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Increasing variety and quantity of products are manufactured in powder and granular form 

and almost all industries are either using or related to them. Bulk handling industries are 

using screw feeders commonly for controlled material flow; however, productivity issues 

arise since one particular feeder configuration cannot handle all types of materials due to 

high differences in powder flowability.  

 

The aim of this thesis was to develop a user-friendly and improved volumetric feeder sizing 

tool, which would predict feeding capacities from customers’ materials. Based on these 

predictions, the model was intended to suggest feeder configuration regarding screw size, 

hopper size, intromitter, and vertical agitator. Along with the main goal, the purpose was to 

generate informative and systematic guidelines for experimental tests.  

 

The basis of the thesis was built with a literature review familiarizing the topic and existing 

research and findings. A case study was then conducted by using triangulation as a data 

collection method, combining information from scientific literature, commercial sources, the 

company’s internal literature, and interviews and experimental tests. 

 

The improved calculator was developed with two different model approaches. Both models 

were able to predict validation materials successfully and achieve significantly higher 

prediction accuracy compared to the old model. Suggestions to increase reliability and 

further developments were identified. In conclusion, by assessing the materials used in this 

research it was seen that a single technique and parameter can guide to interpret the powder 

flowabilities, but it is not necessarily thoroughly describing powder behavior in the feeding 

process. Inaccuracies on powder behavior were observed when comparing assumptions to 

results. 
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Jauheina ja rakeina valmistettujen materiaalien määrä sekä valikoima kasvaa jatkuvasti 

samoin kuin lähes kaikki teollisuuden alat, joko käsittevät tai ovat jollain tavalla kytköksissä 

niihin.  Bulkkimateriaalia käsittelevät teollisuudet käyttävät yleensä ruuvisyöttölaitetta 

kontrolloituun materiaalinsyöttöön. Tuottavuusongelmia syntyy, kun yksi 

syöttölaitekokoonpano ei pysty käsittelemään kaikentyyppisiä materiaaleja, niiden suurten 

valuvuuserojen takia. 

 

Tämän diplomityön tavoitteena oli kehittää käyttäjäystävällinen ja paranneltu työkalu 

volumetriseen syöttölaitteen mitoitukseen, joka ennustaa asiakkaiden materiaalien 

syöttökapasiteettia.  Näiden ennusteiden perusteella työkalun oli tarkoitus ehdottaa 

ruuvisyöttölaitekokoonpanoa ruuvin koon, syöttöastian koon sekä pysty- ja 

vaakasekoittimien suhteen. Päätavoitteen lisäksi oli tarkoitus luoda informatiivisia ja 

järjestelmällisiä ohjeita kokeellisia testejä varten.  

 

Työn perustana käytettiin kirjallisuuskatsausta, jolla perehdyttiin aiheeseen ja tehtyihin 

tutkimuksiin ja havaintoihin. Case-tutkimus tehtiin käyttämällä triangulaatiota 

tiedonkeruumenetelmänä, yhdistelemällä tietoa tieteellisistä- ja kaupallisista lähteistä, 

yrityksen sisäisestä kirjallisuudesta, haastatteluista sekä kokeellisista tutkimuksista.  

 

Paranneltu työkalu kehitettiin sisältäen kaksi eri lähestymistapaa. Molemmat mallit 

ennustivat validointimateriaalit onnistuneesti ja saavuttivat huomattavasti paremman 

ennustustarkkuuden verrattuna vanhaan työkaluun. Ehdotuksia annettiin myös 

luotettavuuden lisäämiseksi, sekä jatkokehityksiä varten. Johtopäätöksenä todettiin, että yksi 

mittaustekniikka ja parameteri voi auttaa tulkitsemaan materiaalin valuvuutta, mutta ei 

välttämättä kuvaa perusteellisesti jauheen käyttäytymistä syöttölaitteessa. Työssä havaittiin 

ristiriitoja, kun verrattiin jauheen käyttäytymisen oletuksia mitattuihin tuloksiin.  
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1 INTRODUCTION 

 

 

This Master’s Thesis is focused on examining theoretical and empirical models of bulk 

material characteristics and feeding processes to forecast feeding capacities and study how 

feeder sizing can be done easier and more efficiently. The topics included in this research 

are a literature review of the subject and a case study for planning and conducting 

experimental tests for powder properties and feeding processes. This Master’s Thesis is 

written for Gericke AG. 

 

Gericke has been designing and manufacturing bulk solids and powder processing and 

handling equipment and systems with over 125 years of experience. The family-run 

company is operating worldwide with subsidiaries and partners, and it is headquartered in 

Regensdorf, Switzerland. Gericke offers for example, mixing, feeding, conveying, sieving, 

and size reduction systems that can be customized into various fields and applications, such 

as food, chemical, mineral, and pharmaceutical industries. (Gericke Group 2021.) 

 

1.1 Background and Motivation 

There is nowadays increasing variety and quantity of products manufactured in powder and 

granular form for many different industries. Powders are going through different operations 

such as transportation, handling, and conveying. To ensure the feasibility of the process 

chain, good material flow is necessary in these cases. (Pordesimo, Onwulata & Carcalho 

2009, p. 556; Saker et al. 2019, p. 52.)  

 

Especially crucial this is for sticky, cohesive, agglomerating powders which are so-called 

difficult powders. These are commonly having inconsistencies and unexpected disturbances 

on material flow. This can cause major harm to the reliability of manufacturing and lead to 

productivity issues. (Zafar et al. 2017, p. 300.) In figure 1 variable types of bulk materials 

are presented and as seen, a wide range of products exists with different particle sizes and 

properties.  
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Figure 1. Diverse types of bulk solids (Vibra Screw Inc. 2019, modified). 

 

Productivity issues arise since one particular feeder configuration cannot handle all types of 

materials due to high differences in powder behavior. The performance of the feeder relies 

on the design, wanted flow rates, control systems, and material properties. If the powder and 

the feeder combination does not match properly, this can lead to wide feed rate variations. 

Therefore, the feeder sizing and metering tool selection process begin with evaluating 

powder flow properties. (Wang et al. 2017, p. 135-136.)  In this case, it is a matter of how 

well the behavior of a material can be predicted and then handled by doing changes to the 

configuration. By being aware of the characteristics of materials and flowability affecting 

properties and how to size a suitable feeder configuration, it will increase the efficiency and 

safety of the systems. This will benefit the supplier as well as it will benefit the customers. 

 

1.2 Research problem 

Currently, there is already an existing model for volumetric feeder sizing used at the 

company, but it is considered as a rough design with few variables to change. The model is 

providing theoretical and effective feed rates by calculating them from user’ input for 

product assessment, process data, and choice of a feeder. Product assessment contains input 

for product difficulty and process data consists of a required range for feed rate (kg/h) and 

input for bulk density (kg/l) of the product. While selecting a feeder, the user must choose 

between varied sizes and types of feeding tools. (Supervisors 2021.) 

 



13 

 

However, as mentioned earlier, the model is based on rough estimations and does not allow 

many inputs of material properties. In addition to that, the user can only select which feeder 

and screw size or type to use and there is no explanation of what to choose in which kind of 

situation. To be able to choose the most suitable combination of a feeder setup (screw, 

agitator, hopper), especially with cohesive and agglomerating materials, tests must be still 

conducted. This requires additional resources such as test lab, time, test product (shipment 

and disposal costs), and personnel. Therefore, there is a demand to decrease the testing time 

of customers’ products and increase the response time on quotations, while still being as 

accurate on feeder configurations as possible. This can have a considerable influence on the 

equipment cost. (Supervisors 2021.)  

 

Especially the fact is that a lot of knowledge around the feeding processes and feeder sizing 

is relying on the empirical experiences and expertise of employees. In many cases the 

knowledge is either not written down, it is difficult to find, scattered around or it gets 

partially transferred from person to person. In these situations, a new employee of the 

company has no guideline or test procedures to follow and that would explain what steps are 

done on feeder sizing and for what kind of reason. The current model is not user-friendly 

especially for new employees and this slows down the learning process. In a conclusion, 

there is not only a demand for a volumetric feeder sizing model but also some kind of 

guideline for the volumetric sizing process and a guideline for volumetric and gravimetric 

tests. (Supervisors 2021.)  

