

Water release trials provide ideal and controlled release conditions to assess the performance 

of controlled release membranes. During the linear release period, the internal concentration 

is maintained at the saturated concentration by the presence of a solid fertiliser core. As the 

external solution has approximately a zero concentration, there is a constant and known 

driving force. Therefore, measurements of the urea flux over this linear release period can be 

used to calculate the membrane permeability.   

The solubility of urea in water, like many other solutes, is a function of temperature. In CRFs, 

changes in the internal urea concentration will alter both the mass transfer driving force and 

the transition into the decay release period. Hence, the saturated concentration over a range 

of temperatures is required to measure the membrane permeability and perform nutrient 

release modelling. Relations from the literature were correlated to identify the saturated 

concentration over a 0 °C to 40 °C temperature range.  

Water release trials were performed on Polyon at a range of temperatures between 2 °C and 

34 °C and for N-Control 75 between 3 °C and 30 °C. The linear release period was identified 

from the measured nutrient release profiles, and linear regression was used to extract an 

average urea flux over this period. As the duration of the linear release period varied with 
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temperature, the average flux was assessed over the period of day 3 to 15 across all datasets 

for consistency. Using this linear regression reduced the measurement error from the 

spectrophotometry results and increased confidence in the measured urea flux. The 

permeability of a CRF at a given temperature can be found from: 

𝑃𝑢𝑟𝑒𝑎(𝑇) =
𝐽𝑢𝑟𝑒𝑎(𝑇)𝑙

𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇)
  (6.17)  

where 𝐽𝑢𝑟𝑒𝑎 is the average nutrient flux over the linear release period. This formula can be 

used to assess the membrane permeability at the specific incubation temperature.   

 

 Variable temperature release model 

Many studies in the literature have examined the experimental measurement and modelling 

of CRF nutrient release under constant temperature conditions. However, few have examined 

release under variable temperature conditions. In this study, two experiments were 

performed to examine the nutrient release under changing temperatures to enable 

comparison and validation of a release model which incorporates the temperature 

dependence of key variables. The results from the release model and experimental 

measurements are converted to a fractional release to remove sample size effects when 

comparing to experimental results. 

 

 Variable temperature release experiment: Case one 

Three samples of Polyon CRFs, each weighing approximately 2 grams were weighed and 

placed into 250 ml plastic sample containers. A measuring cylinder was used to add 200 ml of 

deionized water, which initiated the release process. The samples were transferred to a water 

bath, maintained at (28.5 ± 0.1) °C for the first 12 days of the release period. From day 12 to 

day 20, the samples were kept in a refrigerator, maintained at (3.1 ± 0.2) °C with an Onset 

Hobo® Pro V2 used to record the temperatures experienced by the samples. The final 

condition over days 20 to 30, the samples were kept in a water bath at (22.5 ± 0.1) °C.  This 

created a step wise temperature release profile over the duration of the experiment.  

During the experiment, measurements of the nutrient release were made by performing 

spectrophotometry analysis on the samples, following the same method as described in 

Section 6.2.2. Samples were measured at 1, 6, 12, 16, 20, 25 and 30 days. This provided a 

measurement of the nutrient release at the start and end of each different temperature 

condition with an additional point in the middle of each period. Following the final 30 day 

measurement, the CRF samples are removed from the solution and dried in an oven at 80 °C 

for 3 days to record a final dry mass. 

 

 Variable temperature release experiment: Case two 

A second experiment was conducted to examine the nutrient release under a different 

temperature profile. Five Polyon samples of approximately 2 g were weighed and placed in 
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250 ml plastic sample containers, with 200 ml of deionized water added with a measuring 

cylinder. For this experiment, an IKA KS 4000 I Control shaker incubator was used to control 

the temperature of the release environment, with an Onset Hobo® Pro V2 probe used to 

record the temperature.  

A ramped temperature profile was used in this experiment and is shown in Figure 6.7. Initially 

the samples were incubated for the first five days at 23 °C, the temperature was then 

increased to 25 °C for days 5 to 10 of the experiment. For the next period of day 10 to 17, the 

temperature was set at 27 °C, this extended period corresponded to the lab shutdown over 

the Christmas to New Year period. From day 18 until 22, the temperature was increased to 

29 °C but after this period, problems arose with temperature control of the incubated shaker. 

As the temperature was logged, the results can still be used for modelling. As the temperature 

on day 29 exceeded 35 °C, this part of the nutrient release was not modelled as it exceeded 

the maximum temperature of the permeability measurements and hence, was outside the 

interpolation window.    

Throughout the release experiment, the nutrient release was measured using 

spectrophotometry following the procedure detailed in Section 6.2.2. The release was 

measured on days 4, 6, 8, 10, 22, 24 and 27. The gap in measurements corresponds to the lab 

shutdown period where data could not be collected. Following the final measurement, the 

samples were dried in an oven at 60 °C for 5 days to measure the final unreleased mass.  

 

Figure 6.7 - Temperature profile for the variable temperature release experiment (Case 2). 

 

 Commercial products under New Zealand conditions 

CRFs are designed to release nutrients over a given time window based on a specified 

temperature. Generally, these CRFs cater to the large overseas markets and are sometimes 

designed for higher average temperatures than are present in New Zealand.  

Harrell’s LLC produce a Polyon product with a 3 – 4 month release window at 21 °C, which 

represents the closest commercially available Polyon CRF for use in the more temperate New 

Zealand environment. Based on the permeability data measured from the free water release 
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trials, the membrane thickness for the commercial Polyon product can be estimated. The 

performance of this commercial CRF in New Zealand conditions can be assessed using the 

variable temperature model and temperatures provided by NIWA (The National Institute for 

Water and Atmospheric Research), which is shown in Figure 6.8.  

 

Figure 6.8 – Grass temperature over the August to December 2016 period from the Upper Hutt, 
Trentham Ews NIWA data station. 

 

 Nuclear Magnetic Resonance (NMR) of initial water ingress 

Nuclear Magnetic Resonance (NMR) spectroscopy was used to determine the rate of water 

ingress into the N-Control granules. Granules ranging between 2.0 and 2.5 mm in diameter 

were incubated in water at temperatures of (10.4 ± 0.2) °C, (23 ± 1) °C and (29.9 ± 0.5) °C for 

2, 3, 6, 18, 24, 30, 42, 48, 72, 96 and 168 hours. The granules were incubated in 5 ml of 

deionized water in individual 5 ml centrifuge tubes. An Onset Hobo® Pro V2 probe was used 

to record the temperatures during incubation.  

For each temperature and incubation duration, the incubated samples were destructively 

sampled to measure the water ingress. Prior to measuring incubated samples, a blank water 

sample, a dry granule and a granule immersed in water for 30 seconds were measured in 

triplicates. These three samples provide baseline data for each condition at the temperature 

of interest.  

The three replicate incubated samples to be measured were removed from the temperature-

controlled environment just prior to measurement. The N-control granules were removed 

from the water and rolled on a Kimwipe tissue to remove any excess water on the outside of 

the granule and transferred to a 5 mm NMR tube. The spectra were measured using a 

Magritek Spinsolve 40 NMR spectroscopy unit using an inbuilt proton+ pulse sequence. This 

sequence performed 32 scans with a 6.4 s acquisition time a repetition delay of 15 s, which 

related to approximately five time constants for the sample. The NMR analyses the sample 

within the coil, which measures approximately 5 mm in diameter and 10 mm in height for an 

approximate sample volume of 2 × 10-7 m3. 
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Figure 6.9 shows a sample of the measured NMR spectrum from a CRF granule incubated at 

30 °C for 96 hours. The amount of solubilised water and urea within the granule can be 

quantified through peak integration. It is important to note that some peak overlap is present, 

which can introduce error into the peak integration, but the use of peak fitting can minimise 

this. The peak centred around 4.0 ppm relates to the signal acquired from the solubilised urea 

present in the sample, while the peaks centred around 3.0 ppm and 2.8 ppm relate to the 

water present.  

 

Figure 6.9 - Example 1H spectrum of N-Control granule incubated at 30 °C, processed in Mnova. 
The peak cantered on 4.25 ppm shows the peak associated with the urea present in the sample. 

The peaks centred around 3.0 and 2.75 ppm combine to fit the water peak. 

A calibration curve was prepared for quantitative analysis of the NMR signal. Stock solutions 

of urea dissolved in deionized water at concentrations between 1 and 7 mol L-1 were prepared 

and the corresponding 1H spectrum was acquired. The spectrum acquisition for the stock urea 

solutions used the same acquisition parameters as was used for the urea granules. Peak fitting 

(Cobas, Seoane, Domínguez, Sykora, & Davies, 2010) was used to identify the contributions 

of urea and water to the overall spectrum due to the overlap. The resulting integral of each 

component is shown in Figure 6.10. There is a reasonable agreement between the fitted peaks 

and the measured spectrum. Most importantly, applying this fit across all concentrations 

results in a linear fit, as seen in Figure 6.10. This linear fit shows that the consistent application 

of this fit to the measured spectrum across all measured concentrations and hence, can be 

used with confidence in assessing the water and solubilised urea within the NMR coil.  
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Figure 6.10 - NMR calibration curve for quantitative analysis of NMR signal from prepared 
calibration standards in the Magritek Spinsolve 40 NMR spectroscopy unit with a 30 °C magnet 

temperature for an effective sample volume within the coil of 2 × 10-7 m3. 

The ingress of water into the N-Control granule is measured by the evolution of the NMR 

spectra that is collected for each temperature over the duration of the incubation period. 

Using the peak fitting observed in Figure 6.9, the individual urea and water signal integrals 

can be identified and converted into a measured concentration using the calibration curve 

presented in Figure 6.10. The mass flux of water into the N-Control granule (
𝑑𝑚𝑤𝑎𝑡𝑒𝑟(𝑡)

𝑑𝑡
) is 

measured by integrating the detected molar quantity of water with respect to time and hence 

the water permeability (𝑃𝑤𝑎𝑡𝑒𝑟) of the membrane can be calculated. The water vapour 

pressure difference across the membrane provides the driving force for water transport 

(Sempeho et al., 2014; Shaviv et al., 2003b). The incubation of the granules in water provides 

a saturated external vapour pressure. The internal vapour pressure was estimated from the 

measured concentrations using Raoult’s law since the urea has nearly zero vapour pressure 

under these conditions. Raoult’s law estimates this internal vapour pressure at 92% of the 

saturated vapour pressure of water from the estimated internal 3.8 mol L-1 concentration. 

The membrane permeability (𝑃𝑤𝑎𝑡𝑒𝑟) can be calculated using    

𝑃𝑤𝑎𝑡𝑒𝑟 =
𝑑𝑚𝑤𝑎𝑡𝑒𝑟(𝑡)

𝑑𝑡

𝑙

𝐴𝐶𝑠𝑎𝑡,𝑤𝑎𝑡𝑒𝑟(𝑥𝑤𝑎𝑡𝑒𝑟 − 1)
 (6.18) 

where 𝐴 is the surface area, 𝐶𝑠𝑎𝑡,𝑤𝑎𝑡𝑒𝑟 is the saturated vapour concentration of water, 𝑥𝑤𝑎𝑡𝑒𝑟 

is the mole fraction of water inside the core. The calculation of the CRF surface area and 

membrane thickness is described previously in Section 6.2.1. 
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 Results and Discussion  
This section details the CRF release behaviour in ideal water release environments at various 

controlled temperatures. Constant temperature experiments are examined to obtain membrane 

permeability data, which is used to model the release process. Variable temperature release 

experiments are used as a validation of the temperature-based model approach and the 

Arrhenius interpolation of permeability data.  

 Constant temperature release experiments 

Water release experiments provide idealised release environments, where the membrane 

diffusion is the rate limiting step in the nutrient release. Figure 6.11 shows the urea release from 

Polyon granules in water release trials conducted at temperatures between 2 °C and 34 °C. As 

the temperature increases, there is a corresponding non-linear increase in release rate observed. 

At temperatures below 8 °C, nutrient release is very slow. New Zealand is a temperate 

environment and as a result, temperatures are likely to be lower than the manufacturers design 

temperatures. Therefore, it is imperative to examine the release under these conditions as these 

lower temperatures will result in longer release periods.  

 

Figure 6.11 - Urea release from Polyon CRF granules in free water at temperatures between 2 °C and 34 
°C measured using ultra violet spectrophotometry absorbance at 210 nm. The maximum line shows the 
maximum expected urea release based on measurements of granular surface area in Section 6.2.1. 

Figure 6.12 shows the urea release from N-Control granules in water release trials conducted at  

3 °C, 22 °C and 30 °C. Similar to the Polyon trials, an increase in the rate of release from the N-

Control CRFs was observed as the temperature increased. There is generally good agreement 

between replicate samples at the same temperature, showing good reproducibility between 

samples. Only a limited number of temperatures could be measured for the N-Control CRFs, due 

to the limited amount of sample available.  
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Figure 6.12 - Urea release from N-Control CRF granules in free water at temperatures between 3 °C and 
30 °C measured using ultra violet spectrophotometry absorbance at 210 nm. The maximum line shows 
the maximum expected urea release based on measurements of granular surface area in Section 6.2.1. 

 

 Saturated concentration temperature dependence  

The saturated urea concentration is a strong function of temperature and will have a large impact 

on release in variable temperature environments. Figure 6.13 shows measured saturated 

concentrations at various temperatures found in the literature, expressed as a mass fraction 

(Miller & Dittmar, 1934; Mulder et al., 2011; Pinck & Kelly, 1925; Speyers, 1902). There is a very 

high level of agreement between the different sources, giving confidence in the measured 

saturated concentration, especially at the low temperatures of interest to this study. A linear fit 

has been applied to the literature data, for saturated urea mass fraction values relating to 

temperatures below 60 °C. This 60 °C is a reasonable upper limit for the linear fit as it is unlikely 

CRF granules will experience temperatures in excess of this. The linear fit shows a good 

agreement to the data within this range and can be used with confidence. The urea mass fraction 

at saturation (𝑌𝑢𝑟𝑒𝑎,𝑠𝑎𝑡) between 0 °C and 60 °C can therefore be expressed as a function of 

temperature (𝑇) 

𝑌𝑢𝑟𝑒𝑎,𝑠𝑎𝑡 = 0.0054𝑇 + 0.4042 (6.19)  
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Figure 6.13 – Measured urea saturation concentration at various temperatures expressed as a urea 
mass fraction from the literature (Miller & Dittmar, 1934; Mulder et al., 2011; Pinck & Kelly, 1925; 

Speyers, 1902). A linear fit is applied to the data for values below 60 °C.  

For use in CRF release modelling, the saturation limit needs to be expressed as a molar 

concentration. Molar volumes change with temperature and hence, the molar concentration 

cannot be directly inferred from the urea mass fraction. However, the urea mass fraction can be 

correlated to the specific gravity of the solution. Figure 6.14 shows the specific gravity of urea 

solutions at varying temperatures (Chadwell & Asnes, 1930; Perman & Lovett, 1915). An 

expression for the specific gravity of a urea solution as a function of the urea mass fraction, can 

be derived by fitting an equation to the literature data presented in Figure 6.14. A exponential 

expression provides a good fit to the specific gravity data Figure 6.14, due to a very slight non-

linearity that occurs at higher urea mass fractions. Therefore, the specific gravity of a urea 

solution (𝑆𝐺𝑢𝑟𝑒𝑎) can be approximated from the urea mass fraction (𝑌𝑢𝑟𝑒𝑎) using 

𝑆𝐺𝑢𝑟𝑒𝑎 = 1.00𝑒0.26𝑌𝑢𝑟𝑒𝑎  (6.20)  
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Figure 6.14 – Specific gravity of urea solutions of various concentrations and temperatures from the 
literature, for mass fractions between 0 and 0.8 (where possible) and temperatures between 40 °C 

and 80 °C (Perman & Lovett, 1915) and for mass fractions between 0 and 0.15 and temperatures 
between 5 °C and 25 °C (Chadwell & Asnes, 1930).  

It has been shown that the temperature dependence of the molar density of urea solutions varies 

in proportion to the molar density of water (Halonen et al., 2017). The water density (𝜌𝑤𝑎𝑡𝑒𝑟) and 

solution density (𝜌𝑠𝑜𝑙𝑛) are both sensitive to temperature (𝑇). Therefore, the molar concentration 

is estimated from the density of water at the same temperature (Kawahara & Tanford, 1966).  

𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇) =
𝑌𝑢𝑟𝑒𝑎,𝑠𝑎𝑡,𝑇 𝑆𝐺𝑢𝑟𝑒𝑎,𝑇 𝜌𝑤𝑎𝑡𝑒𝑟,𝑇

𝑀𝑢𝑟𝑒𝑎
 (6.21)  

where 𝑇 is temperature in degrees Celsius and 𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡 is the saturated concentration in 

mol L-1. The saturated concentration was calculated at 5 °C intervals between 0 °C and 40 °C using 

Equation (6.19) and is shown in Figure 6.15. The saturated concentration of urea in water can be 

expressed as a single function of temperature using 

𝐶𝑢𝑟𝑒𝑎,𝑠𝑎𝑡(𝑇) = 7.5𝑒1.1×10−2𝑇  (6.22)  

The estimated saturation concentrations and the derived relationship is illustrated in Figure 6.15, 

with some reference values from the literature showing good agreement. Unfortunately, few 

papers reference the saturated molar concentration explicitly and these values are limited to a 

small temperature range (Wei et al., 2017; Woods, 1952; L. Yang, An, Wang, Kan, & Jin, 2017). 