 

1.3 Goals 

The goal of the research is to make the sizing of a feeder reliable, more efficient, and user-

friendly by creating improved feeder sizing -model and protocols for tests. To achieve this, 

empirical and theoretical information and knowledge from volumetric and gravimetric 

feeder sizing are gained and analyzed. The outcome of the research is a volumetric feeder 

sizing model and a guide for practical tests like volumetric and gravimetric feeding. More 

specifically, a volumetric feeder sizing model must be established to predict feeding 

capacities and suggest feeder configurations while giving a user the possibility to input 

detailed powder properties. The model must obtain reliable results as being an improved 

version of the predecessor model, so it can be used in the future to meet the customer’s needs. 
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Therefore, any kind of improvements aiming towards increasing project performance, are 

seen as valuable steps forward in the development process.  

 

1.3.1 Research questions 

Based on the research problem mentioned, as it is difficult to predict the behavior and feeding 

capacity in order to size a suitable feeder configuration, the main research question can be 

formed as follows: Why powders are difficult to feed? To answer this question, following 

sub-questions are guiding the thesis to its goals: 

 

- What kind of powder properties are affecting to the flowability? 

- Why and how are powders categorized with different difficulty levels? 

- What information is needed when sizing a feeder? 

- Which tests are always done for sizing when bulk material is available, which tests 

are optional? 

 

1.3.2 Research methods 

This Master’s Thesis is split into a literature review and then focusing on the case study part 

of the research. The purpose of the literature review is to summarize the findings and existing 

information regarding the topic of bulk solids, the feeding process, and feeder sizing. The 

knowledge is gained to support planning and performing experimental tests. The case study 

is conducted with a triangulation methodology. Overall, utilized sources are interviews with 

employees, internal literature and information, scientific articles, research reports and 

findings, and machine and equipment manufacturer’s information. To ensure the reliability 

of this literature review, multiple sources are being used to verify the information. This way, 

even though some of the information is taken from moderately old source (which can be still 

up to date information) is still validated with a newer source. 

 

The experimental part of the research is numerical, so the research is also using a quantitative 

method. The method is split into three distinct categories based on triangulation: laboratory 

tests, technical calculations. and modeling the new tool. The tests are planned, setups are 

built, and tests are executed according to the plan. Characteristics of selected powders are 

being tested and analyzed. The same powders are also fed through the feeder with different 

configurations to collect feeding capacity data during the feeding process. All the collected 
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data is then examined to find correlations between powder properties and feeding capacities 

to establish a volumetric feeder sizing model. The reliability, accuracy, and validity aspects 

are also evaluated by using validation weights, average values of tests, and comparing the 

results from a new and current calculator to the actual data. 

 

1.4 Research scope and limitations 

The scope is to find a relation between material properties and feed rates to create an 

advanced sizing model. Due to the complexity and wideness of the subject and possible ways 

to test material properties, it is necessary to limit the scope of this research. Powder rheology 

analysis is limited to equipment located in the Gericke Test Center because tests must be 

able to be conducted there also in the future. Used methods are narrowed to focus on bulk 

density-based measurements, angle of repose with a fixed funnel, and FT4 rheometer. The 

theoretical background is gathered around these previously mentioned methods, bulk solids, 

and feeding processes.  

 

The feeding part of the research is focused only on a commercial feeder itself and that is why 

the experimental test setup is an open system. Open system means that there is no other 

equipment connected to the feeder. This way it is possible to avoid external influences (e.g., 

refill or mixing systems) that would influence feeder performance during the measurements. 

The frame of this thesis is built around the feeder to develop a better volumetric sizing model 

and this is also why tests are only conducted in volumetric mode. Information from 

gravimetric feeding is only used for creating test guidelines. The measurements will be 

conducted on a low-capacity Gericke loss-in-weight single screw feeder DIW-PE-FEEDOS 

S-30VR with a feed rate range of 0.4 – 700 liters per hour and the volumetric sizing model 

is built only for FEEDOS S. Sizing model is limited to suggest configuration regarding on 

screw size, hopper size, intromitter, and vertical agitator. Only continuous feeding is 

evaluated and that is why batch feeding is not taken into an account in this research.  
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2 LITERATURE REVIEW 

 

 

General background information is gained and reviewed in this chapter. This way the 

knowledge can be applied to experimental tests that are planned and conducted after the 

literature review. It is obligatory to discover the main principles and phenomena behind 

powder properties, selected test methods, and how these properties will influence the 

flowability of the material. It is also crucial to understand how the feeding process functions 

and how different characteristics effects on feeding process depending on a feeder 

configuration to be able to start formulating the mathematical model for the volumetric 

feeder sizing process. 

 

2.1 Properties and phases of bulk materials 

Freeman (2014, p. 3) and Schulze (2007, p. preface VII) have both stated that powders in a 

form of raw or finished materials are 80% of all manufactured products. This means that 

almost all industries are using or related somehow to powders. Despite the statistics, powders 

seem to still challenge from product development, manufacturing, and quality aspects, 

because it is said that powder flow behavior is rather complex and still not well understood. 

(Koynov, Glasser & Muzzio 2015, p. 103; Saker et al. 2019, p. 52.) It is promisingly clearly 

seen from the number of publications that the studies using variable kinds of methods for 

powder rheology have been increasing for the past years to study a greater understanding of 

powder characteristics. 

 

Powders are bulk materials, but besides being that bulk materials can be also classified as 

granular or lumpy. Rice and sugar are for example granular materials and flour and cement 

are stated as powders, so the particles can have different shapes, sizes, and forces to increase 

the complexity of the materials. (Seville & Wu 2016, p. 17.) The complexity is not just the 

particles themselves, but the fact is, that bulk materials are having three distinct phases 

makes them rather unique (Seville & Wu 2016, p. 17; Merkus 2009, p. 1). Three distinct 

phases of bulk materials are seen in figure 2.  Bulk materials consist of solid particles, liquid 

which is water either in the particle or on the surface of the particle and gases which in this 

case usually means air between the particles.   
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Figure 2.  Three distinct phases (Freeman Technology 2016, p. 2). 

 

Because of these three distinct phases, it depends on what are the properties of each 

component and how they interact. It is possible that powders are flowing like liquids or 

compressed into a hard-packed product under pressure. (Freeman Technology 2016, p. 2.) 

This means that even a minor change in the characteristics of the material can change its 

flow properties and perhaps interrupt continuous feeding. Also, besides the powder behavior 

that comes from chemical and physical properties of particles like particle shape, size & 

distribution, surface area and texture, density, cohesivity, adhesivity, etc., the influence of 

particle-to-particle interaction and external variables must be considered as well. (Freeman 

2014, p. 23-27.)   

 

Mechanisms of powder flow and particle interaction can include friction, interlocking, liquid 

bridging, inter-particulate forces of cohesion, and gravity aspects (Freeman 2014, p. 23-27). 

These can be seen as visualized in figure 3.  

 

 

Figure 3. Particle interaction (Freeman 2014, p. 22-27). 
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Some particles which tend to have smoother surfaces are usually sliding and have lower 

friction to the equipment wall or between each other. On the other hand, increasing surface 

roughness increases friction. Inter-particulate forces of cohesion are acting to close or 

contacting particles as increased particle attraction. Particle shape has also an affection 

because depending on a shape, the particles might be potentially interlocking to each other 

and this way resisting movement. Humid air, especially when talking about hygroscopic 

materials, can increase moisture content significantly. This forms liquid bridges between the 

particles or with equipment walls, reducing the independence of particles. All the previously 

mentioned are acting as a restrictive force when it comes to particle independence and this 

way also reflects negatively to flowability. Besides that, gravitational forces are acting on 

the particle. If inertia motion is not taken into an account, the force F comes from the weight 

m and acceleration due to gravity is g. For example, large particles with high density have 

the tendency to flow better. (Freeman 2014, p. 23-27.) 

 

As powders are highly sensitive to variables, external influences can also significantly 

change the behavior of powders. These external variables can be for examples such as 

moisture, consolidation, aeration, flow (shear) rate, storage time, and electrostatic charge. 

(Freeman 2014, p. 23-27.) It has been also stated that the particles do have a memory also 

from the processes the particles have gone through previously. This can lead to 

agglomeration or attrition. (Schulze 2007, p. 117.) Schulze (2007, p. 1) has written also that 

measuring bulk material flow properties has a significant role in the handling equipment 

designing process. In fact, the whole book reviews test methods for powder flowability 

before discussing the designing part of silos. However, it has been also expressed that the 

flowability of powder would be resulting from the combination of used equipment and from 

the physical properties of materials (Prescott & Barnum 2000, p. 82).  

 

The most common methods to measure the potential flowability of materials have been 

density-based measurements, shear stress, and angle of repose (Falk et al. 2015, p. 80; 

Bodhmage 2006, p. 7). Powder rheometers have had also increasing value on the latest 

research studies (Leturia et al. 2014, p. 407; Bostijn et al. 2019, p. 346). 
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2.2  Bulk density-based measurements 

Bulk density describes the ratio between the mass of bulk solids and the volume occupied 

by the material. It is stated to be one of the primary variables regarding the handling of bulk 

solids. Ganesan et al. (2008, p. 429) have stated that the bulk density is mainly affected by 

moisture, particle size, and chemical composition of the material. Bulk density can also 

change depending on processing and handling operations. Density can be calculated as 

follows (Seville & Wu 2016, p. 20): 

 

 𝜌𝑏 =
𝑚

𝑉
  (1) 

 

Where 𝜌𝑏 is the resulted loose bulk density, 𝑚 is the mass of the bulk solid and 𝑉 is the total 

volume occupied by the bulk solid. The volume is including interparticle voids when 

measuring a loose bulk density.  

 

There are two primary methods of evaluating the density of a powder, loose density, and 

tapped density. Loose bulk density also known as poured density, is measured by pouring 

material into a container, so the method is influenced by gravity. (Abdullah & Geldart 1999, 

p. 152.) Tapped density is usually achieved either by manually tapping the material or by 

using automated tapping devices (Van Snick et al. 2017, p. 330; Artamonov et al. 2013, p. 

238). The difference between these methods is that mechanical and automated tapping 

devices can reproduce the experimental conditions to each subsequent test and manual 

tapping is sensitive to a human variable (Artamonov et al. 2013, p. 238). Saifullah et al. 

(2016, p. 398) have performed tapped density manually by dropping the sample cylinder 

vertically to the ground 100 times from a height of 15 cm. On automated tapping devices, it 

is seen a variable number of taps performed in different research studies. Vasilenko et al. 

(2013, p. 368) have conducted 250 taps and Van Snick et al. (2016, p. 330) with 1250 taps. 

As a general summary, the process depends on the number of taps and intensity of the 

tapping (Seville & Wu 2016, p. 20). 
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Over the past years, the Carr index (CI%) and closely related Hausner’s Ratio (HR) have 

been in popular use to evaluate powder flowabilities. Popularity relies also on simplicity and 

relative rapid experimental tests. (Sousa e Silva et al. 2013, p. 1098.) CI%, as well as HR, 

are both estimating compressibility of a material associated with its flowability, so they are 

calculated by using the ratio between loose density and tapped density. HR can be calculated 

regarding the following equation: 

 

 𝐻𝑅 =
𝜌𝑡

𝜌𝑏
  (2) 

 

In equation 2, 𝜌𝑡 is tapped density and 𝜌𝑏 is loose bulk density (Saifullah et al. 2016, p. 399).  

 

CI% is indicating compressibility percentage to present the possibility of particles to build-

up together. CI can be calculated according to the following equation (Saifullah et al. 2016, 

p. 399): 

 

 𝐶𝐼% = 100% ∙
𝜌𝑡 − 𝜌𝑏

𝜌𝑡
  (3) 

 

Flowability classification regarding HR and CI can be seen in table 1. By calculating the 

ratios by utilizing equations 2 and 3, the results are indicating whether the possible 

flowability of material can be favorable or poor.  

 

Table 1. HR and CI according to powder flowability (Saifullah et al. 2016, p. 397). 
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2.3 Angle of repose 

The angle of repose (AoR) measurement is a simple procedure, and it shows what is the 

potential material flowability and this way it is an important parameter in rheology. AoR is 

also depending on particle shape and size, uniformity, and environmental aspects like 

moisture and temperature changes. (Ganesan et al. 2008, p. 428.) Beakawi Al-Hashemi & 

Baghabra Al-Amoudi (2018, p. 397) add that a typical way to measure AoR is to 

experimentally test it and there are multiple methods existing. AoR tests of this research are 

executed in the test center with a fixed funnel, where material samples are poured through a 

funnel onto a flat surface forming a conical shape (Vetter. 2002, p. 57). This method is a 

relatively easy and quick test to perform, and it gives a single value: the flowability classified 

from the angle of the pile of powder. However, methods for AoR are not standardized and 

different researchers are measuring the AoR in distinct ways. Therefore, AoR is stated to be 

sensitive to multiple test parameters like sample size, pouring velocity, equipment design, 

and operator variabilities. (Falk et al. 2015, p. 80.) By evaluating various sources, Geldart et 

al. (2006, p. 105) has used a 100 g sample size when Bodhgame (2006, p. 29) has used a 200 

g sample size while conducting these measurements.  

 

As different researchers have conducted AoR measurements in distinct ways, also the results 

can be evaluated with different approaches. Results can be either appraised by taking images 

(Bodhmage 2006, p. 29; Wójcik et al. 2018, p. 21) or calculated (Vetter 2002, p. 57) as seen 

in figure 4. 

 

 

Figure 4. AoR (Vetter 2002, p. 57, modified). 
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According to the visualization of AoR measuring process in figure 4 based on literature from 

Vetter (2002, p. 57) the AoR is calculated as follows:  

 

 𝐴𝑜𝑅 = 𝑎𝑟𝑐𝑡𝑎𝑛
4 ∙ ℎ

𝐷1 + 𝐷2
  (4) 

 

Where the 𝐴𝑜𝑅 is angle of repose, ℎ is the height of the cone, arctan is the inverse tangent, 

𝐷1 and 𝐷2 are width and length of the bottom Vetter (2002, p. 57).  

 

Vetter (2002, p. 57) has classified the results simply into three categories when Beakawi Al-

Hashemi & Baghabra Al-Amoudi (2018, p. 397) has brought up in their research that there 

is such as a carr classification for AoR, which is presented in table 2. Both result ideas are 

based on similarities, but carr classification is utilized in most of the research seen around. 

The smaller the AoR is, the better flowing material it is.  

 

Table 2. Angle of repose by carr classification (Beakawi Al-Hashemi & Baghabra Al-

Amoudi 2018, p. 397).  

Angle of repose Description 

25 – 30 ˚ Very free flowing 

30 – 38 ˚ Free flowing 

38 – 45 ˚ Fair to passable flow 

45 – 55 ˚ Cohesive 

>55 ˚ Very cohesive 
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2.4 FT4 rheometer and its operating principles 

FT4 Powder Rheometer from Freeman Technology, seen in figure 5, is a universal powder 

tester used to measure and evaluate powder behavior. Commercial FT4 rheometer has a 

standard way of operation as the company has defined and shear cell test is a standardized 

method. Test programs are automated on the rheometer, so each test is executed consistently 

and identically to each other. The range of sample size in this device is from 10 ml to 160 

ml (Freeman Technology 2016). 

 

 

Figure 5. FT4 Powder Rheometer (Freeman Technology 2016). 

 

The rheometer has a blade that is rotating and moving vertically up and down inside the glass 

vessel with a powder sample. Its principle is to measure powder resistance to rotational and 

vertical movement which makes particles interact with each other. This means that if 

particles’ resistance to motion increases, the difficulty of powder flow increases as well. 

Measured parameters are torque, height, and force. (Freeman Technology 2016.) 