However, based on the data available within the literature, this relationship provides a 

reasonable approximation of the urea saturated concentration as a function of temperature, in 

a form which can be easily integrated into CRF release models.   
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Figure 6.15 - Saturated concentration of urea in water over 0 °C to 40 °C derived from the literature 
(Halonen et al., 2017; Kawahara & Tanford, 1966). Comparison to published saturation concentrations 

from (Wei et al., 2017; Woods, 1952; L. Yang et al., 2017). 

 

 Measured CRF membrane diffusivities  

The membrane permeability is calculated from the measured urea flux and saturation 

concentration at each measured temperature. Figure 6.16 shows the fit of the linear release 

region, used to obtain the urea flux, from the release data originally presented in Figure 6.11. 

Figure 6.17 shows the membrane permeability of the Polyon granules for temperatures between 

2 °C and 34 °C. The data show an approximately exponential increase in permeability with 

increasing temperature. The Arrhenius equation was fitted to the measured diffusivities to 

enable interpolation between the data points:  

𝑃𝑢𝑟𝑒𝑎(𝑇) = 2.9 × 10−4𝑒
−61500

8.314(𝑇+273.15)  (6.23)  

where the temperature is specified in °C and the permeability is expressed in m2 s-1.  There is 

reasonable fit between the Arrhenius equation and the measured data over the 2°C to 34 °C 

range of temperatures measured. The quality of the fit could be improved with additional data 

points in the 8 °C to 30 °C region. The incubator used for this study did not have a cooling function 

and so measurements below ambient were limited. When using this Arrhenius expression for 

interpolation, caution should be taken as permeabilities at low temperatures may be 

overestimated. The permeability at these low temperatures is low and so release rates are small 

anyway. Overall, the model shows reasonable consistency with the experimental measurements 

over the range of temperatures measured. 
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Figure 6.16 – Fit of the initial linear release region of Polyon CRF granules in free water at various 
temperatures between 2 °C and 34 °C. The maximum line shows the maximum expected urea release 

based on the measured CRF surface area per unit mass.  

 

Figure 6.17 - Calculated membrane permeabilities for Polyon CRFs from water release trials performed 
at temperatures between 2 °C and 34 °C with a fitted Arrhenius expression. 

The fit of the linear release region for the N-Control granules is shown in Figure 6.18. For each 

temperature, the N-Control membrane permeabiltiy found from the initial flux and saturation 

concentration is shown in Figure 6.19. The permeability also follows an approximately 

exponential model, though only three temperatures were measured for this fertiliser. The 

Arrhenius model was fitted to the permeability measurements of N-Control CRFs over the 2 °C to 

34 °C release window and is given by: 

𝑃𝑢𝑟𝑒𝑎(𝑇) = 8.89 × 10−9𝑒
−35700

8.314(𝑇+273.15) 
(6.24) 
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The N-Control CRFs shows similar permeability to Polyon at 22 °C however, N-Control appears 

less sensititve to temperature changes, with a lower first deriviative of the Arrhenius model than 

that of Polyon. It should be noted that a perfect Arrhenius fit results from only three data points 

being fitted with two variables from the Arrhenius equation. Additional diffusivitiy 

measurements would be required to properly fit an Arrhenius expression and perform release 

modelling for this fertilsier.  

 

Figure 6.18 - Fit of the initial linear release region of N-Control CRF granules in free water at various 
temperatures between 3 °C and 30 °C. The maximum line shows the maximum expected urea release 
based on the measured CRF surface area per unit mass. 

 

 

Figure 6.19 - Calculated membrane permeabilities for N-Control CRFs from water release trials 
performed at temperatures between 3 °C and 30 °C with a fitted Arrhenius expression. 
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 Variable temperature release model 

This section details the variable temperature release experiments, comprising of the 

experimental measurements and simulated release profile. The maximum and minimum release 

profiles encompass variations in temperature and fit of the Arrhenius equation on the model. 

These uncertainties are expressed as the predicted release window. Using this information, 

predictions of Polyon performance under New Zealand conditions can be made to assess their 

applicability for use in New Zealand.  

 

 Variable temperature release experiment: Case one 

Figure 6.20 shows the experimental and modelled release data for the first variable temperature 

release experiment. The release window shows the minimum and maximum release predicted 

by the model based on the uncertainty in the temperature measurement and interpolated 

diffusivity. The experimental data represents measurements of the release from Polyon CRFs 

under the same conditions. The experimental data shows a good agreement to the modelled 

release, with all experimental data points residing within the modelled release window. Due to 

insufficient data on the temperature dependence of the lag period, a two day lag period has been 

assumed. This assumed lag period is consistent with observations from the constant temperature 

release experiments. However, a temperature dependent relationship should be developed for 

improved model validity. In this scenario, a longer lag period would delay the nutrient release 

and result in a shift to the right of the predicted fractional release but the rates of release would 

remain unchanged.  

 

Figure 6.20 – Modelled fractional release from Polyon CRFs in a variable temperature environment 
(case one). The modelled release window indicates the uncertainties in variables, with the modelled 

release rate showing the predicted model release. The experimental data shows measurements of the 
actual Polyon CRFs under these conditions.  
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 Variable temperature release experiment: Case two 

Figure 6.21 shows the modelled and experimentally measured nutrient release in the second 

variable temperature environment. Generally, the data fit within the predicted release window 

and agrees with the modelled release rate. The large predicted release window shows the 

uncertainty in the modelled release rate due to the poor temperature control towards the end 

of the experiment, especially as this error accumulates over time. It is difficult to ascertain the fit 

of the model during the day 10 to 22 period however, based on the long-term trend, this is 

expected to be within the predicted window. The rate of change in the fractional release is 

observed to be consistent between the experimental and modelled release profiles, for both 

variable temperature experiments. This similar rate of change demonstrates the validity in the 

Arrhenius model for interpolation, which will only improve with additional data points.  

 

Figure 6.21 - Modelled fractional release from Polyon CRFs in a variable temperature environment 
(case two). The modelled release window indicates the uncertainties in variables, with the modelled 

release rate showing the predicted model release. The experimental data shows measurements of the 
actual Polyon CRFs under these conditions. 

 

 Commercial products under New Zealand conditions 

With a temperature dependent release model, the performance of commercially available 

fertiliser can be assessed in a New Zealand environment. The 90 to 120 day release duration (at 

21 °C) Polyon CRF represents the best suited Polyon product to achieve a 120 day release applied 

in the North Island of New Zealand in August. Figure 6.22 shows the release window for this 90 

to 120 day Polyon CRF product at a constant 21 °C, as specified by the manufacturer. The 

modelled release of this Polyon product under New Zealand conditions is also shown, assuming 

a constant temperature of 13 °C, which corresponds to the expected average temperature over 

the period. It can be observed that the cold New Zealand conditions (13 °C average temperature) 
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significantly slows the nutrient release over the period compared to the specified 90 to 120 day 

release period. It is therefore imperative that even small differences in the release environment 

be considered when using CRF products.  As these CRF products are designed for overseas 

markets with generally higher temperatures, it may also be necessary to develop CRFs to suit 

New Zealand applications. Figure 6.22 also shows the release of a CRF product, which has been 

designed to release over 90 days at the average 13 °C temperature. As only the thickness of the 

polymer coating has been changed, the same permeability interpolation can be applied.   

In practice, the temperature is not constant throughout the 90 day release period. The effect of 

the changing temperature is also shown in Figure 6.22. Here the release from the fertiliser 

designed to release over 90 days in New Zealand is shown this time using the expected daily 

average temperature for the period 1st of August to 30th of October. The release from this 

fertiliser is seen to be delayed compared to the constant release rate model. The discrepancy 

between the constant and variable temperature release profiles is most pronounced at around 

30 days. At 30 days after application, the variable temperature model predicts a release of 40% 

of the nutrient within the CRF, whereas the constant temperature model predicts a release of 

60%. This pronounced difference in the release rate arises from the non-linear temperature 

dependence of the permeability. It is important to note that this difference in release rate arises 

solely from the changing temperature of the environment during the release period. In practice, 

the release may be delayed even further due to a lack of available water, or other factors. 

 

Figure 6.22 – Predicted nutrient release profile for a Polyon fertiliser. The “Polyon specified release” 
shows the specified release window of 90 to 120 days at 21 °C. The “Polyon ” shows the predicted 

release of the commercial Polyon fertiliser based under New Zealand conditions. The “CRF constant 
temperature” shows the predicted release for a CRF designed for these field conditions based on the 

average temperature over the period (13 °C). The “CRF variable temperature” shows modelled release 
for this designed CRF when modelling the variable temperature rather than an average over the 

season. 
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 Nuclear Magnetic Resonance (NMR) of initial water ingress 
1H NMR spectrometry provides a non-invasive measure of water ingress into CRF granules. As 

the spin of the hydrogen nuclei associated with water and urea resonate at different frequencies, 

it is possible to discern the signal associated with each species. It is important to note that the 

urea signal is a measure of the solubilised urea within the system rather than urea released from 

the granule or total urea content, as the solid urea form is not detected here.  

Figure 6.23 shows the growth in the measured signal from water molecules within the core over 

time for each incubation temperature. The observed linear growth in the fitted water peak is 

consistent with the fundamental diffusion theory governing the water ingress into the core. 

Higher incubation temperatures encourage a faster water ingress as the permeability increases 

hence, peak integrals are seen to increase fastest for the 30 °C condition.   

 

Figure 6.23 - Integral of NMR water peak from N-Control granules incubated at various temperatures. 
The uncertainties in the data are presented as a 95% confidence interval.  

NMR measurements are quantitative and can be used to determine the concentration of urea 

and water within the core of the fertiliser. Although water and urea may be present in the 

membrane, the volume is negligible compared to that of the CRF core. Whereas Figure 6.23 

shows the growth of total signal integral with time, using the curve fitting procedure used in 

Section 6.3.3, this total signal can be deconstructed into urea and water signal contributions. 

With the water and urea signal contributions identified, the calibration curve in Figure 6.10 is 

used to convert this signal integral into molar quantities of water and urea. Figure 6.24 shows 

the change of water and solubilized urea within the core for the 30 °C incubation temperature. 

Similar behaviour was observed for the 10 °C and 23 °C incubation temperatures however, 

smaller quantities of water and urea were present due to the lower permeability. The almost 

instantaneous growth of both the water and urea NMR peak areas suggests that either water 

transport into the core is rapid or that there is some urea entrained within the polymer. However, 
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due to the short timescale it is expected that this rapid detection of urea is due to urea entrained 

within the polymer. 

 

Figure 6.24 – Presence of water and urea in the N-Control granules incubated at 30 °C over various 
incubation periods. The uncertainties in the data are presented as a 95% confidence interval. 

From Figure 6.23 the change in water in the sample was used to infer that the permeability of 

water in the N-Control membrane was (0.26 ± 0.03) × 10-15 m2 s-1, (1.2 ± 0.2) × 10-15 m2 s-1,  

(3.5 ± 0.6) × 10-15 m2 s-1 at (10.3 ± 0.2) °C, (23 ± 1) °C and (29.9 ± 0.5) °C, respectively and are 

plotted in Figure 6.25. The calculated permeabilities are only estimates, as the detected water 

molecules exist within the membrane as well as the core solution. If negligible accumulation in 

the membrane is assumed, then the calculated water permeability will approximate the real 

water permeability in the polymer. Urea permeability cannot be estimated using these NMR 

measurements, as the urea signal is only a measure of the solubilised urea within the membrane 

and core, not of the urea released.  

The water permeability for N-Control of (1.2 ± 0.2) × 10-15 m2 s-1 at (23 ± 1) °C measured using 

NMR, is similar to the urea permeability of (4.7 ± 0.4) × 10-15 m2 s-1 at (22.2 ± 0.4) °C measured in 

Section 6.3.1. It is expected that these diffusivities would be of the same order of magnitude. 

However, as the rate of diffusion is related to the size of the molecule, the water transport should 

be faster than that of urea. This discrepancy is likely due to the small sample size used for the 

NMR measurement. In the water release experiments each sample contains approximately 80 to 

100 individual granules. Whereas, in the NMR experiment only three granules were measured 

for each condition. As the mass transport is determined by the membrane thickness, variances 

in the membrane thickness can significantly impact the transport measured in these small 

samples. These experiments demonstrated the feasibility of measuring water transport using 

NMR, however it is recommended that these experiments be repeated with larger sample sizes 

in the future.  

0.0E+00

1.0E-04

2.0E-04

3.0E-04

4.0E-04

0 25 50 75 100 125 150 175

N
M

R
 d

et
ec

ta
b

le
 q

u
an

ti
ty

 [
m

o
l]

Time [hours]
Solublised urea Water



136 
 

 

 

Figure 6.25 - Calculated permeability of water through N-Control membrane from NMR 
measurements of water uptake in individual granules at temperatures between 10 °C and 30 °C. 

Results from this NMR analysis gives a greater understanding to the initial lag period, which is 

relatively unexplored. In the literature, this lag period has been described as the time taken for 

some critical fraction of space to become saturated with water (Shaviv et al., 2003b). The rapid 

diffusion of water through the membrane, observed in the NMR data, might also highlight the 

sensitivity of the overall release process to the water transport and the need to include this in 

release modelling. However, it is difficult to measure this critical fraction experimentally and 

instead it is treated as a fitting parameter.  
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 Conclusions 
Urea release from CRFs is governed by diffusion and hence, changes in the temperature of the 

release environment alter the urea permeability through the membrane. Using constant 

temperature free water release experiments, the urea permeability was measured over 

temperatures between 4 °C and 34 °C. The resulting permeabilities were fitted to an Arrhenius 

model. Using data from literature, the saturation concentration was also determined. Using the 

developed release model, nutrient release under variable temperature environments was 

predicted. Generally, there was good agreement between the model and experimental 

measurements of CRFs in variable temperature environments. Although the measurements of 

urea permeability have been made on Polyon and N-Control, the same procedure can be readily 

repeated for various CRF products.  

Using NMR techniques, the initial lag period was investigated and the water permeability in the 

membrane estimated. This demonstrated the feasibility to measure and quantify this initial lag 

period, which is scarce in the literature. Further work is required to continue this research and 

incorporate water transport into nutrient release models.  

CRFs are applied in diverse locations and environmental conditions with inherently variable 

temperatures however, models generally describe release under ideal release conditions. 

Models which assume a constant temperature over the release period can oversimplify the 

release process. The significant difference between the constant and variable temperature 

release models demonstrates the necessity to model the variable temperature experienced by 

CRFs in the environment. The model presented here provides a simple release model based on 

first principles, which is useful for creating blends or for better targeting CRF applications. For 

manufacturers, by using this model, CRFs can be easily designed for each application 

environment by adjusting the polymer thickness during manufacturing, to move this release 

profile back into the desired release window. This chapter only examined urea release under 

ideal, water saturated environments. Research into nutrient release under non-ideal conditions 

is further explored in Chapter 7. 

This model presented in this chapter provides a greater understanding of the ideal nutrient 

release under conditions more representative of field applications rather than laboratory trials. 

This information can be used to create CRF blends to achieve desired release profiles or to better 

target nutrient applications. 
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7 Controlled release fertilisers under non-ideal conditions  
 

Development of descriptive mechanistic models of the nutrient release from Controlled Release 

Fertilisers (CRFs) is essential to optimise fertiliser applications, as well as for further development 

of these coating technologies. Current literature on the release of nutrients from CRFs mostly 

comprises free water release experiments and basic field trials. Free water release trials provide 

repeatable data on the performance and reliability of membrane coatings. Free water release 

trials only provide ideal release curves in which the external nutrient concentration is zero and 

the fertiliser is saturated with water. In the field, CRF performance is variable. Although it is 

known that in the field release is slower than in water (Du et al., 2006), the key additional factors 

that influence the release in the field are not known. The incomplete understanding of the 

release process may have resulted in the highly variable CRF performance observed in the 

literature, due to the affect of these factors on experimental trials. The purpose of this chapter 

is to investigate the factors affecting the release of nutrients in the field using controlled 

laboratory experiments. 

The release of nutrients from CRFs has been modelled using a variety of approaches including 

both empirical (Fujinuma et al., 2009) and mechanistic (Friedman & Mualem, 1994; Shaviv et al., 

2003b) models. For the polymer-coated controlled release fertilisers considered in this chapter, 

diffusion limited mass transfer is thought to control the transfer of species across the membrane 

of a CRF. Most mechanistic models use Fick’s law of diffusion to model the release of the internal 

nutrients (Du et al., 2004; Trinh et al., 2013). The driving force for the diffusion across the thin 

membrane layer is typically assumed to be the concentration difference, or the osmotic potential 

difference across the membrane. Typical assumptions used to develop the model are:  

• The granules are perfectly spherical. 

• No defects are present in the membrane. 

• The external concentration of the nutrient is zero. 

• Sufficient water is available throughout the release. 

• The membrane coating is thin. The assumption of a thin membrane means that the 

system can be modelled as a flat plate with negligible error. The membrane is typically 

<1% of the granule diameter so this assumption is valid. 

• Equimolar counter diffusion (EMCD) of water and urea through the membrane is 

assumed. The assumption of EMCD means that the transport equations are greatly 

simplified, and Fick’s law holds.   