 

FT4 rheometer undergoes a conditioning cycle every time before running a test cycle. It is a 

mechanical process to gently displace the whole sample to eliminate compaction and pockets 

of air that might have been formed due to the previous test cycle. Conditioning cycle 

constructs powder bed as homogenous and standardized packing stage. This way also the 

variability of an operator is removed and results are not dependent on how the sample is 

loaded to the vessel (Freeman Technology 2016.)  
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2.4.1 Stability and variable flow rate 

Stability and variable flow rate experiments on the rheometer consist of 11 test cycles. Flow 

energy test cycles are repeated seven times, that is how flow energy tests 1-7 are formed. 

During this time, stable flow energy is achieved. On energy test cycles 8-11 shear rate is 

evaluated by the sensitivity of the powder. This is measured by reducing the tip speed of the 

blade gradually by 100, 70, 40, and 10 mm/s. (Bostijn et al. 2019, p. 345.) Stability and 

variable flow rate test is measuring parameters of Basic Flowability Energy, Specific 

Energy, Stability Index, Flow Rate Index, and Conditioned Bulk Density (Freeman 

Technology 2007a, p. 2). 

 

Basic Flowability Energy (BFE) is stated to be the energy that is required to displace 

stabilized and conditioned powder. This is measured as given flow rate and pattern. The flow 

pattern is generated by a downward and counterclockwise motion. The angle of the helix is 

-5˚ and blade tip speed at 100 mm/s. This creates pressurized and relatively high-stress flow 

conditions in the material while the vessel is limiting the movement downwards. (Dugar & 

Dave 2014, p. 3619.) BFE value is measured from the flow energy test 7 (Freeman 

Technology 2007a, p. 2): 

 

 𝐵𝐹𝐸 = 𝐹𝑙𝑜𝑤 𝑒𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 7     (5) 

 

The Specific Energy (SE) is measured from an identical flow pattern like in the BFE test, 

but instead of downwards movement, this is in the upwards and clockwise blade movement. 

During this movement, low-stress flow and gentle lifting are generated. The powder on this 

measurement is unconfined which means that the material can be lifted with the blade. This 

is possible because there is no constraining limitation on the top layer. Shear forces between 

the particles are affecting the most to the SE values. (Freeman Technology 2008a, p. 1-2.) 

This energy measured is then divided by the split mass to achieve SE. The formula is as 

follows (Freeman Technology 2007a, p. 2):  

 

 𝑆𝐸 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑦𝑐𝑙𝑒 6 + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑦𝑐𝑙𝑒 7

2 ∙ 𝑆𝑝𝑙𝑖𝑡 𝑀𝑎𝑠𝑠
         (6) 
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Table 3. SE result guideline (Freeman Technology 2008a, p. 2). 

SE < 5 5 < SE < 10 SE > 10 

Low cohesion Moderate cohesion High cohesion 

 

From the result guide, table 3, it is seen that as higher the SE value rises the more cohesive 

powder is. SE value is mostly relating to cohesion and such physical properties as size, 

texture, and shape of particles. SE value correlates well with flow performance in a low-

stress environment. (Freeman Technology 2008a, p. 2.)  

 

Flow Rate Index (FRI) is the factor by which the need of the flow energy is altered when the 

flow rate is reduced by a factor of 10. The guideline for the FRI results is in table 4. Freeman 

Technology (2007a, p. 2) states that FRI is calculated by dividing the energy test 11 with 

energy test 8 as seen in the following formula: 

 

 𝐹𝑅𝐼 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 11

𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 8
 (7) 

 

Table 4. FRI result guideline (Freeman Technology 2007b, p. 1-3). 

FRI > 3 1.5 < FRI < 3 FRI ≈ 1 FRI < 1 

Very cohesive Most powders Larger particle size 

or surface treatments 

Materials 

containing flow 

enhancers 

 

Stability Index (SI) is the factor which shows if there are changes in the flow energy 

requirements during repeat testing. These flow changes can be caused by such things as de-

aeration, agglomeration, segregation, and fluidization. These previously mentioned changes 

can all lead to instability. (Freeman Technology 2007b, p. 1-3.) The result guideline is 

presented in table 5 and the SI is calculated as follows: 

 

 𝑆𝐼 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 7

𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 1
 (8) 
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Table 5. SI result guideline (Freeman Technology 2007b, p. 1-3). 

SI ≈ 1 SI > 1 SI < 1 

Not affected by 

being made to 

flow, robust 

material 

Powder affected by being made to 

flow. Prospective causes are: 

• Segregation 

• Moisture uptake 

• De-aeration 

• Agglomeration 

• Electrostatic charge 

Powder affected by being made to 

flow. Prospective causes are: 

• De-agglomeration 

• Attrition 

• Over blending of an additive 

• Coating of vessel and blade 

by additive 

 

During stability and variable flow rate tests, conditioned bulk density (CBD) is also 

measured. As bulk density is dependent on the packing stage, it is important that this stage 

can be reproduced. FT4 is measuring CBD after the automated conditioning cycle, so 

operator variability and error are eliminated. Test glass vessels have split ability to attain 

precise volume on the glass vessel to rotate excess material away and weigh the vessel with 

an in-built scale of FT4. (Freeman Technology 2008b, p. 1.) CBD is calculated as follows:  

 

 𝐶𝐵𝐷 =
𝑆𝑝𝑙𝑖𝑡 𝑚𝑎𝑠𝑠

𝑆𝑝𝑙𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
 (9) 

 

2.4.2 Aeration Ratio 

Usually, the space between particles is filled with air, so the presence of air can greatly 

influence flow properties. The amount of air depends on the particle-to-particle interaction. 

Some powders can easily aerate and turn into a fluidized sample, but cohesive powders 

typically are not readily aeratable. In the aeration test, seen in figure 6, a controlled velocity 

of air supply is brought through a mesh from the bottom of the vessel and evaluating how 

sensitive material is to aeration. (Freeman Technology 2006a, p. 1.)  
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Figure 6. Aeration test (Freeman Technology 2016). 

 

Aeration ratio (AR) is contrasting BFE (energy in air velocity 0) with Aerated Energy (AE) 

which quantifies as the strength of the cohesive forces. AE (energy in air velocity n) is the 

air velocity point in mm/s, where AE measurement is taken. When the powder is aerated, 

typically less energy is needed to move the powder. (Freeman Technology 2006a, p.4.) AR 

result guideline is presented in table 6 and it is calculated as follows:  

 

 𝐴𝑅 =
𝐸𝑛𝑒𝑟𝑔𝑦 (𝑎𝑖𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 0)

𝐸𝑛𝑒𝑟𝑔𝑦 (𝑎𝑖𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑛)
 (10) 

 

Table 6. AR result guideline (Freeman Technology 2006a, p.4). 

AR ≈ 1 2 < AR < 20 AR >> 20 

Very cohesive powders Average sensitivity Very low cohesive strength 

on powders 

 

Besides AR and AE values, the aeration test also calculates a parameter of normalized 

aeration sensitivity NAS. NAS is achieved as presented in the following equation (Lefebvre 

et al. 2019, p. 4): 

 

 𝑁𝐴𝑆 =
𝛥𝐸𝑛𝑒𝑟𝑔𝑦

𝛥𝐴𝑖𝑟 𝑓𝑙𝑜𝑤
  (11) 

 

Where 𝛥𝐸𝑛𝑒𝑟𝑔𝑦 is the difference of two normalized energy values used to move the tool 

and  𝛥𝐴𝑖𝑟 𝑓𝑙𝑜𝑤 is the change in pressure in the aeration test (Lefebvre et al. 2019, p. 4).  
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2.4.3 Compressibility 

Compressibility is measured by applying compressive force into a material. Air can escape 

through a vented piston and the particles are packed into a smaller volume. Compressibility 

is calculated with given applied normal stress to achieve percentage (%) change in volume 

after compression. (Freeman 2014, p. 15-16.) The measurement principle is seen in figure 7.   

 

Figure 7. Compressibility test (Freeman Technology 2016). 

 

The results are roughly categorized as low, moderate, and high compressibility. Low 

compressibility percentage is resulting due to non-cohesive materials with large particle size 

or granular type of material. Moderate compressibility is achieved by most of the powders 

with slight cohesive properties. High compressibility means large amounts of entrained air 

and it is usually resulted due to small particle size and very cohesive tendencies. (Freeman 

Technology 2006b, p. 2.) 

 

2.4.4 Permeability 

Permeability is conducted by applying air through a powder bed and normal stress 

downwards by using a vented piston, presented in figure 8. To rephrase it, the test is 

evaluating material resistance to airflow by measuring the air pressure required to maintain 

a constant airflow through the powder bed whilst being consolidated at increasing normal 

stresses. (Freeman Technology 2006c, p. 1.) 
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Figure 8. Permeability test (Freeman Technology 2016). 

Permeability is calculated by using Darcy’s law and it can be plotted directly against normal 

stress. The equation for permeability is as follows:  

 

 𝑘 =
𝑞 ∙ 𝜇 ∙ 𝐿

∆𝑃
 (12) 

 

Where k is permeability, q is air flow rate, µ is air viscosity, L is length of powder bed, ∆𝑃 

is pressure drop (PD) across the powder bed (Freeman Technology 2006c, p.4).  

 

The results can be categorized roughly as high, moderate, and low permeability. High 

permeability means that there is a low-pressure drop across the powder bed. This is typically 

achieved with non-cohesive, granular, and large particle size materials. Moderate 

permeability has a pressure drop that increases when compression increases. Usually, 

materials with some cohesive tendencies or/and wider particle size distribution achieve this. 

Low permeability means that high pressure is needed to get the airflow through the material. 

This can happen with small particle sizes and with very cohesive materials. (Freeman 

Technology 2006c, p. 2.) 
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2.4.5 Wall friction 

Wall friction test is providing information on sliding resistance between the surface of the 

process equipment and sample material. In every process and storage environment (e.g., 

hopper, etc.) powder is exposed to consolidation stresses, this can provoke density changes 

and inter-particulate forces. The yield point of the material and frictional forces between the 

equipment surface and material must both be overcome in order to flow to occur. The 

measuring principle of wall friction is similar to the shear cell test, but in this case, the 

powder is sheared against the equipment surface and not shearing material against material. 

(Freeman Technology 2010b, p. 1.)  The measuring principle and data representation of wall 

friction is seen in figure 9.  

 

 

Figure 9. Wall friction test. 

 

In the wall friction test, the head of the equipment is moved downwards until necessary 

normal stress is applied. After that slow rotational movement of equipment is inducing shear 

stress. Data is plotted as normal stress against shear stress and wall friction angle (WFA) can 

be determined with the following equation (Freeman Technology 2010b, p. 1-3):  

 

 𝑊𝐹𝐴 = 𝑡𝑎𝑛−1(
𝜏𝑤

𝜎𝑤
) (13) 

 

Where 𝜏𝑤 is shear stress and 𝜎𝑤 is normal stress in the wall friction test. The higher the WFA 

is the bigger resistance there is between the material and surface of the equipment (Freeman 

Technology 2010b, p. 1-3).  
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2.4.6 Shear cell  

Shear cell tests provide an indication of how effortlessly a material can move from a static 

condition into a dynamic flow. So, it determines the shear stress required to initiate flow in 

a reconsolidated powder. For this flow to occur, the yield point of the powder is necessary 

to overcome. The structure of the FT4 rheometer ring shear tester is shown in figure 10 and 

it is measured according to ASTM D7891-15 (ASTM D7891, 2015). 

 

 

Figure 10. Ring shear cell test (Freeman Technology 2010a). 

 

Ring shear cell tester consists of a vessel that is filled with a bulk material specimen and a 

shear lid to induce both rotational and vertical stresses. The lid has blades on the bottom and 

the blades are inserted into the powder. As the face of the lid is contacting the top of the 

powder, it is inducing normal stress. The lid continues to move downwards until the desired 

normal stress, σ is established. Shear stress τ is induced by slow rotational movement of the 

lid and a shear plane is established just beneath the ends of the blades. Shear stress increases 

due to the powder bed resisting the rotation of the shear lid and the stress increases until the 

powder bed shears, or bed fails. This is the point where maximum shear stress is detected. 

(Freeman Technology 2010a.)  
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In the shear cell test, parameters like cohesion, UYS (unconfined yield stress), MPS (major 

principal stress), AIF (angle of internal friction) can be determined. Figure 11 is showing all 

the possible parameters that can be retrieved from the analysis of a shear cell test. 

 

 

Figure 11. Analysis of a shear cell test (Dugar & Dave 2014, p. 3620). 

 

In addition to that the shear stress values are plotted against applied normal stress which is 

then giving a Flow Function value (FF) as seen in the following equation (Freeman 

Technology 2010a.): 

 

 𝐹𝐹 =  
𝑀𝑃𝑆

𝑈𝑌𝑆
  (14) 

 

MPS is the greater value at a larger mohr circle when intercepting the x-axis and UYS is the 

greater value of a smaller mohr circle that intercepts the x-axis. FF value represents the 

strength developed in the powder when it is consolidated. This means that as higher results 

get as FF value, the better flowability of particles with respect to each other when at rest. 

Typically, in the shear cell test, a cohesive powder will show higher values for cohesion and 

UYS but a lower FF. (Freeman Technology 2010a.) 
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2.5 Feeding process 

Feeding is typically only a small part of a bigger system in various industrial plants as seen 

in the concept figure 12 and feeders are commonly mounted after storage units like silos, 

bunkers, bins, or hoppers. The red-lined area in the figure shows where feeders are located. 

They are one of the extremely crucial parts of material handling in order to assure controlled 

material feeding. The feeding process itself can be conducted by controlling either a 

volumetric rate of discharge or a mass flow rate (volumetric and gravimetric feeding). These 

can be carried out as a continuous process where the material is fed out of the process non-

stop or a batch process where a specific mass of material is discharged and then the feeder 

stops. (Carson & Pedro 2021, p. 1; Gericke 1989, p. 12-13, 95.) 

 

 

Figure 12. Concept of industrial plant (Gericke Group 2021). 

 

There can be different types of feeders such as screw feeders, vibratory feeders, belt feeders, 

and rotary valves. Selecting the feeder type is usually depending on a variety of factors and 

each method has its own pros and cons. (Carson & Pedro 2021, p. 1-8; Schulze 2007, p. 357-

367.)  This research is focused on screw feeders which are generally proving a good 

throughput with various types of bulk materials in both small- and large-scale applications 

(Bell et al. 2003, p. 44). Screw feeders are also achieving a facilitated level of environmental 

protection with enclosed systems and because of that screw feeders can be used also with 

dusty materials (Carson & Pedro 2021, p. 2; Fernandez, Cleary & McBride 2011, p. 5585). 

The general process principle of a screw feeder is mechanically simple and the basic 

structure of a feeder and its components can be seen in figure 13. 
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Figure 13. Components of a screw feeder (Lüttin 2020a, modified). 

 

The feeder usually consists of a feeding chamber, intromitter, and metering set. The 

preceding process brings the material to the hopper which is attached on top of the hopper 

flange of a feeding chamber (not seen in the figure). Hopper can be mounted with a vertical 

agitator or without the agitator, depending on the difficulty of the material. The purpose of 

the vertical agitator is to force the material to move also on the sides and not leave stagnant 

areas inside the hopper. The material from the hopper moves downwards due to gravity into 

the feeding chamber where the material is then fed into a feeding screw. An intromitter on 

the feeder is preventing bridging and arching. Material is then metered forward to the outlet 

of a feeding tube into a subsequent process. The flow rate of the screw feeder is dependent 

on screw speed and screw design factors such as pitch, the diameter of a shaft, and outerior. 

(Bell et al. 2003, p. 45-48.) 