With these assumptions, the transport is dominated by diffusion (and hence temperature) and 

granule size only. It is not affected by the soil environment. The diffusion limited mass transfer 

model has been widely fitted to free water release trials as a form of validation (Frenning, Tunón, 

& Alderborn, 2003; Lu et al., 2007). Under these conditions, the release process is well 

characterised by the model.   
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Measurements of the release of nutrients in soils or in the field are challenging. Direct 

measurement of loose CRFs in the soil is not possible, instead mesh bags are used (Carson, 

Ozores-Hampton, Morgan, & Sartain, 2014). The release from mesh bags varies by up to 10% as 

a result of using different mesh materials (Wilson et al., 2009), so the design of the experiment 

is critical. Ensuring good incorporation of soil inside the mesh bag minimises these differences. 

For buried granules, a water application after placing granules under the soil surface encourages 

some movement of the soil through the mesh bag. For surface applied fertilisers, these should 

be lightly pressed down into the soil to ensure good contact between the soil and the fertiliser. 

Despite the inherent challenges, trials using mesh bags remain the standard practice for 

measuring the release rate in soils. 

In favourable circumstances where the release medium is saturated, the release of nutrients in 

the field follows the expected release rate from water release experiments (Du et al., 2006). 

However, in the field, the release of nutrients may be affected by temperature, moisture, relative 

humidity, placement of the fertiliser, rate of application, soil type and cultural farming practices. 

The effect of temperature is readily measured in the lab (Adams et al., 2013; Du et al., 2006; 

Husby et al., 2003; Kochba, Gambash, & Avnimelech, 1990),. However, the other factors are not 

usually considered making correlations between laboratory release trials and field trials difficult, 

even within the same experiment (Ozores-Hampton & Carson, 2013).   

The release of nutrients is driven by the chemical potential gradient across the membrane, and 

therefore may be affected by the type of external environment. Water transport will be affected 

by changes in the matric potential (absorptive and capillary forces), osmotic potential (dissolved 

solutes), gravitational potential or hydrostatic potential, the sum of which is the external water 

potential (Bittelli, 2010); urea transport will be influenced by the osmotic potential and 

potentially the external transport of urea in the soil. Few studies have directly quantified the 

effect of changes in the chemical potential on the transport of water or nutrient, with most work 

stating the effects are negligible. Some studies indicate that the release medium may alter the 

mass transport (Broschat, 2005; Golden et al., 2011; Lu et al., 2016), though they rarely quantify 

the mechanism governing the release. It is therefore still unclear whether changes in, for 

example, the osmotic potential will influence the release of nutrients. 

Water available for the release process comes in many forms: irrigation, rainfall, soil moisture, 

dew formation, relative humidity in the air, and the release medium. A few reports indicate no 

effect of soil moisture on release (Cahill, Osmond, Israel, & Osmond, 2010). However, the 

majority of trials have shown that water availability in the soil can have a large impact on the 

nutrient release from CRFs, with a free water release being faster than that in soil (Carson & 

Ozores-Hampton, 1991; P. Lu et al., 2016). It may be that a critical soil water content exists at 

between 20% and 50% of field capacity, where the water availability begins to limit the CRF 

nutrient release (Christianson, 1988; Fujinuma et al., 2009). However, field trials on sand showed 

a marked decrease in release rate when going from saturated sand to sand at field capacity 

indicating the release may be affected even under high water availability conditions (Ozores-
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Hampton & Carson, 2013). Similarly, Du et al. (2006) studied the release of nutrients into soil at 

field capacity, saturated soil and free water. Under these conditions, the water potential gradient 

across the membrane was expected to be constant, but changes in the long term release rates 

were still observed (Du et al., 2006). Under real field conditions, the soil water potential can be 

significantly below field capacity, suggesting even more pronounced effects on the release rate.  

Overall, these results suggest that water potential changes between different soil media are likely 

dominated by soil moisture effects and no difference in release rate would be expected between 

soils at similar moisture content. However, the mechanistic reason for the differences in release 

rates is not yet understood. 

One possible reason for the slow release at low soil water content is that the assumption of the 

perfect sink condition is invalid and concentration profiles develop around the fertiliser granules 

(Shaviv, Raban, & Zaidel, 2003a). There is some experimental evidence to support this hypothesis. 

For example, in release media with varying water availability, the final nutrient release decreased 

from 85% to 78% with decreasing water availability (Du et al., 2006), perhaps indicating an 

accumulation of nutrients in the soil.  However, order of magnitude analysis indicates diffusion 

through soil should not be limiting. The mass transfer coefficient for urea diffusion through a 

typical CRF membrane is approximately 3 × 10-10 m s-1 (Shaviv et al., 2003b). The urea diffusion 

through soil is a function of the moisture content of the soil (Friedman & Mualem, 1994). If we 

consider a soil at 50% of field capacity, at the low end of practical soil moisture levels, urea 

diffusion suggests a mass transfer coefficient of 2 × 10-7 m s-1, assuming diffusion in an infinite 

medium. Therefore, the mass transfer through the soil should be 2 - 3 orders of magnitude faster 

than through the membrane and urea diffusion is unlikely to explain the observed decrease in 

release rate.  

It has previously been observed that the effect of water availability is particularly pronounced for 

fertilisers placed on the surface of the soil. In one trial of surface applied CRFs in Florida, CRFs at 

one site released up to 60 days faster than those at a second site (Medina, Obreza, Sartain, & 

Rouse, 2008). The temperature at both sites was similar across the trial so the authors attributed 

the difference to the high irrigation rate at the site with the faster release. They surmised that 

drying of the granules was occurring between the intermittent wetting by irrigation or rainfall 

(Medina et al., 2008). Drying of the granules could result in a stronger concentration profile 

developing around the granule than the order of magnitude analysis suggested, and may affect 

the flux of water into the core (Adams et al., 2013). Both of these effects could reduce the urea 

transport and suggest wetting and drying of granules may be an important factor to consider in 

determining the release rate.  

It is commonly stated that intermittent wetting and drying will influence the nutrient release 

(Azeem, Ku Shaari, Man, Basit, & Thanh, 2014; Broschat, 2005; Mayer, 2010; Obreza & Sartain, 

2010). However, only one previous study has considered the effect directly (Christianson, 1988), 

and in this work no significant effect was observed. It is possible that the change in soil moisture 

considered was too small, as field trials have previously found that the mass transport is only 
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reduced at soil moistures below 50% of field capacity (Fujinuma et al., 2009). Changes in soil 

moisture, and hence the magnitude of wetting and drying cycles, are a strong function of 

placement depth. Measurements found the soil water saturation reducing from 100% to 32% in 

the first 24 hours post saturation at a depth of 2.5 cm, while at a depth of 7.5 cm the same 

reduction required 120 hours (Davarzani, Smits, Tolene, & Illangasekare, 2014). The rapid drying 

of shallow soils may be important for the modelling of the release process from surface applied 

and shallow CRF applications. 

Overall, it is clear that the release of nutrients from CRFs in the field is still not well understood. 

Under the right conditions, the release closely models that seen in controlled trials in water but 

in most cases the release in the field is much slower. The purpose of this chapter is to measure 

the release rate for CRFs under controlled conditions to determine the factors that are most 

important in determining the release rate of nutrients from CRFs. The factors considered include 

the external osmotic potential of the soil, relative humidity, depth of placement, and moisture 

application rate. 

This chapter uses terms which appear across various disciplines and hence these are defined here 
for clarity. Water content refers to the to mass of water within the soil matrix, expressed as 
kg kg-1. The soil field capacity refers to the maximum water carrying capacity of the soil, also 
expressed as kg kg-1. The term of water availability refers to the total amount of water available 
to the CRF in the soil system, including rainfall and irrigation. Osmotic pressure refers to the 
opposing pressure that would be required to prevent the flow of that solution through a 
membrane.  
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 Mass transport theory 
In CRFs, a thin polymer membrane controls the release of internal nutrients by providing a 

transport resistant medium through which the internal nutrients must first diffuse prior to 

becoming available in the soil system. Mass transport by diffusion is described by the general 

mass transfer equation. For a binary system of species A and B, the flux of species A is given by: 

𝑁𝐴 = (𝑁𝐴 + 𝑁𝐵)𝑥𝐴 − 𝐶𝑇𝑜𝑡𝑎𝑙𝒟𝐴

𝑑𝑥𝐴

𝑑𝑧
  , (7.1) 

where 𝑁𝐴 and 𝑁𝐵 are the molar flux of species A and B, respectively, 𝑥𝐴 denotes the mole fraction 

of species A, 𝐶𝑇𝑜𝑡𝑎𝑙 is the total concentration of species in the system, 𝒟𝐴 is the diffusion 

coefficient of species A in the medium and 
𝑑𝑥𝐴

𝑑𝑧
 describes the concentration gradient of species A. 

Thus, the flux of a species, A, through a membrane, 𝑁𝐴, is driven by the concentration gradient 

across the membrane. At the surface of the polymer, the concentration will be at a local 

equilibrium that is determined by the chemical potential. Thus, the overall driving force for mass 

transport is given by the difference in chemical potential from the inside of the membrane to the 

soil. The specific equations used to determine mass transfer resistances and permeabilities in this 

chapter are given in Section 7.2 below. 

In modelling the release of urea from a CRFs, species A and B can be considered to be urea and 

water, respectively. If equimolar counter diffusion is assumed, then the molar flux of water and 

urea are equal, and thus the first term in the general mass transfer equation is zero and Fick’s 

law applies. The flux is then written more conveniently as: 

𝑁𝑢𝑟𝑒𝑎 = −𝒟𝑢𝑟𝑒𝑎

𝑑𝐶𝑢𝑟𝑒𝑎

𝑑𝑧
 (7.2) 

where 𝐶𝑢𝑟𝑒𝑎 is the concentration of urea in the polymer. Equation (7.2 provides the basis for 

most mechanistic CRF release models and has a straightforward analytical solution (Shaviv et al., 

2003b). In some cases, the equimolar counter diffusion assumption may not hold. For example, 

in the initial release stages, fresh water flux into the core is essential to dissolve the internal core 

and there is no urea transport. Furthermore, dry external conditions may cause a flux of water 

out of the granule. In both situations, the simplified single component diffusion may not 

adequately model the system. In these cases, it would be necessary to use coupled differential 

equations for urea and water transport:  

𝑁𝑢𝑟𝑒𝑎 = 𝑥𝑢𝑟𝑒𝑎(𝑁𝑢𝑟𝑒𝑎 + 𝑁𝑤𝑎𝑡𝑒𝑟) − 𝒟𝑢𝑟𝑒𝑎

𝑑𝐶𝑢𝑟𝑒𝑎

𝑑𝑧
 

 
(7.3) 

𝑁𝑤𝑎𝑡𝑒𝑟 = (1 − 𝑥𝑢𝑟𝑒𝑎)(𝑁𝑢𝑟𝑒𝑎 + 𝑁𝑤𝑎𝑡𝑒𝑟) − 𝒟𝑤𝑎𝑡𝑒𝑟

𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑧
 

(7.4) 

Coupled equations may describe the release behaviour more accurately and help explain the 

difference between in-the-field and water release measurements. To test whether such coupled 

equations are necessary, we need data describing the release in soil.
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 Method  
Laboratory based experiments were designed to examine the sensitivity of the release 

process from CRFs to key environmental factors. Two 44% nitrogen, polymer coated urea 

fertiliser products were examined: Polyon® (Harrell’s LLC) and N-Control™ 75 (distributed by 

Ravensdown Ltd). Polyon has been designed for a 150 - 180 day release at 21 °C, while N-

Control has been designed for 75 day release, with no release temperature specified by the 

distributor. On the basis of the literature review, water availability was identified as a key 

environmental factor and experiments for the effect of relative humidity and rainfall were 

examined. Soil placement and the presence of dissolved salts were also identified as 

potentially influencing the release process and are examined herein. The effect of 

temperature on release is already well understood and will not be considered here. 

In this section, when examining different fertiliser samples the terms “partially released 

granules” and “unreleased granules” are used. The term “partially released granules” refers 

to granules incubated in water prior to the experiment. These partially released granules have 

liquid within the core and the urea release process has begun prior to the experiment. They 

may also contain solid urea in the core. Conversely, the term “unreleased granules” refers to 

fertilisers with a dry, unreleased solid core as received from the supplier. When examining 

the effect of water availability, the terms “simulated rainfall” and “simulated irrigation” are 

used to describe different water applications. “Simulated rainfall” refers to applications of 

water to the experiment which is based on rainfall data collected from NIWA weather 

stations. “Simulated irrigation” refers to water applications based on the industry standard to 

maintain soil moisture between 50% and 100% of field capacity. All soils used in these 

experiments are local sandy loam soils from Canterbury, New Zealand. All soils used here 

were sieved to remove large particles greater than 5 mm.  

 

 Measurement of membrane permeability  

The membrane permeability to water was measured from the rate of mass change of partially 

released granules when exposed to a controlled relative humidity environment. In total, three 

experiments were performed in order to collect data across the entire relative humidity 

range.  

The sample preparation of all three experiments was identical, with the exception that the 

third experiment increased the CRF sample mass to allow for a higher sampling frequency. 

Prior to each experiment, nine samples of Polyon and N-Control, each with an approximate 

mass of 2 g were prepared (4 g for the third experiment). These samples were placed in 

individual containers with 200 ml of deionised water and incubated at 35 °C. The nine samples 

of each fertiliser were split into groups of three and each group was incubated for 5, 10 and 

15 days, respectively. The incubation periods were arranged to end at the same time. At the 

end of the period, all samples were removed, and the surface water removed using 

compressed air. The total urea released during the incubation period was determined by 

measuring the urea in solution using ultra violet absorption. After the 5, 10 and 15 day 
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incubation period, the Polyon granules had released approximately 13%, 28% and 41% of the 

internal urea, respectively, and N-Control approximately 22%, 29% and 39 %, respectively. 

Thus all granules still contained solid urea.  

Experiment one examined the mass change of partially released granules in a relative 

humidity range of 40 - 80%. A Contherm Phytotron controlled environment chamber was 

maintained at 20 °C and used to maintain a constant relative humidity. Initially a water source 

was introduced to produce a high humidity environment of approximately 70 - 80% relative 

humidity. This water source was then removed to measure mass changes at ambient 

conditions of approximately 50% relative humidity. Onset Hobo® Pro V2 probes were kept 

within the chamber to record the temperature and relative humidity the samples experienced 

across all experiments.  

Experiment two examined mass changes in a relative humidity range of 5 - 55% in the same 

controlled environment chamber at 20 °C. Samples were placed within airtight containers 

containing silica gel to reduce the humidity to approximately 5 - 10%. Samples were then 

removed and tested at an ambient relative humidity of approximately 55%. 

Experiment three examined the mass change over 20 - 80% relative humidity at 20 °C. For this 

experiment a larger 4 g sample was used to allow for increased sampling frequency to sample 

across the entire relative humidity range while maintaining adequate mass resolution. A high 

humidity condition of approximately 80% was initially tested with the addition of a water 

source, similar to experiment one. The relative humidity was then reduced to an ambient 

condition of approximately 60%. The final condition tested was a low relative humidity 

condition of approximately 20% relative humidity. This low humidity was achieved by using 

the silica gel method from experiment two in air tight containers.  

For each measurement, the samples were removed from the controlled environment for a 

period of approximately one minute and weighed on a four-point balance. Measurements 

were typically taken at intervals of one to six hours with the sampling frequency increased in 

periods of high mass loss. This approach enabled the collection of more data points while 

ensuring measurable differences in sample weight.  

To achieve low humidity conditions, samples were placed in sealed containers with desiccant. 

In the chamber the samples were exposed to fan forced air flow, so the relative humidity was 

relatively constant throughout the chamber. In the stagnant container, a relative humidity 

gradient would exist between the granules recessed 13 mm within the sample holders and 

the air in the container. The actual relative humidity experienced by the granules was 

estimated using the basic flux equation to enable a correction to be applied 

𝑁𝑤𝑎𝑡𝑒𝑟 =
𝑃𝑤𝑎𝑡𝑒𝑟,𝑣𝑎𝑝−𝑎𝑖𝑟

𝐿
∆𝐶𝑤𝑎𝑡𝑒𝑟 (7.5) 

where 𝑃𝑤𝑎𝑡𝑒𝑟,𝑣𝑎𝑝−𝑎𝑖𝑟 is the permeability of water vapour in air at (19.9 ± 0.1) °C of 

2.82 × 10−5 m s-1, L is the mass transfer length of 1.3 × 10−2 m, 𝑁𝑤𝑎𝑡𝑒𝑟 is the water flux in  

g s-1 m-2 calculated from the measured rate of mass change in the sample and ∆𝐶𝑤𝑎𝑡𝑒𝑟 is the 

change in the concentration of water vapour in the air with units g m-3. Thus, the driving force, 
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and hence the relative humidity at the surface of the granules, could be calculated. The 

change in relative humidity could be determined by reference to the saturated water vapour 

concentration (𝐶𝑠𝑎𝑡,𝑤𝑎𝑡𝑒𝑟) of (17.3 ± 0.1) g m-3 at (19.9 ± 0.1) °C and the relative humidity 

measured by the probe of the bulk air (𝑅𝐻1) to calculate the relative humidity at the granule 

surface (𝑅𝐻2). 

𝑁𝐴 =
𝑃𝑤𝑎𝑡𝑒𝑟,𝑣𝑎𝑝−𝑎𝑖𝑟

𝐿
𝐶𝑠𝑎𝑡,𝑤𝑎𝑡𝑒𝑟(𝑅𝐻1 − 𝑅𝐻2) (7.6) 

The relative humidity at the granule surface could be estimated through rearrangement and 

was found to result in an increase in the relative humidity of approximately 0.5 - 2.5%. 

The membrane permeability was calculated from the measured mass flux and the vapour 

pressure driving force across the membrane. This driving force was calculated by the 

difference between the internal saturated vapour pressure and the external vapour pressure 

given by the external relative humidity, which is converted to a water vapour concentration 

for this calculation. The internal vapour pressure was estimated using Raoult’s law since the 

urea has nearly zero vapour pressure under these conditions, but can also be estimated from 

the external vapour pressure at the point where transport of water stops. Raoult’s law 

estimates this internal vapour pressure at 81% of the saturated vapour pressure of water. The 

membrane permeability (𝑃𝑤𝑎𝑡𝑒𝑟) can be calculated using    

𝑃𝑤𝑎𝑡𝑒𝑟 =
𝑑𝑚𝑤𝑎𝑡𝑒𝑟(𝑡)

𝑑𝑡

𝑙

𝐴𝐶𝑠𝑎𝑡,𝑤𝑎𝑡𝑒𝑟 (𝑥𝑤𝑎𝑡𝑒𝑟 −
𝑅𝐻
100)

 (7.7) 

where 
𝑑𝑚𝑤𝑎𝑡𝑒𝑟(𝑡)

𝑑𝑡
 is the rate of mass change, 𝐴 is the surface area, 𝐶𝑠𝑎𝑡,𝑤𝑎𝑡𝑒𝑟 is the saturated 

vapour concentration of water, 𝑥𝑤𝑎𝑡𝑒𝑟 is the mole fraction of water inside the core and 𝑅𝐻 is 

the relative humidity in the bulk air expressed as a percentage. The calculation of the CRF 

surface area and membrane thickness is described previously in Section 6.2.1. 

 

 Effect of salt on release 

When using CRFs in the field, different dissolved salts in the soil can change the osmotic 

potential of the soil. Changes in the osmotic potential may alter the chemical potential driving 

force across the membrane and alter CRF release rates. The quantity of dissolved salts can be 

expressed as soil conductivity. Sandy loam soil is expected to have a conductivity of 0.005 - 

0.3 mS cm-1, silt soils 0.07 - 0.8 mS cm-1, clay soils 0.2 - 6 mS cm-1 and salty soils 0.95 - 9.0  

mS cm-1 (Barbosa & Overstreet, 2011; Domsch & Giebel, 2004; Doolittle & Brevik, 2014). 

Water release trials of CRF granules in salt solutions of varying concentrations were used to 

determine the effect of dissolved salts on the release process.    

For the water release trials, four different 1 L NaCl stock solutions of (2.68 ± 0.03) g L-1,  

(4.96 ± 0.05) g L-1, (7.31 ± 0.07) g L-1 and (15.5 ± 0.2) g L-1 were prepared. These four salt 

solutions corresponded to conductivities of (4.76 ± 0.05) mS cm-1, (8.36 ± 0.08) mS cm-1,  

(12.0 ± 0.1) mS cm-1 and (24.6 ± 0.3) mS cm-1, respectively. Thus, the range of conductivity 

covers the expected range of conductivity of all soil types. From each NaCl stock solution, 
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three 200 ml samples were removed and placed in 250 ml sample containers with 

approximately 2 g of N-Control granules. The 12 samples were then transferred to a water 

bath at 30 °C to accelerate the release process. The urea released from the N-Control was 

measured periodically using ultra violet spectrophotometry at 210 nm (Trinh, Dao, et al., 

2014). For each sample, the absorbance of a solution with equivalent NaCl concentration but 

no urea was subtracted as a baseline. The produced release curves can be compared directly 

to each other to examine the effect of increasing NaCl concentrations. The linear release 

period can be used to extract information on how the salt affects the mass transfer driving 

force. Release data for a zero salt concentration sample was sourced from other release 

experiments but followed the same experimental procedure.  

 

 Effect of soil moisture on release 

Nutrient release from CRFs is initiated after water from the external environment diffuses 

through the membrane and solubilises the internal core. The sensitivity of the release process 

to soil moisture is examined through simulated rainfall and irrigation experiments by 

monitoring nutrient release.   

 

 Release under simulated rainfall  

The effect of rainfall was examined on both surface applied and buried Polyon and N-Control 

granules. For the surface applied granules, twelve 4 g samples of each fertiliser were weighed 

and placed inside fibreglass mesh bags approximately 50 mm × 50 mm in size. Each mesh bag 

was numbered and weighed prior to the experiment. The same process was repeated for the 

buried granules with another twelve 4 g samples of each fertiliser prepared.   

Plastic trays of approximately 215 mm × 355 mm × 50 mm were filled with a sandy loam soil 

and wetted to field capacity. The surface applied fertilisers were placed on the surface of the 

wetted soil and softly pressed into the soil, such that the granules were in contact with the 

soil. Buried granules were added at a depth of 25 mm from the top and bottom of the soil 

prior to wetting the soil with the first rainfall event. 

The soil trays and fertilisers were transferred to a Contherm Phytotron controlled 

environment chamber, set to an ambient relative humidity of 60% and at a temperature of 

20 °C. Data from NIWA was used to establish an average rainfall quantity and frequency of 

5.7 mm of rain every third day by analysing data for the months of June - December over the 

period 2013 - 2017 from Lincoln, Pukekohe and Palmerston North. Water was applied through 

misting spray nozzles from a height of 1 m above the samples for even distribution. Surface 

applied granules were weighed every three days, immediately prior to a simulated rainfall 

event. For accurate mass measurements the samples were quickly submerged in water to 

remove any external dirt and rapidly dried using compressed air. The buried granules could 

only be destructively sampled so were tested less frequently at 9, 15, 38 and 45 days. When 

the granules were removed from the soil, they were quickly washed and dried using 
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compressed air. They were then weighed to obtain the final wet mass and subsequently 

placed in an oven for five days at 60 °C to dry the granules to obtain a final dry mass. The soil 

moisture for both surface applied and buried granules was measured prior to each rainfall 

event by weighing the total mass of the soil container. The average soil moisture and timing 

of rainfall events are shown in Figure 7.1.  

 

Figure 7.1 - Average soil moisture during simulated rainfall experiments. “Soil measurement” 
represents physical measurements of the system, while “Approximate behaviour” shows a linear 

interpolation between the measured data points to indicate the approximate soil moisture 
between measurements. 

 

 Release under simulated irrigation  

Simulated irrigation experiments were performed by applying water to the soil to maintain 

the soil moisture at 50 - 100% of field capacity. The soil moisture was calculated by weighing 

the total mass of the containers approximately every three days. Each of the 16 samples 

contained approximately 3.4 kg of dry soil, requiring approximately 0.8 kg of water to return 

the soil to saturation. Samples were removed from the chamber and placed on a level surface 

with water applied using measuring jugs. Water was applied in approximately 100% excess to 

ensure saturation of the soil. The pooling of the water on the soil surface evenly distributed 

the water through the soil, and the excess water left through the bottom drainage holes 

within approximately 15 minutes of application. The soil moisture profile and irrigation events 

are detailed in Figure 7.2.   

Surface applied and buried samples were measured using the same method as was used for 

the simulated rainfall experiment in Section 7.2.3.1. Twelve 4 g samples of each fertiliser were 

prepared for the surface applied and buried trials. These samples were placed in mesh bags, 
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which were placed in and on the soil under the same procedure as was used for the simulated 

rainfall experiments. The controlled environment chamber was maintained at 60% relative 

humidity and 20 °C, as for the rainfall experiments. 

 

Figure 7.2 - Average soil moisture during simulated irrigation experiments. “Soil measurement” 
represents physical measurements of the system, while “Approximate behaviour” shows a linear 

interpolation between the measured data points to show the rough behaviour of the soil moisture 
over the experiment. 

 

 Release under constant soil moisture 

The release was also examined for initially unreleased Polyon granules that were incubated 

in constant soil moisture environments. For this experiment 60 samples of Polyon fertiliser 

granules of approximately 2 g were weighed and placed within numbered fibreglass mesh 

bags of approximately 50 mm x 50 mm. These bags were sealed using staples through the 

mesh and were reweighed again prior to the experiment.  

For the release environment, 60 polypropylene sample containers with a volume of 250 ml 

were weighed and numbered. Each of these containers was filled with a local sandy loam soil 

to approximately 40% of the total volume. A fertiliser sample in a mesh bag was placed on 

top of the soil in each container and then filled with soil to approximately 80% of the total 

volume. After the addition of the soil, the total mass was reweighed to obtain a soil mass. The 

samples were divided into four groups of 15 to measure the release rate under soil moisture 

levels of 50%, 65%, 80% and 100% of field capacity (field capacity was approximately 0.42 kg 

kg-1). The amount of water required for each sample to reach the controlled moisture set 

point was calculated and added using a 50 ml measuring cylinder. After the water was added, 
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the sample was weighed again to measure the amount of water added. These samples were 

sealed and incubated at 30 °C in a Contherm Phytotron controlled environment chamber. 

After periods of 8, 21, 29, 49 and 69 days, three samples of each soil moisture were removed 

from the chamber. When each sample was removed from the chamber, the mesh bags were 

removed from the soil and rapidly washed in deionised water. Then the surface of the 

particles were dried using compressed air. The samples were weighed to measure the 

quantity of water within the core and then further dried in an oven for five days at 65 °C and 

reweighed to get the dry mass.  

 

 Effect of soil moisture during release 

Where Section 7.2.3 detailed experiments to assess the sensitivity of soil moisture on the 

initial release process, this section examines the effect of soil moisture later during the release 

process.  

Here partially released CRF samples were prepared by incubating the samples at 35 °C for 12 

days in 200 ml of deionised water. Six samples each of Polyon and N-Control fertiliser 

weighing approximately 4 g were prepared. After incubation the samples of Polyon and N-

Control had released approximately 25% and 41% of the initial urea, respectively. The samples 

were dried using compressed air and weighed to get a zero-time mass measurement for the 

experiment. These samples were transferred into fibreglass mesh bags of approximately  

50 mm x 50 mm, then numbered and weighed again prior to the experiment to measure the 

bag mass. Three incubated samples of each fertiliser were surface applied, and the other 

three buried. 

The experiment was conducted following the same method as was used for the effect of 

simulated rainfall on unreleased granules, described in Section 7.2.3.1. 

 

 Effect of dew on release 

Under normal release conditions the presence of water facilitates the urea release from the 

CRFs. However, situations may arise where the water and urea transport across the 

membrane may begin to compete with each other. Such a situation may occur for surface 

applied CRFs receiving small applications of dew. 

A controlled environment chamber was used to simulate typical climatic conditions 

experienced in Christchurch in the month of July to simulate the application of dew. Hourly 

temperature data and relative humidity data was sourced from NIWA for the month of July 

to establish the typical daily profile. As relative humidity data was only available at 9am and 

3pm, interpolation was used to estimate relative humidity at different times. To aid 

experimental control, the daily profile was simplified to four average conditions of six hours 

in duration, as shown in Figure 7.3.  
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Figure 7.3 - Temperature and relative humidity profile for the dew formation experiment. The 
probe data shows a sample of the actual conditions within the chamber. 

The release rate was then measured for both partially released and unreleased Polyon CRF 

samples. For partially released samples, 12 Polyon samples of approximately 4 g were placed 

in containers with 200 ml of deionised water. These containers were incubated at 45 °C for 

21 days, resulting in an approximate urea release of 80%. The Polyon granules were removed 

two hours prior to the experiment and the surface dried using compressed air. The unreleased 

granules were prepared by weighing out 12 samples of approximately 4 g. Each of the 24 

samples was placed in an individual fibreglass mesh bag of approximately 50 mm x 50 mm in 

size and weighed prior to the beginning of the experiment.  

The 12 samples from each partially released and unreleased pre-treatment were split in half. 

Half of these were placed in the controlled environment, elevated off the surface so an air 

space existed under the granules. The other granules were placed on a tray containing soil 

that had been initially wetted to field capacity, as shown in Figure 7.4. 

The chamber was programmed to match the environmental conditions expressed in Figure 

7.3. The temperature and humidity profile were also measured using a Onset Hobo® Pro V2 

probe. A typical daily cycle is shown in Figure 7.3. Dew was simulated by applying mist to the 

granules daily, using a standard spray bottle, pictured in Figure 7.4, to provide (130 ± 30) ml 

m-2, which is equivalent to (0.13 ± 0.3) mm. The amount of dew has been quantified for 

different locations in the literature and ranges between 0.08 mm and 0.15 mm (Czeller et al., 

2017; De Jeu, Heusinkveld, Vugts, Holmes, & Owe, 2004; A. F. G. Jacobs, Heusinkveld, Kruit, 

& Berkowicz, 2006; Xiao, Meissner, Seeger, Rupp, & Borg, 2009). None of these locations were 

within New Zealand and there may be significant regional variation however, 0.13 mm is likely 

a reasonable estimate.  

As previous experiments have shown the possibility of crystals forming on the outside of the 

granules, which may alter mass transfer, the samples for each condition were divided in half 
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again, with one half being washed daily. Washing of the granules simulates the effect of 

intermittent rainfall or irrigation events that would remove any accumulation of urea on the 

surface of the granules. The granules were washed by submerging the sample bags into a 

beaker of deionised water and then dried using compressed air before being returned to the 

chamber. The granules were weighed prior to dew applications to monitor the changes in the 

mass of the samples over the previous period. Measurements were initially made daily but 

were later extended to three day averages.  

 

Figure 7.4 - Experimental configuration for the simulation of dew formation on granules in 
controlled environment chamber. 
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 Results and discussion  
This section details the CRF release behaviour under various simulated environmental 

conditions. Results are presented as either a “fractional release”, which refers to the fraction 

of the internal dry urea that has been released, or a “mass fraction”, which refers to the total 

mass of the sample relative to its initial dry mass. The mass fraction is used in cases where 

both water and urea are present and it was not possible to dry the granules to obtain the solid 

mass. 

 

 Measurement of membrane permeability 

The availability of water not only initiates nutrient release but also maintains the mass 

transfer by providing a flux of fresh water into the granule core to allow ongoing dissolution 

of the solid urea. Figure 7.5 shows the mass loss from partially released CRF granules that 

were exposed to different external relative humidity conditions at 20 °C. As the relative 

humidity changes, water is driven either to or from the core. In these trials, the granules were 

partially released such that the core initially contained water and urea. Three incubation 

durations were measured, but all three produced the same rates of mass change as in all cases 

the core of the granule contained solid urea and hence the internal solution was saturated. 

Therefore, the data was collated to reduce the uncertainty in the small mass changes 

measured.  

The relative humidity data can be divided into two regions: relative humidity conditions above 

and below about 75%. For external relative humidity values below 75%, a linear relationship 

is observed, with the water loss from the core increasing with decreasing relative humidity. It 

is important to note that, although entrained urea may exit the core with the water transport, 

this should become deposited on the external surface of the granules here and will not appear 

as a mass loss. At relative humidity values above 75%, the mass of the granules increases 

slightly or remains constant. These results indicate that at a relative humidity of about 75% 

there is no driving force for water to penetrate into the core of the granule, and so this 

corresponds to the internal pressure of the water in the saturated urea solution. The internal 

vapour pressure estimated using Raoult’s law was equivalent to 81% relative humidity, in fair 

agreement with this observation. At lower relative humidity, the external water potential 

reduces, thereby favouring transport of water out of the core. At higher relative humidity, the 

driving force for water transport will be towards the core however, the mass change is then 

limited by the release of urea. It is likely that, as long as the air surrounding the granule 

maintains a relative humidity of greater than 75%, water will transport into the granule and 

the release process will be governed by equimolar counter diffusion of water and urea. 

In the field, CRFs are either applied to the soil surface or are integrated into the soil. Surface 

applied granules are likely to experience a relative humidity range of 65 - 100%, while buried 

granules will experience a relative humidity of approximately 100% (Davarzani et al., 2014). 

It is possible that the surface applied granules may experience water loss from the core to the 

surrounding environment. However the behaviour of these surface applied granules will vary 



153 
 
 

greatly depending on the level of water availability, which is determined by the rainfall 

amount and frequency.  

From the experimental data, the permeability of water through the N-Control and Polyon 

membranes was calculated as (1.1 ± 0.7) × 10-13 m2 s-1 and (2.1 ± 0.5) × 10-14 m2 s-1, 

respectively. N-Control has the highest water permeability and hence experiences the highest 

rate of mass loss to the external environment. The higher permeability of water in the N-

Control granules is expected as the N-Control exhibited a faster rate of release in the ultra 

violet spectrophotometry trials, illustrating that the transport resistance of the N-Control 

membrane is less than that of Polyon.  

The N-Control permeability is larger than (4.7 ± 0.4) × 10-15 m2 s-1 value measured via Nuclear 

Magnetic Resonance (NMR) spectroscopy in Chapter 6. However, the permeability measured 

in this chapter is reasonable compared to the urea permeability of 4.7 × 10-14  

m2 s-1, also measured in Chapter 6. The water permeability presented in this chapter is 

approximately twice as fast as that measured for urea, which is reasonable as a water 

molecule is approximately a third of the mass of a urea molecule. It is thought therefore, that 

(1.1 ± 0.7) × 10-13 m2 s-1 water permeability is likely to be closer to the true value than that 

measured via NMR. It is important to note that the measurements made in this chapter used 

much larger samples than for the NMR, which may contribute to the more reasonable result. 

 

Figure 7.5 - Water loss to the environment of N-Control and Polyon granules at a range of different 
relative humidity (Error bars are shown as a 95% confidence interval). 