 

2.5.1 Volumetric feeding 

Volumetric feeding is moving material with constant material volume per unit (Gericke 

1989, p. 12; Bostijn et al. 2019, p. 343). When the wanted motor speed is set, this means that 

the screw speed of the feeder is the same throughout the process. However, this means that 

volumetric feeding is not capable of sensing and adapting if there are density variations in 

the material. Volumetric feeding is often used due to its simplicity and low cost, but it is not 

recommended to use in processes that require high feeding accuracy. These situations can 

be such as density variations within the product or pharmaceutical dosing where the accuracy 

of individual materials matters to get a perfect mixture. (Bostijn et al. 2019, p. 343.) 
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2.5.2 Gravimetric feeding 

Gravimetric feeding is dosing material as constant mass per unit by controlling variables of 

mass flow or the mass of the material (Gericke 1989, p. 95). This method is suitable 

especially for highly demanding feeding tasks where high accuracy is required and can 

comprehend with inconsistent bulk densities. Continuous loss-in-weight (LIW) feeder is 

seen in figure 14. LIW feeder is placed on a weighing platform (load cell) and the feeder is 

operated with a control system. 

 

 

Figure 14. Principle of continuous gravimetric feeders (Gericke GmbH 2015, modified). 

 

LIW feeder is placed on a weighing platform which then measures the weight of the feeder 

and material inside the feeder with the help of input data and calibration from the control 

system which is used to operate the feeder. The weight of the feeder is measured with a load 

cell by mass change as a function of time and forwards a kg/h signal to the control unit. The 

control unit is comparing received values setpoint values and if necessary, changes the screw 

rotational speed to maintain the set constant mass per unit flow. A LIW feeder can operate 

both in gravimetric and volumetric mode. Gravimetric mode is used as the main function to 

dose material and the volumetric mode is switched on during the refill of the hopper. 

Volumetric mode is used because the weighing platform cannot accurately measure the 

weight loss of the system when the feeder is undergoing entering and leaving material 

movement at the same time. (Bostijn et al. 2019, p. 343.) 
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When the set minimum material level of the hopper is reached, the feeder switches into a 

volumetric mode with a constant screw speed. The refilling process is then started and when 

the hopper maximum level is reached and the load cell has been stabilized, gravimetric 

feeding begins again. (Bell et al. 2003, p. 49-50.)  

 

2.5.3 Flow patterns and possible problems 

According to (Maynard 2016, p. 1), it is well-known that flow problems can appear in 

variable powder handling processes, typically when transferring material from silos, bins, or 

hoppers. Hoppers are usually cross-section wise either rectangular or circular, which are 

filled from the top and discharged at the bottom. Many of these flow problems occurring on 

the feeder are resulted because of an unwanted pattern of material flow. The two primary 

flow patterns are presented in figure 15, funnel flow and mass flow. 

 

 

Figure 15. Two primary flow patterns (Maynard 2016, p. 2). 

 

In the funnel flow, material at the center is discharged while there is stationary material on 

the sides. This so-called first-in last-out sequence is usually functioning when talking about 

free-flowing and coarse material. However, this type of flow pattern can cause harmful and 

erratic problems. Arches and ratholes can occur and fluidized powders have no possibility 

to deaerate. Instead of the mass flow pattern which is first-in-first-out flow, both material 

bulk density and material flow are uniform and steady. Since all material is flowing there 

are no stagnant areas occurring. Mass flow is a suitable pattern for cohesive powders. 

(Prescott & Barnum 2000, p. 62; Maynard 2016, p. 2-3.) Cohesive, agglomerating, and stable 

arching and ratholing, in figure 16 can both lead into a situation where there is no flow from 

a silo or hopper outlet.  
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Figure 16. No-flow situations (Maynard 2016, p. 1). 

 

Arching, also known as bridging, is formed when bulk materials’ cohesive strength is 

creating a stable bridge or arch-shaped interference. This interference is formed on the outlet 

of the hopper which has the narrowest cross-section. The arch is supporting all the material 

content and prevents the flow while leaving an empty space below the arch. Rathole occurs 

when the material is discharging through a flow channel. The flow channel, which is like a 

vertical cavity, is located in the middle of the hopper or a silo, above the outlet. Once the 

flow channel is empty, it results to no-flow. Stagnant material is left on the sides and usually 

requires that external force needs to be applied to collapse the material. (Maynard 2016, p. 

1-2; Khambekar & Barnum 2012, p. 44-46.) 

 

In addition to that flooding, flow rate limitations and segregation can occur also. Flooding 

or uncontrolled flow typically happens when fine powders are aerated and fluidized. This 

might lead to problems while metering the discharge and material can also be flushed 

through the outlet. Flow rate limitations are obstructions where counter-flowing air is 

slowing the discharge. Segregation is an event where particles are separated by 

characteristics (density, shape, size) and will cause harm to the final product like unbalanced 

specs or prevent some wanted chemical reactions. Segregation can occur e.g., on refill where 

bigger particles have the tendency to roll in the hopper. (Maynard 2016, p. 2; Schulze 2016, 

p. 293-294.)  
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Maynard (2016, p. 3-4) discussed that the following changes can be made to overcome flow 

problems: hopper modification, adding inserts into a bin, using flow aid such as air blasters 

or vibration, agitations, rotary valves, gas injections, or changing a screw type. These are 

usually cost-wise considered options rather than changing the entire system. A minor change 

can have a significant problem-solving impact on the inconsistent feed rate.  

 

2.5.4 Screws 

A screw is one of the most important parts of a feeder when discussing about uniform feeding 

and there are already variable sizes and designs of feeding screws existing in the industry. 

These variable types of screws are presented in figure 17 and these are used for different 

types of bulk solids depending on the subject and its properties. 

 

 

Figure 17. Different types of designed feeding screws (Vetter 2002, p. 101).  

 

The screws can be used as single screw or double screw installations. It depends on powder 

characteristics, which screw configuration is most suitable. Helix (A) in figure 17 is used 

from free-flowing products to cohesive products, usually fit for low to medium bulk 

densities. Helix with center shaft (B) is used for higher bulk density materials and the design 

of the screw has higher mechanical stability. As a downside, as it has a lower active cross-

section, it does have theoretically reduced efficiency as less possible material volume to go 

through. Full flight screw (C) is mechanically more stable than the helix with center shaft 

and the design is supposed to block shooting bulk material, but it also has a lower active 

cross-section. D presents that the size of the center of the screw can also vary. Double 

concaves like H in the figure are usually used for very cohesive, sticky powders. (Vetter 

2002, p. 109-111.)  
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Besides the presented screws, the screw geometries and screw sizes can be changed to 

achieve the wanted material flow. These changes can be such as, the pitch of the screw can 

vary from shorter to longer and the thickness of the center shaft can be changed or even be 

uneven. (Vetter 2002, p. 109-111.) This means that the feeding capacity is based on the 

possible volume between the screw and a feeding tube due to the structure of a screw and 

the material ability to fill the screw at desired screw speed. 

 

According to Coperion GmbH (2021) and Vetter (2002, p.110), the selection of screws is 

not only based on flowability aspects and bulk densities, but also whether the bulk material 

is in form of powder, pellets, granules, fibers, or flakes. Figure 18 is presenting which screws 

are suitable and for which type and characteristics of bulk solids.  

 

 

Figure 18. Screw selection by material type and its characteristics (Coperion GmbH 2021). 

 

As seen in figure 18, the selection of a screw is defined by a bulk material type (powder, 

granules, flakes etc.) to a corresponding material characteristic of the material (free flowing, 

ratholing, sticky, etc.) For example, twin concave screws are suggested to be used for 

powders with almost all kinds of characteristic behavior and for flakes with mainly good 

flowing material characteristics. It is seen that a helix (spiral screw) and a full flight screw 

(auger screw) are typically suitable for most cases evaluated by material type and 

characteristics of the material. 
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2.6 Experimental methods 

To define the performance of a screw feeder, it is typically including an experimental test 

setup to collect and analyze data. In a variety of feeder performance studies, the test setup is 

following the same setup principles. The equipment on the experimental test includes a 

feeder and a catch scale with a bucket placed on the outlet of the feeding tube. (Bostijn et al. 

2019, p. 344; Engisch & Muzzio 2012, p. 396-397; Wang et al. 2017, p.137.) The setup is 

applicable for both volumetric and gravimetric purposes. 