In order to confirm that water is being released from within the granules, microscope images 

of the granules at different stages of release were acquired, as shown in Figure 7.6. Before 

release, granules are opaque, with solid polymer shells encasing a granulated urea core of 
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small crystals, as seen in Figure 7.6a and Figure 7.6b. As water diffuses into the core, the 

internal solid core slowly dissolves and eventually fully dissolves, as shown in Figure 7.6c. The 

internal core conditions can also change as water is drawn out of the core. Losses of water 

can result in increases in internal concentration. If the solution becomes supersaturated, 

recrystallisation can occur, as seen in Figure 7.6e and Figure 7.6f. The crystals in Figure 7.6e 

are long and sharp, unlike the small ones observed in Figure 7.6b and may potentially damage 

the thin membrane. As water and entrained urea diffuse out of the granule, if this is not drawn 

away by another medium such as water or soil, the water will evaporate leaving small urea 

crystals to form on the surface, as shown in Figure 7.6d. Crystallisation of urea could occur in 

some experimental trials or in surface applied CRFs in the field. In either situation, the 

presence of urea will reduce the external water potential, thereby altering mass transport.  
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Figure 7.6 - a) a 1.6x image of an unreleased N-Control granule b) a 1.6x cross sectional image of 
an unreleased N-Control granule c) a 1.6x image of N-Control granule after an incubation period d) 
a 1.6x image of an N-Control granule after incubation with external urea deposits following water 

transport out of core e) a 1.6x image of an N-Control granule after incubation with large crystal 
formation following water transport out of core f) a 4x image of an N-Control granule after 

incubation with crystal formation inside core following water transport out of core. 

The effect of increasing urea concentration on the surface of the granules is seen in Figure 

7.7. After a 5 wt% mass loss from the incubated granules, the rate of mass change begins to 

slow. As some urea is deposited on the outside of the granule, the external water potential 
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reduces, thus reducing the overall water potential driving force. It is important to incorporate 

this effect into the design of experiments and interpretation of the literature data.  

 

Figure 7.7 - Rate of mass loss from Polyon and N-Control granules at different mass fractions under 
a constant relative humidity of (4.0 ± 0.5) % (Error bars are shown as a 95% confidence interval). 

 

 Effect of salt on release 

In field applications, the soil environment contains varying levels of dissolved salts which alter 

the external osmotic potential and may influence the CRF nutrient release. Figure 7.8 shows 

water release trials of N-Control granules with different levels of dissolved salts incubated at 

30 °C to assess the impact on nutrient release. Four NaCl solutions of (2.68 ± 0.03) g L-1,  

(4.96 ± 0.05) g L-1, (7.31 ± 0.07) g L-1 and (15.5 ± 0.2) g L-1 were examined, with the  

(4.96 ± 0.05) g L-1 concentration representing the maximum salinity expected from salty soils. 

A 0 g L-1 control is compared from a separate experiment conducted under the same 

conditions. 

Figure 7.8 shows that the nutrient release in the salt solutions closely follows that of the 

control during the linear release period. As the release transitions into the decay period, all 

salt solutions show a slowing of the rate of release. These results can be explained by 

considering the effect of the salt on the total water potential driving force when the core is 

saturated with urea, shown in Table 7.1. Initially, the effect of the external salt is negligible as 

the internal core solution is saturated with urea. As the release proceeds, the internal core 

water potential reduces, and the process becomes more sensitive to the external osmotic 

potential and slows the release. Nutrient release will halt when the internal and external 

osmotic potentials are at equilibrium. The presence of the salt will raise the external osmotic 

potential, and hence the release for the 2.68 g L-1, 4.96 g L-1, 7.31 g L-1 and 15.5 g L-1 samples 

will halt at a mass fraction of 0.99, 0.98, 0.97 and 0.93, respectively. This sensitivity can be 
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incorporated into release models by using the difference in osmotic potential as the driving 

force for mass transfer.  

 

Figure 7.8 - Average urea release profile for bulk 2 g samples of N-Control granules in various NaCl 
stock solutions. Note: 4.96 g L-1 is the maximum osmotic potential expected to be encountered in 

the field (Error bars show a 95% confidence interval of triplicates). 

 

Table 7.1 - Water potential of sodium chloride (NaCl) solutions and the effect on the water 
potential driving force across the membrane (* Assumes a saturated internal concentration).  

Concentration Conductivity Water potential Change to driving force* 
[g L-1] [mS cm-1] [MPa] [%] 

2.68 4.76 -0.22 1.1 
4.96 8.36 -0.41 2.1 
7.31 12.0 -0.61 3.1 
15.5 24.6 -1.29 6.6 

 

 Effect of soil moisture on release  

In the field, soil moisture provides water for the CRF release mechanism. The presence of 

water is essential for the initial ingress and dissolution of the core. Water also facilitates 

ongoing nutrient release. This section examines the effect of soil moisture on the release of 

CRF granules from initially dry, unreleased granules. Two different levels of soil moisture are 

simulated here, referred to as simulated rainfall and simulated irrigation. The application of 

water to the soil for simulated rainfall was based on data collected from NIWA field station 

measurements. The simulated irrigation was applied to maintain the soil moisture at 50 - 

100% of field capacity and resulted in the soil being between 30% and 70% of field capacity. 
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It is important to note that only a short soil column was used in these experiments, thereby 

reducing the water holding capacity of the soil. The short soil column used here produces 

large fluctuations in the soil moisture. It is likely that in practice the effects seen here will be 

less pronounced in real field conditions.  

 

 Release under simulated rainfall  

The effect of simulated rainfall on unreleased N-Control and Polyon is examined in Figure 7.9. 

The N-Control data in Figure 7.9a shows an initial increase in the mass fraction for both 

surface applied and buried granules. This mass increase is due to water ingress into the core 

from the wetted soil environment. The total mass fraction of the buried granules remains 

relatively constant, while the surface applied granules show a slight decrease. Urea release 

over the period is similar for both surface applied and buried granules. In both cases the 

release is very slow. On the basis of the results in Section 7.3.1, we propose that the total 

mass of the surface applied granules decreases as these granules lose water from the core. 

The buried granules maintain the core moisture due to the water holding capacity of 

surrounding soil. 

Figure 7.9b shows the behaviour of the Polyon granules under the same simulated rainfall 

conditions. The surface applied granules show effectively no change in the total mass fraction 

or urea release over the period. The buried granules show a 10% increase in mass fraction, 

but also show a 20% urea release over the period. For the surface applied granules, it is 

hypothesised that the timescale for water diffusion is too long for water to diffuse into the 

granules after the rainfall events. Instead the water enters the soil or evaporates.  

For the data presented in Figure 7.9a and Figure 7.9b, it is important to consider the 

difference in Polyon and N-Control size distribution. Polyon has smaller granules (mean size 

2.4 mm) than N-Control (mean size 2.9 mm). This results in Polyon having an approximately 

15% larger surface area per unit mass of fertiliser, which will enhance the rate of release. The 

larger surface area per unit mass of Polyon compared to N-Control is thought to enable 

greater water uptake into the Polyon granules from the surrounding environment. However, 

the permeability of N-Control is five times greater than Polyon so the faster release of urea 

from Polyon is surprising, and may indicate an effect of water availability.  
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Figure 7.9 - Effect of simulated rain on the mass fraction (initial unreleased granule basis) of 
initially unreleased a) N-Control and b) Polyon. Results are shown for both surface applied and 

buried granules. The environmental chamber was maintained at 60% relative humidity and 20 °C 
for the duration of the experiment (Error bars are shown as a 95% confidence interval). 

 

 Release under simulated irrigation  

The effect of irrigation was simulated by applying water to the soil samples every three days 

to maintain a soil moisture of between 50 and 100% of field capacity. Over this three-day 

period the soil moisture typically reduced from field capacity of approximately 45 wt.% to 20 

wt.%. This follows guidelines of best practice where irrigation is applied when the soil 

moisture reduces to below 50% of field capacity and water is applied to return the soil to field 
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capacity. Approximately 15 mm of water was required to return the soil to field capacity every 

three days.  

Figure 7.10 shows the effect of the simulated irrigation on buried N-Control and Polyon 

granules. The N-Control showed a faster rate of release than the Polyon granules, releasing 

approximately 40% of the internal urea compared to Polyon, which released approximately 

22%. The N-Control granules also took up a larger amount of water from the surrounding 

environment which facilitated the nutrient release. Although this trend is opposite to that 

observed for the simulated rainfall, it is expected. The N-Control has a 5 times higher 

membrane permeability than Polyon, as seen in Figure 7.5, and under release conditions with 

sufficient water, the N-Control is expected to release faster than Polyon.  

Figure 7.11 shows the effect of the simulated irrigation on both buried and surface applied 

Polyon granules. Interestingly, under these conditions, both surface and buried applications 

show very similar total mass fraction, water uptake and urea release. Therefore, provided 

that the soil moisture is maintained at 50 - 100% of field capacity and there is a regular supply 

of water, the behaviour of the surface applied granules approaches that of the buried 

granules. In contrast, if the soil moisture decreases below 50%, buried granules show a higher 

rate of release than surface applied granules. It is important to note that the frequency of 

water application would also have a large impact on this effect. Longer periods between 

irrigation events would possibly result in larger differences between the buried and surface 

applied granules.         

 

 

Figure 7.10 - Effect of simulated irrigation on the mass fraction (initial unreleased granule basis) of 
buried unreleased Polyon and N-Control granules maintained at 20 °C (Error bars are shown as a 

95% confidence interval). 
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Figure 7.11 - Effect of simulated irrigation on the mass fraction (initial unreleased granule basis) of 
unreleased Polyon granules, both surface applied and buried, maintained at 20 °C (Error bars are 

shown as a 95% confidence interval). 

 

 Release under constant soil moisture 

Figure 7.12 shows constant soil moisture release experiments performed at 50%, 65%, 85% 

and 100% of field capacity. The urea release from the initially unreleased Polyon granules 

shows an almost identical release profile for the 50%, 65% and 85% of field capacity samples; 

the dataset at 100% of field capacity showed a slightly slower release. In all cases, the nutrient 

release was observed to be consistent with the nutrient release in free water at the same 

temperature until about 45 days. These results indicate that under constant soil moisture 

conditions the release of urea from the CRF granules is close to that seen in free water and is 

not affected by the surrounding soil environment. Similar results have been seen previously 

in sandy loam soils above 50% of field capacity (Adams et al., 2013). The contrast with the 

results when the soil moisture level varies is interesting and will be discussed further below. 
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Figure 7.12 – fractional release of initially unreleased Polyon granules at various soil moisture 
levels at 29 °C (reported as a percentage of field capacity). The free water release is shown for 

reference, with the dashed line plotted as a guide for the eye only (Error bars are shown as a 95% 
confidence interval). 

 

 Effect of soil moisture during release  

CRFs are likely to experience a wide range of water availability in the soil system over the 70 

to 90 day period of release. This section explores the effect of water availability on granules 

that have been incubated prior to the experiment to introduce water into the core. Incubation 

was stopped before the remaining mass fraction of urea dropped below 0.36 to ensure the 

granules maintained a solid core of urea and hence a constant concentration of urea in 

solution. The incubated granules offer an insight into how water availability might alter an 

already established release process. The same simulated rainfall conditions as examined in 

Section 7.3.4 will be examined here.  

 

 Release under simulated rainfall  

Figure 7.13 shows the nutrient release and water uptake of buried and surface applied N-

Control and Polyon. The buried and surface applied N-Control granules in Figure 7.13a show 

a very similar rate of overall mass fraction change over the period. The urea content of these 

incubated granules was approximately 59% at the start of the experiment. At the end of the 

trial, the buried granules contained 35% urea (releasing 24% of the urea present after 

incubation over 37 days), whereas the surface applied granules contained 46% urea (releasing 

13% of the urea present after incubation over 46 days). The urea release was significantly 

faster for the buried granules than for the surface applied granules, even though the total 

mass change was similar. This finding indicates that a significant portion of the mass loss 

observed from the surface applied granules was the result of water loss from the core to the 
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external environment, while the mass loss of the buried granules primarily resulted from urea 

transport. The low rate of water loss from the buried granules is intuitive, as the soil has the 

capability to retain moisture, and the air in the soil remains close to saturated. Surface applied 

granules, however, are exposed to the external air. The air is at 60% relative humidity, below 

the threshold of 75% identified in Section 4.1, which triggers evaporation of water. Hence the 

surface applied granules may lose water to the surrounding environment.  

 

 

Figure 7.13 - Effect of simulated rain on the mass fraction (initial unreleased granule basis) of 
granules incubated for 12 days at 35 °C for surface applied and buried applications of a) N-Control 
and b) Polyon. Note: Surface applied initial zero point based on estimate from temperature model 

in Chapter 6) (Error bars are shown as a 95% confidence interval). 
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Figure 7.13b shows the release from Polyon granules. The surface applied and buried granules 

show a similar release, both reaching a final urea content of about 57% after 46 and 37 days, 

respectively. The surface applied granules exhibit a significantly higher rate of overall mass 

loss than the buried granules. This result implies that the surface applied granules experience 

significant water loss from the core of the granule, while the buried granules take up water 

from the soil.  

The N-Control and Polyon trials in Figure 7.13a and Figure 7.13b show that surface applied 

granules are sensitive to the external environment. These surface applied granules will 

experience significant water loss from the core to the external environment, something not 

observed in the buried granules. The loss of core moisture will eventually halt the long term 

urea release as the core solution recrystallises. The effect on short term urea release appears 

to be varied. Surface applied and buried Polyon granules had very similar urea release over 

the period, while the surface applied N-Control experienced significantly slower urea release 

compared to the buried granules.  

 

 Effect of dew on release 

In surface granule applications, the possibility exists of the formation of dew on the outside 

of the granules. This creates a mass transport environment characterised by low 

temperatures, with intermittent wetting and a broad external humidity range. Under these 

conditions, the direction of water mass transport may change as the driving force changes.  

Laboratory trials examined the effect of the application of small amounts of misted water 

applied to unreleased and partially released granules in a controlled environment to simulate 

dew formation. In previous tests urea transport resulted in the deposition of urea on the 

external membrane surface, which was thought to alter the mass transfer behaviour. 

Therefore, the unreleased and partially released granules were divided into two groups: half 

of the samples were weighed directly, while the other half were washed in water and dried 

with compressed air to remove any deposited urea, before being weighed. This washing 

process can be considered analogous to a brief rainfall or irrigation application, which would 

reduce any external concentration gradients that have developed in the field.  

Figure 7.14 shows the total mass change of the measured granules over a 28 day period, 

normalised by their initial mass. It was observed that the unreleased, unwashed granules had 

no change in mass over the period, suggesting that the amount of dew or the residence time 

of this dew on the granule surface was insufficient to enable nutrient release. The unreleased, 

washed samples showed a slight decrease in mass over the trial, which suggests that the 

washing process introduces water into the core to enable some nutrient release. The partially 

released, unwashed granules showed significant mass loss over the period. It was unclear if 

this mass loss was due to water or urea transport. For reference, modelled water losses based 

on experimental data in Section 7.3.1 and modelled urea losses into free water in Chapter 6 

are included in Figure 7.14. As the dry and partially released granules have different internal 

concentrations, an expected urea mass loss is shown for each. 
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The partially released, unwashed granules experienced some combination of water and urea 

loss from the core. This mass loss was less than the total combined predicted losses based on 

ideal conditions, indicating some mass transfer resistance was present. It is possible that 

some urea developed on the surface, reducing the urea concentration driving force and also 

altering the water transport. The partially released, washed granules show mass loss which is 

four times greater than that expected from the sum of the modelled water and urea losses, 

demonstrating that where these evaporative losses exist, significant mass loss occurs.  

These results suggest that diffusion of water from within the core of the granule can also 

accelerate the transport of urea under these conditions. Furthermore, the washing process, 

although short, has a significant impact on the overall mass transport by reducing the 

accumulation of urea on the surface.  

Overall, it can be concluded that the formation of dew on surface applied granules does not 

promote nutrient release. However, the partially released, washed granules demonstrate the 

complex binary transport occurring within the membrane. Consideration of this coupled 

transport is essential to describe the CRF release behaviour in the non-ideal field 

environment.  

 

Figure 7.14 - Effect of dew application on the mass fraction of dry and partially released granules 
in a controlled environment with the predicted evaporative water losses (Error bars are shown as 

a 95% confidence interval). 
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 Discussion 
A comparison of the release of Polyon granules in various environments is shown in Figure 

7.15. The release profile is seen to change based on the water availability in the surrounding 

environment. The free water environment shows the fastest release, due to the dilute 

external environment and the continual availability of fresh water. All samples measured in 

or on the soil show significantly slower release, with surface applied granules showing slower 

release than buried granules. One possible explanation for the delayed release is the 

accumulation of urea around the granules.  

The potential for nutrient build-up around the CRF differs depending on the fertiliser 

placement. For surface applied granules, urea can deposit on the outside of the CRF. The 

external urea deposits would only be removed by rainfall or irrigation events. Any external 

urea deposits would reduce the osmotic driving force and hence reduce urea release. Thus, 

external urea accumulation is a likely contributor to the delayed release of surface applied 

CRFs. A lack of water available to solubilise the nutrients may further delay the release. For 

buried granules, a urea concentration profile will exist around the granule. However, the fact 

that experiments with constant soil moisture (Figure 7.12) show a release that is similar to 

that observed in free water suggests that accumulation of urea is not significant. Instead it is 

likely that the changing water availability around the granules determines the delayed 

release.  

The experiments showed that for buried granules the release was faster with simulated rain 

than under irrigation. It has previously been suggested that periods of fluctuating water 

potential may lead to higher release rates of nutrients (Adams et al., 2013). The changes in 

the soil moisture were more pronounced for the simulated rain experiments than for the 

simulated irrigation (see Figure 7.1 and Figure 7.2). We hypothesise that the simulated rain 

soil did not have enough water applied to maintain the soil at the saturated condition. In this 

case, the buried granules experienced a mass flux of water from the core to the drier external 

soil environment. This water flux from the core accelerated the urea release in a similar 

manner to that seen in the dew experiments in Figure 7.14. As the simulated irrigated soil had 

a much higher water content, it is hypothesised that the soil moisture was never low enough 

to cause water egress from the buried irrigated granules. In drier environments observed in 

the rainfall experiment, the water egress from the core may encourage urea release over the 

short-term due to the entrained urea. Whereas in wetter environments the mass transfer of 

urea and water are occurring in opposing directions. This change in the mass transport 

behaviour may explain the faster release in the drier environment of the rainfall experiment.  
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Figure 7.15 - Comparison of release progression of initially unreleased Polyon granules in a variety 
of release environments with varying water availability at 20 °C (Error bars are shown as a 95% 

confidence interval). 

The placement of fertilisers has critical importance for the release of nutrients. CRF can be 

applied to the surface of the soil or incorporated into the soil, with the majority of fertiliser 

in New Zealand being surface applied. Buried granules benefit from the water holding 

capacity of the soil and are likely to maintain a release close to that obtained in free water. 

The experiments presented here show that surface applied granules can experience a reverse 

water flux out of the liquid core to the dry external air, thereby affecting the release process. 

Interestingly, under certain conditions, evaporation of water could result in an acceleration 

of urea release, as seen in Figure 7.14. However, in the majority of cases, evaporation will 

reduce the availability of water and slow the release. Surface applications therefore rely 

heavily on rainfall or frequent irrigation for the sustained and controlled release of internal 

nutrients. Fresh rainfall or irrigation washes the outside of the granules, potentially removing 

any external urea build-up, and provides a flux of fresh water into the core of the granule. It 

is important to consider that these surface applied CRFs may become more integrated with 

the soil with time and that they may be shielded from some evaporation if they sit below the 

grass or foliage on the soil surface in a microclimate.  

The controlled moisture trials showed an unrestricted nutrient release across all measured 

soil moistures (50 - 100% of field capacity), where the release under each condition closely 

followed that of the free water release. These results provide validation of the experimental 

method, including the use of mesh bags to test the release. In these trials, all the simulated 

irrigation and rainfall samples showed a slowed release compared to the free water, 

indicating some mass transport restriction. The results presented here suggest the mass 

transport restriction is linked to the water availability. Future work should focus on better 

measurement of CRFs under field conditions. Sieving soil samples before and after trials may 

allow CRFs to be measured in the field without mesh bags and provide a more representative 

release environment. Further experiments should also examine the effect of different soil 
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mediums and different soil column lengths. These two characteristics will affect the water 

holding capacity of the soil and provide valuable information on the release in different soil 

types. Furthermore, it would be useful to conduct an experiment similar to the constant soil 

moisture measurements in a leaching column, where the effect of the water mobility can be 

assessed. 
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 Conclusions  
Water availability has a significant impact on the mass transfer behaviour in CRFs and is not 

currently modelled or addressed in the literature. The placement of the CRFs within the soil 

system was identified to be a significant factor that affects the rate of release. Fertilisers 

incorporated into the soil had more consistent nutrient release due to the buffering nature 

of the soil. The soil shielded the CRFs from water loss to the air and provided a much more 

consistent release environment due to its ability to hold water. Granules that were surface 

applied experienced a large amount of variation in the release environment and suffered 

significant water losses to the ambient environment. It was established that the release from 

CRF vary greatly depending on the field placement and this is an important consideration for 

release modelling.    

The surface applied granules generally experienced a lower level of water availability when 

compared to the buried granules due to evaporation. Evaporation not only reduced water in 

the soil environment but when the external air had a relative humidity of less than 75 - 80% 

a reverse flow occurred, where water was removed from the core of the granule. Microscope 

images showed recrystallisation of internal urea and illustrated the complexity of this drying 

process. The modelling of these drying effects is essential as this alters the internal urea 

concentration and must be incorporated into release models.  

Simulated rainfall and irrigation were used to simulate field conditions. NIWA data provided 

the basis for the application of simulated rainfall, while for irrigation water was applied to 

maintain a soil moisture of between 50 and 100% of field capacity. Large differences were 

observed in the surface applied and buried granules in the simulated rainfall experiment. In 

the simulated irrigation experiment, where water was more available, the differences 

between surface applied and buried granules reduced significantly. For buried samples in a 

constant soil moisture environment, the various samples between 50-100% of field capacity 

showed an essentially an identical release.  

While rainfall, irrigation and external relative humidity were found to impact the mass 

transfer behaviour, dissolved salts in levels expected within the soil system had negligible 

impact. Likewise, the addition of dew onto the outside of granules was found to have no 

appreciable impact on the release progression.       

The factors identified as affecting release are not currently incorporated into current release 

models within the literature. Generally, models within the literature are developed around 

ideal water release environments and therefore struggle in non-ideal field conditions. Within 

the CRF membrane, both water transport and urea transport should be modelled, as both are 

critical in describing the release of internal nutrients. Furthermore, modelling of mass 

transport behaviour in times of changing external water availability is most likely critical in 

developing mechanistic models that can adequately predict field release behaviour. 
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8 Conclusions and future work 
 

Controlled release fertilisers (CRFs) show potential as a means to mitigate the adverse 

environmental consequences of fertiliser use. By controlling the rate of nutrient release into 

the soil, CRFs can greatly improve the nitrogen utilisation efficiency (NUE). The biggest gains 

in NUE are achieved when the supply of nutrients is matched to the demands of the plant. 

Under these conditions, urea released from the CRF is readily removed from the soil by the 

plants and hence the potential for environmental losses is low. However, despite the potential 

of this technology, its widespread adoption is limited by the variable performance, the 

economic cost and the sustainability of the polymer coating. 

Synchronising the demand and supply of nutrients is not trivial and requires a good 

understanding of the release mechanism. To achieve this, release models need to adequately 

model the nutrient release under non-ideal field conditions. Experimental results have 

highlighted the need for a temperature dependant, multicomponent diffusion model to 

describe the release of CRF under field conditions. The implementation of a simple ideal 

release model with temperature dependence has been found to significantly alter the 

predicted nutrient release.  

In order to reduce the CRF production costs, a high intensity mixer (HIM) is suggested as an 

alternative to current technology. The HIM has demonstrated good mixing and coating 

performance. A HIM may also reduce mixing times but it is likely that the mixing time will be 

determined by the polymer curing time rather than mixing performance.  

The main findings and conclusions from this body of work are described here and are detailed 

by chapter. 

 

 Economic assessment of controlled release fertiliser production 
The economic assessment in Chapter 3 designed and costed the conventional means of CRF 

manufacturing, namely that of a rotary drum and spouted fluidised bed, to examine the 

sensitivity to key variables. As polymer coated urea CRFs compete directly with uncoated 

urea, it is imperative that production costs be minimised to achieve a cost competitive 

product.  

The scale of production is a critical determinate of the cost of production and is controlled by 

the throughput and yearly output. Changes to these quantities alter the total fixed capital 

cost and how the depreciation of this is distributed across each tonne of CRF product. The 

polymer cost, which is a function of the bulk price and coating thickness, is another major 

component of the production cost. The design of this polymer is therefore critical for the 

success of the product, both economically and technologically.     

The rotary drum coater was found to be the lowest cost solution across the entire range of 

production conditions examined. The spouted fluidised bed was found to be more expensive 
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for a short production season but for operating hours above 4,000 h y-1, it becomes 

comparable with the rotary drum. A HIM was identified as a possible alternative production 

technology. The HIM combines the improved particle flow behaviour observed in a system 

like the fluidised bed, with similar low operating and capital costs as seen in the rotary drum. 

This economic assessment however, does not include considerations for the CRF product 

quality, which will alter the analysis as a higher quality product will have a greater economic 

return. 

The overall feasibility of this CRF technology is based on the NUE gained from its use. For a 

urea NUE of 50% and a CRF NUE of 70%, CRF will be cost competitive with urea up to a price 

of 630 $ t-1, when considering the reduced application size and frequency. Existing CRFs are 

available at about 1000 $ t-1, suggesting further work is needed to reduce their cost. 

 

 Modelling of mixing in controlled released fertiliser systems 
The development of the HIM and accompanying validated discrete element method (DEM) 

model, enabled a caparison of the mixing performance to the conventional rotary drum 

technology in Chapter 4. 

The outwardly rotating blade configuration for the HIM was found to produce rapid, speed 

independent mixing. While the inwardly rotating configuration had slower, speed dependant 

mixing, which is relatively limited to axial mixing. The best observed mixing occurred at 4.3 Hz 

in the outwardly rotating system, where the particles mixed within 2 revolutions and 

experience a mean force of 1.5 × 10-3 N with a standard deviation of 20 × 10-3 N. Research 

into different blade designs demonstrated that the full blade design proposed here, had 

superior mixing performance to the conventional paddle blade used in the cereal industry. 

The rotary drum mixer operates at much lower rotational speeds than the HIM and hence 

mixing times are much longer. The mixing in the drum was improved through the inclusion of 

flights to disturb the passive bed that can arise in the mixer. As a result of the low mixing 

speeds, the forces on the particles during the mixing process are significantly less than in the 

HIM, which may be beneficial for brittle or fragile particles. The best mixing performance was 

observed at 0.8 Hz, where particle flow was in the cascading regime. At higher speeds where 

the drum transitions into cataracting flow, the mixing performance reduced as there is less 

interaction with the particle bed. Of the operating conditions simulated, the optimum drum 

mixing occurred at 0.8 Hz, where particles were mixed in 2 revolutions and experienced a 

mean force of 1.5 × 10-3 N with a standard deviation of 3.0 × 10-3 N.  

In general, the HIM provides a high level of mixing in a low force environment and, because 

of this, represents an ideal technology for CRF production. Rotary drum systems provide a 

good, low force mixing environment, however, have much longer mixing times.   
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 Modelling of inter- and intra-particle coating variability 
The DEM modelling of the particle behaviour in the HIM and rotary drum systems in Chapter 

4 enabled the development of inter- and intra-particle coating models in Chapter 5.  

Post-processing of the DEM data tracked individual particles throughout the mixing 

simulation and identified the polymer application at each time step. The outwardly rotating 

HIM blade configuration was found to have the best inter-particle coating performance. As in 

this outwardly rotating system, particles are forced up through the middle of the mixer into 

the spray zone, so even at low rotational speeds particles have considerable residence time 

in the spray zone. The distribution of these particle residence times in the spray zone is also 

relatively tight, which is favourable for CRF coating as this indicates particles will likely receive 

similar coating amounts. The inter-particle coating performance is generally poorer in the 

inwardly rotating system. Particles experience a shorter residence time in the spray zone, with 

a higher level of variability than compared to the outwardly rotating system.  

The inter-particle coating performance in the drum was found to be significantly poorer than 

found in the HIM. Due to the small surface area of the top of the bed relative to its volume, 

particles receive relatively short residence times in the spray zone (i.e on the top of the bed 

surface). The distribution of spray zone residence times is also broad, resulting in a large 

variation in the polymer application between particles.   

When analysing the intra-particle coating in the HIM systems, the coating variability was 

largely determined by the number of unique coating events. The intra-particle coating 

homogeneity was found to be comparable for both blade designs, although the full blade 

design had slightly superior performance. The rotary drum shows a much lower intra-particle 

coating homogeneity compared to the HIM, which will result in a more variable CRF product. 

Increasing the speed of the rotary drum changes the particle flow within the drum and could 

not improve the performance.  

Overall it can be established that the HIM demonstrates potential to increase the CRF coating 

homogeneity over the current conventional rotary drum method. The outwardly rotating 

system benefits from long spray zone residence times, coating quality driven by spray zone 

appearances and speed independent mixing observed in Chapter 4. These characteristics 

combine to a highly tuneable system, where the force expected by particles can be minimised 

with minimal effect on coating or mixing performance. Furthermore, these HIM mixers have 

bomb bay style doors allowing the short downtimes between batches and easy access into 

the mixer. As there are more internal moving parts than the rotary drum, cleaning might need 

to be performed on a more frequent basis, but the ease of access into the mixer will assist 

this.   

 

 



173 
 
 

 Controlled release fertilisers under variable temperature conditions 
Experimental trials were used to establish the temperature dependence of the CRF release 

process and are presented in Chapter 6. 

The temperature dependence of the CRF is well established in the literature but seldomly 

modelled. Isothermal water release trials of N-Control™ and Polyon® CRFs in ideal conditions 

enabled measurements of the urea permeability at various temperatures. An Arrhenius 

expression to interpolate between the measured diffusivities was incorporated into a variable 

temperature release model. An expression for the temperature dependence of the saturated 

urea concentration was derived from data within the literature and was also included in the 

variable temperature model. This model was able to successfully model nutrient release in 

ideal non-isothermal environments which is not well documented within the literature.  

Simulations of the CRF nutrient release under variable field temperature data demonstrated 

that failing to account for these temperature variations significantly alters the release profile. 

It is therefore imperative that non-isothermal release models be used in the design of CRF 

application and experiments to maximise the NUE and reduce environmental losses.   

 

 Controlled release fertilisers under non-ideal conditions 
The behaviour of CRF in non-ideal conditions, which is representative of applications in the 

field, was examined in Chapter 7. 

Experimental trials showed a significant influence of the external water availability on rate of 

nutrient release. Furthermore, the placement of the CRF in the field (i.e buried or surface 

applied) also effects the rate of nutrient release. The release process is further complicated 

by the potential for reverse flow, where at an external relative humidity of less than 75%, 

water flux from the core to the external environment can occur. This water loss can alter and 

possibly halt the urea release.  

Overall, it can be established that the underlying mechanics governing the release process 

are complex. The standard, single component diffusion model cannot adequately describe 

the CRF release profiles seen in the experiments reported here. In environments where water 

availability is high and consistent, such as nurseries, an ideal model may be adequate. 

However, in release environments with highly variable soil conditions, a multicomponent 

diffusion model that includes water transport is required to fully model the mechanistic 

process occurring in the soil.     

 

 Suggestions for future work  
The economic feasibility study identified that the cost competitiveness of CRF compared to 

urea is highly sensitive to the NUE. Therefore, it is recommended that the feasibility study, 

which currently provides a good framework for production costs, be extended to include the 
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application into the field. This should take the form of case studies on various New Zealand 

farms to capture a variety of soil type and land uses. 

The experimentally validated DEM model provides a useful tool for analysing the CRF mixing 

performance in various systems. For further and more in-depth optimisation of the HIM 

system, it is suggested that the Lacey mixing index be replaced with a non-grid dependant 

method, such as the nearest neighbour method. This would enable an improved analysis of 

the mixing in the system but at the cost of increased computation time. 

The dry particle coating model presented in this study gives a good indication of the coating 

performance and allows for rapid optimisation of operating conditions. It is recommended 

that this model be further developed into a wet particle model to include polymer transfer 

and viscous flow effects. The spray profile, droplet size from the real spray nozzle should also 

be included, although this will be very computationally intensive. The usefulness of the mixing 

and coating model extends beyond CRF development, as the increasing field of precision 

agriculture focuses on more targeted fertiliser applications. These models may be used in a 

production facility to design custom blends or coatings for this purpose. As such, these models 

should be made to be flexible to handle multiple particle types, size distributions and coating 

materials.  

Water release trials represent simplistic ideal experiments, which are useful for inferring the 

properties of CRFs. It is recommended that water release trials of individual granules be 

performed to understand the effect of granule sphericity on the release process. The 

sphericity is likely to only influence the mass transport area however, this would allow for the 

common assumption of spherical granules to be removed from release models. Furthermore, 

it is recommended that individual release trials be performed to assess the variability in 

commercially available CRFs. Information on release variability enables the uncertainty in 

experimental trials to be attributed to either the inherent sample variability or the experiment 

itself. It is recommended that these individual release profiles be analysed using high 

performance liquid chromatography (HPLC) as this is automated, has a high sensitivity and 

only requires small sample volumes. Research should also be conducted into establishing the 

limitations of these ideal release models and the conditions to which they can be reasonably 

applied. These conditions need to be published such that they are accessible to academic and 

industrial researchers but most importantly, the end users.  

The complexity of the nutrient release process was highlighted in the experiment trials in non-

ideal conditions. In these trials, fiberglass bags were used for the CRF samples within the 

sample containers. For future trials it is recommended that granules be loosely placed in 

sieved soil, such that the CRF can be recovered via sieving after the experiment. This would 

improve incorporation and spatial distribution in the soil. The constant soil moisture 

experiments were conducted in sealed containers, these trials should be repeated in a 

leaching column to assess the influence of water mobility in soil. Further trials of the 

simulated rainfall/irrigation are suggested to investigate the affect of the frequency and size 

of water applications to the CRF process. This data will aid in the development and validation 

of a multicomponent diffusion model to include this water mass transfer. These trials could 
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also be extended to other fertilisers however, it is only recommended after a urea based 

model has been successfully developed.  

A multicomponent diffusion model would represent a major improvement to current nutrient 

release models and should be developed. Mathematically, this would take the form of 

coupled differential equations due to the interactions between different chemical species. 

This should be initially developed for a urea and water based system as this would be the 

simplest case. The validation of this model will be difficult and will require measurements of 

urea and water transport under various different controlled conditions, similar to those 

reported here. 