 

Catch scale with a bucket is placed on the outlet of the feeder tube to record gain-in-weight 

data every 1s. This way the feed rate of powder can be obtained and calculated usually by 

using feeder manufacturers’ software and its algorithms. (Bostijn et al. 2019, p. 344.) Catch 

scale is also used for the purpose to allow precise comparisons between different feeders due 

to eliminating the bias associated with using load cell of a gravimetric feeder (Engisch & 

Muzzio 2014, p. 58). The general procedure for feeder start-up and preparation is calibrating 

catch scale and especially for gravimetric purposes, the feeder must be calibrated as well. 

After those, important steps are a selection of used screws, hopper fill level, and volumetric 

or gravimetric setpoints to run the tests. (Engisch & Muzzio 2012, p. 398; Bostijn et al. 2019, 

p. 344.) 

 

In many studies and articles, researchers have chosen to measure multiple setpoints, usually 

varying between 3-5 different points to get a wide range of data. Usually, these points have 

been at an equal distance between each other. It also depends on the purpose of a test which 

setpoints are achieving the goals. If the limits of a feeder with specific powder must be 

defined, often the whole speed range of the screw is measured (Engisch & Muzzio 2015, p. 

59).  This way it is usually also possible to conduct a linearity check. As the speed increases, 

the feed rate should increase linearly as well throughout the feeder’s full speed range (Winski 

2001, p. 21.) At high screw speeds, it might be possible that there are situations where the 

screw is not filling fast enough. According to Van Snick (2017, p. 345), the screw speed is 

reflecting to flow rate variability. 
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As reported in Engisch & Muzzio (2014, p. 60), the feeder fill level can substantially variate 

the ability to fill the screw in lower feeder fill levels. To avert this issue, it is suggested to 

use fill levels close to maximum on experimental tests to ensure that there is a sufficient 

amount of material to exceed the minimum operating level. The fill level of a feeder is 

dependent on a powder property, but it has been stated by feeder manufacturers that the 

minimum fill level is around 20% of the hopper fill level. This fact has been also supported 

by Van Snick et al. (2017, p. 334) and Engisch & Muzzio (2015, p. 389) who have also been 

discussing that hopper refill strategy can have an influence on the accuracy and succession 

of gravimetric feeding. And during a refill process when the material is released to the feeder 

hopper, it is a possibility that material inside the feeding chamber is compressed and this 

way increases the density of the material which is fed out on volumetric mode. Engisch & 

Muzzio (2015, p.389) had stated that the common refill process is around 20-80% when Van 

Snick et al. (2017, p. 334) presented the results that stable refill strategies were achieved on 

free-flowing material on 20-100% (higher particle size, lower compressibility) when for 

difficult materials with high compressibility it was between 60-100%.  

 

2.6.1 Measurement errors 

Set-up conditions need to be considered carefully because there are many environmental 

disturbances that can harm the measurements. As feeders and measuring scales are highly 

sensitive to make accurate measurements and small disturbances can affect a lot. (Gericke 

GmbH 2015, p. 13-22.) All the external influences that can have an effect on a feeder, are 

seen in figure 19. All these influences must be considered and attempted to prevent and 

eliminate due to possible disruptive effects on the feeding process. This is especially crucial 

in the gravimetric process.  
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Figure 19. Reasons for possible measuring errors illustrated with red arrows in a typical 

feeder setup (Lüttin 2020b, p. 4, modified). 

 

Additionally, there are errors in the way measurement was taken. These are usually 

happening on test setups with a catch scale. Wind and air blasts can make the scale weight 

fluctuate resulting in faulty weight data being collected. It is important to check the 

environment and close necessary doors or build a wind defector to secure the measurements. 

Feeders and scales should also remain untouched during the measurements. All kinds of 

pressures, impacts, and vibrations can be harmful and lead to inaccurate data. Vibrations can 

also cause oscillation which is generated by aliasing. It occurs when there are similar 

frequencies in combinations of oscillations. Landslip/avalanche is caused by material heaps 

that are collapsing in a reception bin. Moving material mass fluctuates scale for a short period 

of time. (Gericke GmbH 2015, p. 13-22.)  

 

Gericke GmbH (2015, p. 17) has also stated that the diameter of the reception bin and the 

distance to the outlet of the feeder have an influence on the test results. Especially earlier 

mentioned landslips can occur when receiving bins have larger diameters. When the distance 

from the outlet of the feeder is larger, the kinetic energy of the material increases. This will 

cause the scale to receive impulses which can cause measurement errors. Ideally, short 

distances and receiving bins with small diameters are the best-case scenario to achieve better 

dosing constancy, but often it is a matter of compromise due to higher feed rates. 

 



43 

 

2.6.2 Feeding accuracy and consistency  

On continuous scales, dosing accuracy is the quality characteristic of the process, but no 

standard exists to specify it. It is stated to be rather an inspection and individual 

determination. (NAMUR 2006, p. 4.) NAMUR (2006) has built up instructions and 

procedures that would produce the same prerequisites for both manufacturers and users. 

When evaluating feeding accuracy, there is usually deviation from setpoint. Feeding 

accuracy is indicating the maximum permissible deviation from actual flow values.  

 

In figure 20 is presented the principle of feeding accuracy. Where 𝑚̇𝑠𝑜𝑙𝑙  is tolerance 

area, 𝑚̇𝑖 is measured sample size,  𝑚̇𝑠𝑜𝑙𝑙 is dosing flow setpoint, t is a reference sampling 

interval.  

 

 

Figure 20. Illustration of feeding accuracy (Vetter 2002, p. 24). 

 

NAMUR (2006, p. 5) suggests defining dosing error/ accuracy 𝑆𝐷 as the relative deviation 

of the mean measured value from the nominal value, also known as the setpoint. Absolute 

dosing error is in kg/h and relative dosing error is in %. Absolute dosing error can be 

calculated as follows: 

 

 𝑆𝐷 = 𝑚 ̇̅̅ ̅ −  𝑚̇𝑠𝑜𝑙𝑙 (15) 

 

Where 𝑚 ̇̅̅ ̅ is an arithmetic mean value of mass flow samples of distribution. In addition to 

absolute dosing error, the relative dosing error formula is as follows:  

 

 𝑆𝐷% =
(𝑚 ̇̅̅ ̅ −  𝑚̇𝑠𝑜𝑙𝑙)

𝑚̇𝑠𝑜𝑙𝑙
∙ 100% (16) 
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Dosing consistency, also known as short-term accuracy in feeding technology, is scattering 

feeding samples around the mean value. Standard deviation 𝜎𝑆𝐷 of these samples is required 

and the formula for it is presented as follows:  

 

 𝜎𝑆𝐷 = √∑
(𝑚̇𝑖 − 𝑚̅̇)2

𝑛 − 1

𝑛

𝑖=1

 (17) 

 

Where 𝑛 is number of samples in distribution NAMUR (2006, p. 5). 

 

NAMUR (2006, p. 5) is proposing to use the coefficient of variation as a measure to describe 

feed rate fluctuations around mean value µ. If the number of measured samples is sufficiently 

large and the population of actual feed rate variations can be described by a normal 

distribution the sample standard deviation 𝜎 is an estimator of the population’s standard 

deviation. An illustration of standard distribution is seen in figure 21.  

 

 

Figure 21. Illustration of normal distribution (Smith & Johnson 2010, p.432). 