A viable transport resistant membrane with adequate biodegradability is vital for the future 

viability of these CRF technologies. Without a membrane that can biodegrade subject to EU 

regulations (European parliament, 2019), the market for these CRFs will be severely reduced. 

To achieve these biodegradation limits, it is possible that release models will need to be 

adapted to account for some of this degradation occurring during the release process. This 

may create a new generation of CRFs where the membrane has dynamic properties 

throughout the release process. Furthermore, it would be advantageous if any future 

membrane solution be designed for reduced curing times (or an ability to be catalysed) to 

reduce the cost of production. 
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A. High intensity mixer (HIM) dimensioned drawings  
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B. Rotary mixer dimensioned drawings 
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C. LIGGGHTS input files for Discrete Element Simulations 
 
### Initialization 
  
# Preliminaries 
units           si 
atom_style      sphere 
boundary        f f f 
newton          off 
communicate     single vel yes 
hard_particles yes 
  
# Declare domain 
region          reg block -0.180 0.180 -0.10 0.10 -0.130 0.130 units box 
create_box      2 reg 
  
### Setup 
  
# Material and interaction properties required 
fix             m1 all property/global youngsModulus peratomtype 1e7 1.93e9 
fix             m2 all property/global poissonsRatio peratomtype 0.33 0.29 
fix             m3 all property/global coefficientRestitution peratomtypepair 2 0.715 0.715 0.715 1.0 
fix             m4 all property/global coefficientFriction peratomtypepair 2 0.292 0.292 0.292 1.0           
# Set to zero to test 
fix             m5 all property/global coefficientRollingFriction peratomtypepair 2 0.05 0.05 0.05 1.0       
# Set to zero to test 
  
# Particle insertion 
fix             pts all particletemplate/sphere 15485863 atom_type 1 density constant 1232 & 
                radius constant 0.00159 
fix             pdd all particledistribution/discrete 15485867 1 pts 1.0 
  
  
# Import mesh from cad: 
fix             cad1 all mesh/surface file meshes/Body_final_S.stl type 2 element_exclusion_list read 
cad1se.txt scale 0.001 curvature 1e-5  
fix             cad2 all mesh/surface file meshes/Blade_and_shaft_SLF.stl type 2 heal 
auto_remove_duplicates element_exclusion_list read cad2se.txt scale 0.001 curvature 1e-5 
fix             cad3 all mesh/surface file meshes/Blade_and_shaft_SRF.stl type 2 heal 
auto_remove_duplicates element_exclusion_list read cad3se.txt scale 0.001 curvature 1e-5 
  
# Use the imported mesh as granular wall 
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fix             mixer all wall/gran model hertz tangential history rolling_friction cdt mesh n_meshes 3 
meshes cad1 cad2 cad3  
  
# Define the physics 
pair_style      gran model hertz tangential history rolling_friction cdt 
pair_coeff              *  * 
  
### Detailed settings 
  
# Integrator 
fix             integrate all nve/sphere 
  
# Gravity 
fix             grav all gravity 9.81 vector 0.0 0.0 -1.0 
  
# Timestep (keep < 20% T_Rayleigh), Rayleigh = 0.056 sec for 1.5 mm radius 
timestep        0.000001 
neigh_modify delay 0 
  
# Thermodynamic output settings 
thermo_style    custom step atoms ke cpu 
thermo          1600 
thermo_modify   lost ignore  
  
# Check time step and initialize dump file 
fix             ctg all check/timestep/gran 1 0.01 0.01 
run             1 
unfix ctg 
  
#Create imaging information 
dump            dumpstl all stl 1000 post/dump*.stl 
dump        dmpvtk all custom/vtk 1000 post/dump*.vtk id x y z vx vy vz fx fy fz  
dump            dmp all custom 1000 post/part*.dmp id x y z vx vy vz fx fy fz  
  
### Execution and further settings 
  
# Rotate the shafts 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 2.0  # 30 RPM 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -2.0 # 30 RPM 
  
# Rotate the shafts for easier filling (0.2 sec)   
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run             200000 upto 
  
# Stop the rotating shafts 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 10000  # about 0.006 rpm 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period 10000  # very slow 
  
# Particle insertion 
region          factory block -0.040 0.040 -0.060 0.060 0.100 0.120 units box 
fix             ins all insert/rate/region seed 32452843 distributiontemplate pdd & 
                nparticles 4800 particlerate 100000 insert_every 1000 & 
                overlapcheck yes vel constant 0. 0. -1. region factory ntry_mc 10000 
  
# Fill the Mixer (0.7 seconds) 
run             700000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 1.71 # 10 on motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -1.71 # 10 on motor 
  
# Create a lid to prevent particles flying out 
fix             Lid all wall/gran model hertz tangential history primitive type 1 zplane 0.120 
  
# Run to 1.0 sec to run for 0.3 seconds 
run             1000000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.8  # 20 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.8 #  
# Run to 0.5 sec to equilibrate system 
run             1500000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.8  # 20 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.8 #  
# Run to 5.5 sec @20 for 4 sec 
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run             5500000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.63  # 25 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.63 #  
# Run to 9.5 sec @25rpm(motor) for 4 sec 
run             9500000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.52  # 30 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.52 #  
# Run to 13.5 sec @30rpm(motor) for 4 sec 
run             13500000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.44  # 35 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.44 #  
# Run to 17.5 sec @35rpm(motor) for 4 sec 
run             17500000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.38  # 40 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.38 #  
# Run to 21.5 sec @40rpm(motor) for 4 sec 
run             21500000 upto 
  
# Rotate the shafts at normal speed 
fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.34  # 45 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.34 #  
# Run to 25.5 sec @45rpm(motor) for 4 sec 
run             25500000 upto 
  
# Rotate the shafts at normal speed 
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fix             movecad2 all move/mesh mesh cad2 rotate origin  -0.040 0. 0. & 
                axis 0. 1. 0. period 0.31  # 50 motor 
fix             movecad3 all move/mesh mesh cad3 rotate origin   0.040 0. 0. & 
                axis 0. 1. 0. period -0.31 #  
# Run to 29.5 sec @50rpm(motor) for 4 sec 
run             29500000 upto 
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D. Matlab script to simulate intra-particle coating variation code  
 

function[] = SpraySimulation() 
clear all; close all; clc 
  
%========================================================================== 
%Import velocities and set parameters 
Radius=1.5/1000;                    %Radius of the particle [m] 
tStep=1/1000;                       %Time step for each application [s] 
RunTime=30;                         %Run time of simulation [s] 
FlowRate=(0.5/(10^11))*(6/RunTime); %volumetric flow rate of spray [m^3/s] 
N=1000;                             %Large number for random generation [-] 
  
%Load fitted distributions from DEM simulations 
[RandomRotVel,RandomResTime,RandomEntries]=loadRandomDistVariables(N); 
%RandomRotVel - [Wx,Wy,Wz] Omega [rad/s] 
%RandomResTime - Residence time [s] 
%RandomEntries - Number of entries into spray zone [-] 
RandomEntries=RandomEntries*(RunTime/6);      %Adjusts entries for run time 
RandomResTime(RandomResTime<0)=0;             %Remove any negative times 
RandomResTime(RandomResTime==0)=[];           %Remove any zero times 
   
%========================================================================== 
%Run funcrtion to create and plot triangle geometry 
  
%Returns [x,y,z] coordinates of  vertex points for triangulated sphere [m] 
[stlPoints Apoint Bpoint Cpoint ]= sphereTriangulationFn(Radius); 
  
%Find the center point of each triangle [x,y,z] [m] 
CenterPt(:,1:3)=(1/3)*(Apoint+Bpoint+Cpoint); 
  
%Run function to get triangle surface area [m^2] 
[TriangleAreaTrue] = FindTriangleAreaFn(Apoint,Bpoint,Cpoint); 
  
%Calculate Normal vector for each face 
NormalArray=zeros(size(Apoint));%Preallocate zeros 
for ii=1:1:size(Apoint,1) 
    %Returns normal vector in R3 
    [NormalArray(ii,:)] = FindNormal(Apoint(ii,:),Bpoint(ii,:),Cpoint(ii,:)); 
end 
  
%========================================================================== 
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%Spray Simulation 
  
%Generate random face values for entry into spray zone [-] 
RandomFace=randi([1,length(CenterPt)],N,1); 
  
%Creates array to save coating thickness on each face [m] 
CoatingLayer=zeros(size(CenterPt,1),1); 
  
%Finds the number of spray zone visits from fitted distribution [-] 
Entries=floor(RandomEntries(randi([1 length(RandomEntries)]))); 
  
%Initialises real location which tracks grnaule through space [x,y,z] 
RealLocationArray=[]; 
  
%Run loop through each entries and res. time of each particle 
for visit=1:1:Entries %For loop for spray zone visits [-] 
     
    %Residence time of that visit [s] 
    ResTimeSteps=floor(RandomResTime(randi([1 length(RandomResTime)]))/tStep); 
     
    %Rotational Velocity of that visit [rad/s] 
    RotVel=RandomRotVel((randi([1 length(RandomRotVel)])),:); 
     
    %Random face that enters the spray zone [-] 
    Face=RandomFace(randi([1 length(RandomFace)])); 
     
     
    for t=1:1:ResTimeSteps %For loop for time step of each spray zone visit 
        clear NormalVector SprayApp ProjRatio PolymerApp 
         
        %Find current location 
        if t==1%If t=1 then use the initial randomly selected face 
            %Current face = Face 
            %X,Y,Z location of current position 
            RealLocation=CenterPt(Face,:); 
             
        else%Calculate new position from previous and grnaule rotation 
            %Form rotation matrix (rotate around orign) 
            rotm = FindRotationMatrix(RotVel,tStep); 
             
            %Calculate new location after rotation [X,Y,Z] [m] 
            RealLocation=(rotm*RealLocation')'; 
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            %Find the new face closest to the moved point 
            [FaceIndex] = FindClosestFace(CenterPt,RealLocation); 
            Face=FaceIndex; %Update face with the closest face index 
        end %End location loop 
         
        %Find the dot product projection of spray vector to the normal 
        %vector to each face to find the amount of spray received 
        DotNormal=zeros(size(NormalArray,1),1); 
        for ii=1:1:size(NormalArray,1) 
            %Returns the scalar dot product 
            DotNormal(ii) = dot(NormalArray(ii,:)',NormalArray(Face,:)'); 
        end 
         
        %Normalises dot product by magnitude of the spray vector (scales 
        %the dot product to be -1 <-> +1 as ratio of projection 
        DotNormal=DotNormal./DotNormal(Face); 
        %Sets to zero if less than 0 (used to modify polymer application) 
        %If less than zero then face not seen by the spray 
        DotNormal(DotNormal<0)=0; 
         
        %Returns the amount [m^3] of polymer applied to each cell 
        %based on the projection of the vector on face from dot product 
        PolymerApp=FlowRate.*DotNormal.*tStep; 
         
        %Calculates the polymer thickness added to each face 
        %from the volume of polyer over the true area of the face [m] 
        CoatingLayer=CoatingLayer+(PolymerApp./TriangleAreaTrue); 
         
    end %end of time loop 
end %end of visit loop 
  
  
%========================================================================== 
%Polymer smoothing (Comment out if undesired) 
%Smoothes the polymer over neighbouring faces assumes the polymer is 
%smoothed over cells within the specified distnace 
  
%Distance to smooth over [m] 
Distance=0.75/1000; 
  
%Returns the smoothed coating thickness 
[CoatinglayerSmooth] = PolymerSmoothing (CenterPt,CoatingLayer,Distance); 
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%========================================================================== 
%Plotting 
  
%Plots the coating thickness over spherical coordinates 
PlotSphericalThickness (CenterPt,CoatingLayer); 
  
%Plots the coating as a 2D line to show variations in each face 
%No spacial information included just face index value 
figure() 
hold on 
%coating thickness 
plot(CoatingLayer) 
%Mean coating thickness 
plot(ones(1,512).*mean(CoatingLayer),'r--') 
%Mean coating thickness + 1 standard deviation 
plot(ones(1,512).*(mean(CoatingLayer)+std(CoatingLayer)),'r:') 
%Mean coating thickness - 1 standard deviation 
plot(ones(1,512).*(mean(CoatingLayer)-std(CoatingLayer)),'r:') 
xlabel('voxel number [-]');ylabel('Coating thickness [m]') 
legend('Coating thickness','Mean thickness','+/- 1 Std. Dev.') 
  
%Save workspace and variables 
save('ParticleCoatingWorkspace.mat') 
end 
  
function [RandomRotVel,RandomResTime,RandomEntries]=loadRandomDistVariables(N) 
%Load fitted rotational velocity distributions - [Wx,Wy,Wz] Omega [rad/s] 
load('FittedOmegaXYZDistributions.mat'); 
  
%Load Entry frequency distributions - Number of entries into spray zone [-] 
load('EntryFittedDistributions.mat'); 
  
%Load Residence Time Distribution - Residence time [s] 
load('ResidenceTimeFittedDistributions'); 
  
%Load distributions generated from DEM data at each motor speed 
OmegaXDist=VxFit65;                 %Wx [rad/s] 
OmegaYDist=VyFit65;                 %Wy [rad/s] 
OmegaZDist=VzFit65;                 %Wz [rad/s] 
EntryDist=Entry65Fit;               %Visits [-] 
ResTimeDist=Residence65Fit;         %Residence Time [s] 
  
%generate random prepopulated vectors 
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%RandomRotVel - [Wx,Wy,Wz] Omega [rad/s] 
RandomRotVel(:,1)=random(OmegaXDist,N,1);    %Wx [rad/s] 
RandomRotVel(:,2)=random(OmegaYDist,N,1);    %Wy [rad/s] 
RandomRotVel(:,3)=random(OmegaZDist,N,1);    %Wz [rad/s] 
  
%RandomEntries - Number of entries into spray zone [-] 
RandomEntries(:,1)=random(Entry65Fit,N,1);   %Entries [-] 
  
%RandomResTime - Residence time [s] 
RandomResTime(:,1)=random(ResTimeDist,N,1);  %time [s] 
end 
  
%========================================================================== 
%Polymer smoothing over neighbouring faces 
function [CoatingLayerSmooth] = PolymerSmoothing (CenterPt,CoatingLayer,Distance); 
  
%Pre-allocate array of N x N points for smoothing 
PolySmoothMat=zeros(size(CenterPt,1),size(CenterPt,1)); 
  
for ii=1:1:size(CenterPt,1) %Run through each point 
     
    %Find the distance between [x,y,z] points 
    DistArray3D=zeros(size(CenterPt,1),3); 
    DistArray3D=(CenterPt(:,:)-(CenterPt(ii,:))); 
     
    %Convert distance into a scalar distance [m] 
    DistArray1D=zeros(size(CenterPt,1),1); 
    DistArray1D=((DistArray3D(:,1).^2)+(DistArray3D(:,2).^2)+... 
        (DistArray3D(:,3).^2)).^0.5; 
     
    %Check if points are within distance threshhold (1 if yes / 0 if no) 
    DistArray1D(DistArray1D > Distance)= 99; 
    DistArray1D(DistArray1D ~= 99)= 1; 
    DistArray1D(DistArray1D == 99)= 0; 
    PolySmoothMat(:,ii)=DistArray1D; 
end 
%Returns No. of pts. being ave over for each cell 
AvePts=sum(PolySmoothMat);  
  
%CoatingThickness*PolySmoothMat gives the total polymer in nearby cells 
%CoatingThickness*PolySmoothMat)./AvePts then averages this over the cells 
CoatingLayerSmooth=((CoatingLayer'*PolySmoothMat)./AvePts)'; 
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%Plot the coating thickness is spherical coordinates  
PlotSphericalThickness (CenterPt,CoatingLayerSmooth); 
  
  
%Plots the coating as a 2D line to show variations in each face 
%No spacial information included just face index value 
figure() 
hold on 
%coating thickness 
plot(CoatingLayerSmooth) 
%Mean coating thickness 
plot(ones(1,512).*mean(CoatingLayerSmooth),'r--') 
%Mean coating thickness + 1 standard deviation 
plot(ones(1,512).*(mean(CoatingLayerSmooth)+std(CoatingLayerSmooth)),'r:') 
%Mean coating thickness - 1 standard deviation 
plot(ones(1,512).*(mean(CoatingLayerSmooth)-std(CoatingLayerSmooth)),'r:') 
xlabel('voxel number [-]');ylabel('Coating thickness [m]') 
legend('Coating thickness','Mean thickness','+/- 1 Std. Dev.') 
title('Smoothed Data') 
end 
  
%========================================================================== 
%Form the rotation matrix 
function [rotmMtrix] = FindRotationMatrix(RotVel,tStep) 
ThetaX=RotVel(1)*tStep; %TheraX=OmehaX*DelT [rads] 
ThetaY=RotVel(2)*tStep; %TheraY=OmehaY*DelT [rads] 
ThetaZ=RotVel(3)*tStep; %TheraZ=OmehaZ*DelT [rads] 
  
Xmat=[1,0,0;0,cos(ThetaX),-sin(ThetaX);0,sin(ThetaX),cos(ThetaX)]; 
Ymat=[cos(ThetaY),0,sin(ThetaY);0,1,0;-sin(ThetaY),0,cos(ThetaY)]; 
Zmat=[cos(ThetaZ),-sin(ThetaZ),0;sin(ThetaZ),cos(ThetaZ),0;0,0,1]; 
  
%Form the rotation matrix from the three components 
rotmMtrix=Xmat*Ymat*Zmat; 
end 
  
%========================================================================== 
%Find the closest face to a selected point [x,y,z] 
function [ActiveFace] = FindClosestFace(CenterPoint,RealLocation) 
%Find the closest face to the newly rotated value 
  
%Find the distance between [x,y,z] points 
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DistArray3D=zeros(size(CenterPoint,1),3);    
DistArray3D=(CenterPoint-(RealLocation));    
  
%Convert distance into a scalar distance [m] 
DistArray1D=zeros(size(CenterPoint,1),1); 
DistArray1D=((DistArray3D(:,1).^2)+(DistArray3D(:,2).^2)+... 
    (DistArray3D(:,3).^2)).^0.5;  
  
%find smallest value and its index vlaue to define new face 
[MinValue,Index] = min(DistArray1D); 
  
%Update active face with the new face index vlaue 
ActiveFace=Index;  
end 
  
%========================================================================== 
%Find the normal vector to the current face 
function [NormalVector] = FindNormal(A,B,C) 
%Finds the plane and the normal vector for each spray time 
  
vertex(1,1:3)=A(1,:); %[x,y,z] 
vertex(2,1:3)=B(1,:); %[x,y,z] 
vertex(3,1:3)=C(1,:); %[x,y,z] 
  
%Model area as 3D triagles 
VectorAB=[(vertex(2,1)-vertex(1,1)),(vertex(2,2)-vertex(1,2)),... 
    (vertex(2,3)-vertex(1,3))]; 
VectorAC=[(vertex(3,1)-vertex(1,1)),(vertex(3,2)-vertex(1,2)),... 
    (vertex(3,3)-vertex(1,3))]; 
  
%Calculate ABAC cross product 
NormalVector=cross(VectorAB,VectorAC); 
end 
 
%========================================================================== 
%Find true area of triangle 
function [TriangleArea] = FindTriangleAreaFn(Apoints,Bpoints,Cpoints) 
%Calculated the actual area of a triangle in 3D space 
TriangleArea=zeros(size(Apoints,1),1); %create zeros array 
  
for ii=1:1:size(Apoints,1)%run through each vertex 
    %Extract vertex for each triangle 
    vertex(1,1:3)=[Apoints(ii,:)]; %[x,y,z] 
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    vertex(2,1:3)=[Bpoints(ii,:)]; %[x,y,z] 
    vertex(3,1:3)=[Cpoints(ii,:)]; %[x,y,z] 
     
    %Model area as 3D triagles 
    VectorAB=[(vertex(2,1)-vertex(1,1)),(vertex(2,2)-vertex(1,2)),... 
        (vertex(2,3)-vertex(1,3))]; %[x,y,z] 
     
    VectorAC=[(vertex(3,1)-vertex(1,1)),(vertex(3,2)-vertex(1,2)),... 
        (vertex(3,3)-vertex(1,3))]; %[x,y,z] 
     
    %Calculate ABAC cross product 
    CrossProdABAC=cross(VectorAB,VectorAC); 
     
    %Calculate area of each triangle and combine for each cell 
    AreaABAC=((CrossProdABAC(1))^2+(CrossProdABAC(2))^2+... 
        (CrossProdABAC(3))^2)^0.5; 
     
    %Area is half of this corss product 
    TriangleArea(ii)=(0.5*AreaABAC); 
    clear vertex VectorAB VectorAC CrossProdABAC AreaABAC 
end %End ii loop 
end 
  
%========================================================================== 
%Plot Spherical coating distribution 
function[] = PlotSphericalThickness (CenterPoint,CoatingThickness) 
 
%Form spherical coordinates 
[Theta,Omega] = cart2sph(CenterPoint(:,1),CenterPoint(:,2),CenterPoint(:,3)); 
  
%Perform triangulation and generate interpolated X,Y positions 
dtval = delaunayTriangulation(Theta,Omega); 
tri = dt.ConnectivityList ; 
  
%Extract interpolated theta and Omega points 
ThetaInterp = dtval.Points(:,1) ; 
OmegaInterp = dtval.Points(:,2) ; 
  
%Interpolate the coating thickness with this new trianglated grid 
Fun = scatteredInterpolant(Theta,Omega,CoatingThickness); 
CoatingThicknessInterp = Fun(ThetaInterp,OmegaInterp) ; 
  
%Plot the coating over the spherical coordinates 
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figure() 
trisurf(tri,ThetaInterp,OmegaInterp,CoatingThicknessInterp) 
xlabel('Theta [rad]') 
xlim([-pi,pi]) 
xticks([ -pi -0.5*pi 0 0.5*pi pi ]) 
xticklabels({,'-\pi','-0.5\pi','0','0.5\pi','\pi'}) 
ylabel('Phi [rad]') 
ylim([-0.5*pi,0.5*pi]) 
yticks([ -0.5*pi -0.25*pi 0 0.25*pi 0.5*pi ]) 
yticklabels({,'-0.5\pi','-0.25\pi','0','0.25\pi','0.5\pi'}) 
zlabel('Coating thickness') 
zlim([0*10^(-5) 7*10^(-5)]) 
end 
  
%========================================================================== 
%Generate Sphere 
function [stlPoints Apoints Bpoints Cpoints ] = sphereTriangulationFn(RADIUS) 
%Code taken from Matworks.com - user submitted code 
%Submitted by User: Arso 05/11/12 
%Copyright (c) 2012, Arso 
%All rights reserved. 
%https://au.mathworks.com/matlabcentral/fileexchange/... 
%38909-parametrized-uniform-triangulation-of-3d-circle-sphere 
  
radius        = RADIUS; % unit circle 
numIterations = 3; % enough for testing 
  
%basic Octahedron reff:http://en.wikipedia.org/wiki/Octahedron 
%     ( ?1, 0, 0 ) 
%     ( 0, ?1, 0 ) 
%     ( 0, 0, ?1 ) 
A=[1 0 0]*radius; 
B=[0 1 0]*radius; 
C=[0 0 1]*radius; 
%from +-ABC crete initial triangles which define oxahedron 
triangles=[ A;  B;  C;... 
    A;  B; -C;.... 
    % -x, +y, +-Z quadrant 
    -A;  B;  C;... 
    -A;  B; -C;... 
    % -x, -y, +-Z quadrant 
    -A; -B;  C;... 
    -A; -B; -C;... 
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    % +x, -y, +-Z quadrant 
    A; -B;  C;... 
    A; -B; -C];%-----STL-similar format 
%for simplicity lets break into ABC points... 
selector         = 1:3:numel(triangles(:,1))-1 ; 
Apoints = triangles(selector  ,:)    ; 
Bpoints = triangles(selector+1,:)    ; 
Cpoints = triangles(selector+2,:)    ; 
%in every of numIterations 
for iteration = 1:numIterations 
    %devide every of triangle on three new 
    %        ^ C 
    %       / \ 
    % AC/2 /_4_\CB/2 
    %     /\ 3 /\ 
    %    / 1\ /2 \ 
    % A /____V____\B    
    %        AB/2 
    %new triangleSteck is: 
    %       1st              2nd              3rd               4th 
    %[ A AB/2 AC/2;     AB/2 B CB/2;     AC/2 AB/2 CB/2;    AC/2 CB/2 C] 
    AB_2   =  (Apoints+Bpoints)/2; 
     
    %do normalization of vector 
    AB_2   =  arsUnit(AB_2,radius);...same for next 2 lines 
        AC_2   =  (Apoints+Cpoints)/2; AC_2   =  arsUnit(AC_2,radius); 
    CB_2   =  (Cpoints+Bpoints)/2; CB_2   =  arsUnit(CB_2,radius); 
    Apoints = [ Apoints;... A point from 1st triangle 
        AB_2;...    A point from 2nd triangle 
        AC_2;...    A point from 3rd triangle 
        AC_2];...   A point from 4th triangle..same for B and C 
        Bpoints = [AB_2; Bpoints; AB_2; CB_2   ]; 
    Cpoints = [AC_2; CB_2   ; CB_2; Cpoints]; 
end 
  
%now tur points back to STL-like format.... 
numPoints = numel(Apoints(:,1))                                 ; 
selector  = 1:numPoints                                         ; 
selector  = selector(:)                                         ; 
selector  = [selector, selector+numPoints, selector+2*numPoints]; 
selector  = selector'                                           ; 
selector  = selector(:)                                         ;%thats it 
stlPoints = [Apoints; Bpoints; Cpoints]                         ; 
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stlPoints = stlPoints(selector,:)                               ; 
end 
%vectorized norm() function 
function [rez]=arsNorm(A) 
rez = A(:,1).*A(:,1) + A(:,2).*A(:,2) + A(:,3).*A(:,3); 
rez = sqrt(rez); 
end 
%vectorized unit() functon 
function [rez]=arsUnit(A,radius) 
normOfA = arsNorm(A)                      ; 
rez       = A ./ [normOfA normOfA normOfA]; 
rez       = rez * radius                  ; 
end 
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E. Matlab script to track particles in the rotary drum 
 

function [  ] = ProcessDrumResidenceTimeRadial(  ) 
%Function imports data from .dmp files and flags paticles recieving spray 
clear; close all; clc; 
time=zeros(2,6); 
time(1,:)=clock 
  
%key Conditions************************************************************ 
% fstart=1000; fstop=200000; %Initial filling 
fstart=200000; fstop=2100000; %5 rad/s for 19s 
% fstart=2100000; fstop=3500000; %7 rad/s for 14s 
% fstart=3500000; fstop=4600000; %9 rad/s for 11s 
  
df=100; % steps between successive files 
f=fstart:df:fstop; % array of file indices 
tstep=1/100; %time step of DEM simulation [s] 
  
%Define Drum dimensions**************************************************** 
[ xMixer,yMixer,xFlight,yFlight] = GetDrumDimensions; 
  
%Discretise the system into angular voxels********************************* 
%Discretise mixer into radial slices of 1 particle diameter at the bed 
%height (~0.049 rads at 31.96mm or 134 voxels around 2pi) 
Nr=134; %Number of radial slices 
RArray=linspace(0,2*pi,(Nr+1)); 
  
%Discretises the z axis into 15 slices of 3mm wide. A stand off from the 
%edge of the mixer of 0.75mm exists on each side (1/4 Particle diameter) 
Nz=15; %Number of slices in the Z axis 
ZArray=linspace((-20+0.75),(26.5-0.75),(Nz+1)); 
  
%Initialise parameters***************************************************** 
Tracked=[]; %Initialise tracking array 
TimeInSpray=zeros(4800,1); %Residence time array 
SprayZoneFlag=zeros(4800,19000); %Spary zone flag 
GrnaulesInVoxel=zeros(Nz,Nr,19000); %Count particles in each voxel 
  
%Import files************************************************************** 
for ii = 1:1:length(f) %loop over files 
    ii/length(f) %Display the ii for user simulation progress  
    filename = sprintf('part%d.dmp',f(ii)); %read dump files 
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    Data = dlmread(filename,' ',9,0); 
    Data = sortrows(Data,1); % sort rows in ascending order  
    %|| Data(:,1)=ID || Data(:,2:4)=x,y,z || Data(:,5:7)=Vx,Vy,Vz ||  
    %|| Data(:,8:10)=Fx,Fy,Fz || 
     
     
    %Track selected particles********************************************** 
    [Tracked] = TrackParticles(Data,Tracked,ii); %Run Function 
     
    %Find Angle of Each particle to the horizontal************************* 
    [Data] = GetAngles( Data ); %Run Function 
    %|| Data(:,1)=ID || Data(:,2:4)=x,y,z || Data(:,5:7)=Vx,Vy,Vz || 
    %||Data(:,8:10)=Fx,Fy,Fz||Data(:,11)=angle [rads]||Data(:,12)=radius|| 
     
    %Discretise system***************************************************** 
    %Restirct data to only in the defined spray region  
    InRegionFlag=ones(size(Data,1),1); %(Change to 0 if not in region) 
    InRegionFlag(Data(:,11) > ((1/4)*pi) & Data(:,11) < ((5/4)*pi))=0; 
  
    %Remove data outside of window (i.e 7:30 -> 1:30)  
    RestrictedData=[]; 
    for mm=1:1:size(Data,1) 
        if InRegionFlag(mm)==1 
            RestrictedData=cat(1,RestrictedData,Data(mm,:)); 
        end 
    end 
     
    %search each voxel***************************************************** 
    for zz=1:1:Nz %Runs through each z voxel 
        for rr=1:1:Nr %Runs through each radial slice 
            VoxelData=[]; %Initialise the voxel for specific zz & rr   
             
            %Search particles for those within voxel----------------------- 
            for pp=1:1:size(RestrictedData,1) %Runs through each particle 
                %If data within the z band 
                if RestrictedData(pp,4)>ZArray(zz) && ... 
                        RestrictedData(pp,4)<ZArray(zz+1) 
                    %If data within the radial band 
                    if RestrictedData(pp,11)>RArray(rr) && ... 
                            RestrictedData(pp,11)<RArray(rr+1) 
                        VoxelData=cat(1,VoxelData,RestrictedData(pp,:)); 
                    end  
                end  
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            end %end of particle loop 
             
            %Find closest particle to center------------------------------- 
            if size(VoxelData,1)==1 %if a particle appears in the voxel 
                %If onyl one grnaule with region then add t step 
                TimeInSpray(VoxelData(1,1),1)=TimeInSpray(VoxelData(1,1),1)... 
                    +tstep; 
                 
                %Adds flag to show it was in zone 
                SprayZoneFlag(VoxelData(1,1),ii)=1;  
            end 
             
            %If more than one particle then sory by z vlaue and take highest 
            if size(VoxelData,1)>1 
                VoxelData=sortrows(VoxelData,12); 
                TimeInSpray(VoxelData(1,1))=TimeInSpray(VoxelData(1,1))... 
                    +tstep; 
                 
                %Adds flag to show it was in zone 
                SprayZoneFlag(VoxelData(1,1),ii)=1;  
            end 
             
            %saves the number of particles in each voxel with time 
            GrnaulesInVoxel(zz,rr,ii)=size(VoxelData,1);        
             
        end %end of radial loop 
    end %end of z loop 
     
    %Plot systems at two points first loop********************************* 
    if ii==1 || ii==1000 %Plot system at two points in operation  
        PlotSystem(Data,xMixer,yMixer,xFlight,yFlight) 
    end 
     
end %End of data loop 
  
%Plotting================================================================== 
%Plot the movement of particles throughout the system********************** 
figure() 
title('Movement of random particles in mixer') 
for kk=1:1:9 
    %Plots the 2D position data for each tracked particle 
    subplot(3,3,kk),plot(Tracked(:,(kk*3-2)),Tracked(:,(kk*3-1)),... 
        xMixer,yMixer,'r-',xFlight,yFlight,'r--')  
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end 
  
%Plot a historgram of the time in the spray zone 
figure() 
histogram(TimeInSpray) 
xlabel('Time in spray zone [s]') 
ylabel('Frequency') 
title('Time in spray zone') 
  
time(2,:)=clock %Record the time for the simuation  
  
%Save the worskpace 
save('RadialSprayWorkspace.mat') 
x=1; 
end 
  
  
%Key Functons============================================================== 
function [Data] = GetAngles( Data ) 
%Find Angle of Each particle to the horizontal***************************** 
%|| Data(:,1)=ID || Data(:,2:4)=x,y,z || Data(:,5:7)=Vx,Vy,Vz || 
%|| Data(:,8:10)=Fx,Fy,Fz||Data(:,11)=angle [rads]||Data(:,12)=radius|| 
  
%Define the horizontal vector for the angle 
HoriVec=[0.065,0]; 
  
%Step through each value 
for nn=1:1:size(Data,1) 
    Data(nn,11)=acos((dot(Data(nn,2:3),HoriVec(1,1:2)))./... 
        (norm(Data(nn,2:3))*norm(HoriVec(1,1:2)))); 
     
    Data(nn,11)=2*pi()-Data(nn,11); 
end 
  
%Find the distance to the center  
Data(:,12)=(Data(:,2).^2+Data(:,3).^2).^0.5; 
  
end 
  
function [ xMixer,yMixer,xFlight,yFlight] = GetDrumDimensions(  ) 
%Define drum diemnsions**************************************************** 
%Define dimensions of drum 
Theta = 0:pi/50:2*pi; 
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rMixer=65/1000; %Radius of mixer [m] 
xMixer = rMixer * cos(Theta); %x data for mixer dimensions [m] 
yMixer = rMixer * sin(Theta); %y data for mixer dimensions [m] 
  
%Define dimensions of flights 
rFlight=48.48/1000;  %Radius of flights [m] 
xFlight = rFlight * cos(Theta); %x data for flight dimensions [m] 
yFlight = rFlight * sin(Theta); %y data for flight dimensions [m] 
end 
  
function [] = PlotSystem(Data,xMixer,yMixer,xFlight,yFlight) 
figure() 
plot(Data(:,2),Data(:,3),'b.',xMixer,yMixer,'r-',xFlight,yFlight,'r--') 
xlabel('x dimension (width) [m]') 
ylabel('y dimension (Height) [m]') 
title('System snapshot') 
end 
 
function [Tracked] = TrackParticles(Data,Tracked,ii) 
%Tracks the movement of random particles through the system**************** 
TrackNo=4800/10; 
  
for jj=1:1:9 
    Tracked(ii,(3*jj-2))=Data((jj*TrackNo),2); %Save x data 
    Tracked(ii,(3*jj-1))=Data((jj*TrackNo),3); %Save y data 
    Tracked(ii,(3*jj))=Data((jj*TrackNo),4); %Save z Data 
end 
end 
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