 

Standard deviation can be divided into different areas of trust and these provide information 

on what probability a measured value is within the required limits. It is seen that ±1𝜎 is 

indicating that approximately 68% of values are within this deviation. Approximately 95% 

of the true population mean, in this research case it would be measured feed rate samples 
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which are falling within ±2𝜎 around the sample mean µ and 95% confidence interval is 

commonly used. (Smith & Johnson 2010, p. 432.)  This way relative dosing consistency can 

be calculated as follows (NAMUR (2007, p. 5):  

 

 𝑆𝐾% =
2 ∙ 𝜎𝑆𝐷

𝑚̅̇
∙ 100% (18) 

 

2.7 Predicting feeding capacities 

By evaluating multiple publications in literature, different methods have been utilized and 

developed as an attempt to predict feeder performance. Fernandez et al. (2011, p. 5588) and 

Hou, Dong & Yu (2014, p. 529-530) have been using a discrete element method (DEM) to 

simulate powder behavior in a screw feeder. Furthermore, it is seen that multivariate analysis 

has been also highly used when conducting research to study the connection between 

material characteristics and measured parameters from processes (Wang et al. 2017, p. 342; 

Bostijn et al. 2019, p. 135; Van Snick et al. 2018, p. 421). Specifically, it is noted that Wang 

et al. (2017, p. 135) and Bostijn et al. (2019, p. 342) have been using partial least squares 

regression (PLS) in their research. Escotet-Espinoza et al. (2018, p. 661) has been using 

principal component analysis (similar to PLS) to elucidate the effects of material properties 

and equipment settings on feeder performance when Clayton, Milligton-Smith & 

Weinekötter (2017, p. 1-3) have been using multiple linear regression. Multiple linear 

regression MLR is stated to be a classical method when compared to the PLS method 

(Eriksson et al. 2013, p. 22).  
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3 METHODOLOGICAL TRIANGULATION 

 

 

This chapter presents the selected research methods and methodologies that are utilized for 

this research, aiming to answer and solve research questions that were formed at the 

beginning of the research. The main purpose of this research is to build an advanced 

volumetric sizing model that would be able to predict feeding capacities based on powder 

properties while suggesting feeder configurations. Based on the research findings, also 

procedures for tests are explored to be able to utilize them in the future to establish a 

systematic approach when conducting experimental tests. 

 

3.1 Triangulation in research 

An approach of methodological triangulation is used in this research. According to Johnson 

& Onwuegbuzie (2004, p. 22), triangulation is referring to the use of various data sources 

and methods aiming towards the same objective, which is in this case is building the 

volumetric sizing model and test procedures. This way it is possible to form a comprehensive 

understanding and greater insight into the subject. This methodology provides a higher 

amount of data and information to apply and support this research. Triangulation is also 

decreasing the chances to make some false assumptions while ensuring that the gathered 

data is interpreted correctly by verification of collected data with other data (Johnson & 

Onwuegbuzie (2004, p. 22). An illustration of triangulation is presented in figure 22. 

 

   

 

 

  

  

  

  

 

 

 

Figure 22. Illustration of triangulation. 

  

Experimental tests Interviews & Discussions 

Literature 
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This research is utilizing both quantitative and qualitative research methods to ensure that 

this research is objective and conducted in a scientific manner. This approach then should 

also produce novel and concrete information for the company regarding feeder sizing based 

on feeding capacity forecasting. In this thesis literature review is used to clarify the 

background of the topic, experimental tests are utilizing three different test methods 

(feeding, traditional methods, and rheometer) as in studying and data collection. Lastly, 

interviews and discussions are filling the gaps and giving additional information when 

conducting the case study.  

 

3.1.1 Literature review 

For qualitative analysis, the main literature review has been conducted at the beginning of 

the research on purpose to acquire knowledge and background information about bulk solids 

and selected test methods and screw feeding processes. Information was retrieved mainly 

from the LUT Primo database with a focus on scientific publications to ensure the reliability 

of the research.  

 

In addition to the main literature review, a case study is conducted for the company.  To 

form a comprehensive understanding of the current situation in the company, the feeder 

sizing process is studied thoroughly at the beginning. During this process literature like 

scientific books and articles and the company’s internal information, documents and 

instructions are also utilized in a combination with interviews and discussions to build a 

solid base for the case study. A solid base and increased knowledge allow developing a 

coherent plan for quantitative tests. 

 

3.1.2 Interviews and discussions 

Interviews are conducted to get a general understanding of the case study of how feeder 

sizing and experimental tests are done now in the company and what improvements the 

company is looking for. A lot of knowledge is either scattered around or is relying on the 

experience and expertise of employees. By conducting these interviews, all the necessary 

and valuable information can be found from the database or from the employees. In best case 

scenario from both sources. Appropriate personnel from the company are selected to answer 

the interview questions. Interviews are conducted as a free-formed discussion and the notes 

are stored by the interviewer and accumulated information is summarized in this research.  



48 

 

Discussions regarding feeders, sizing, and experimental test methods and setups are done 

throughout the research to gain wide communication. Operation principles of the equipment 

like feeder, traditional flowability methods, and FT4 rheometer were discussed with 

personnel in the test center and providing valuable knowledge and support while building 

setups and preparing tests. This is done to ensure the correct operation of devices and 

eliminate the most common errors. 

 

3.1.3 Data collection and handling in powder rheology and feeder tests  

To gain an objective perspective to aim to the goal of the thesis, also quantitative methods 

are utilized. Experimental tests are split into feeding capacity tests with the FEEDOS S 

feeder, traditional powder flowability measurements methods, and FT4 rheometer tests for 

more sophisticated powder analysis.  

 

To ensure the reliability of tests, each test is conducted twice. If measurement errors, 

glitches, and failures can be observed visually during the experiment, the test is repeated and 

faulty data is deleted. This procedure will benefit the fact that only useful data will be 

forwarded to data handling. Data handling in itself is an important step in this research to 

ensure that the magnitude of the values on different variables would not cause distorted 

importance to variables when developing the model. To minimize the possibility of such 

error, the data is interpreted regarding average values. In other words, as each test is executed 

twice, the average value of these is calculated and then utilized for model development 

purposes. 

 

FT4 rheometer tests are operated as presented in the chapter 2.4, with the help of FT4 control 

software which is guiding the operator through the sample analysis for powder 

characterization. Data analysis of results is conducted with another software “Data analysis 

v4” by Freeman Technology, which allows data interpretation. Feeder data is analyzed by 

using this company’s own Gericke Dosiertest V2.2.0 -software in which various types of 

data sets can be acquired by utilizing statistical methods like averages, means, and 

deviations. The software also presents live trends updating the measured sample size data at 

each second and it can be seen from the chart if there are major measurement errors 

occurring. The measurement errors were presented previously in the sub-chapter 2.6.1. This 

way faulty data can be deleted and not used in the research.   
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4 CASE STUDY 

 

 

This chapter is discussing how all the information from the literature is utilized in the 

practical case study. In the beginning, building the basis of case study for model 

development by comprising the current status. Therefore, the focus of this chapter is first to 

examine thoroughly how feeder sizing is conducted in this case company in question. 

Followed by plans for experimental tests and data analysis for building an improved 

calculator model.  

 

4.1 Feeder sizing 

One specific feeder configuration cannot handle all materials, due to the complex behavior 

of bulk solids. Selection of the most suitable feeder configuration is crucial when aiming to 

achieve a reliable feeding process and minimize feed rate variations and possible 

disturbances. These results can be achieved by focusing on parameters like nature and 

properties of product and metering performance. Following existing feeder sizing 

information in this chapter is collected from sizing models and interviewing employees in 

the sales department of feeding. The chapter aims to answer research questions of what 

information is needed when sizing a feeder and which tests are done when the product is 

available and which tests could be conducted for further material analysis.  

 

The first steps of sizing are the same for both volumetric and gravimetric purposes, so there 

are no differences. Volumetric sizing is the first step for gravimetric sizing and thereafter 

gravimetric sizing tool is used for additional information. Volumetric sizing can be 

completed with or without a product. It is common to quote feeder configuration without 

product tests, particularly if previous experience has shown material functionality. 

Nevertheless, without a product, some details are still required. The fact is that the amount 

of information varies in inquiries, but it is crucial that a customer is providing the following 

data: General information describing metering- and process situation. If the wanted process 

is volumetric or gravimetric and what type of application is it for (pharma, mineral, etc.) 

Moreover, required feed rate range and product details are needed, especially for the product 

as precise as possible e.g., name of the product, special properties (powder, pellets, granules, 
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flakes fibers), flow characteristics (good, decent, bad, bridging tendencies), minimum and 

maximum loose bulk density. (Sales Managers Feeding 2021, p. 1-2.)  

 

The gravimetric sizing model is a sophisticated model holding a lot of information and its 

specific explanations and tables are not included in this research, as they would indicate 

classified data. The model is used to determine the best weighing system and a hopper size 

for a feeder. The model can inform a user whether the hopper sizes, feed rates, and refills 

match altogether, or whether something is too small/low or large/high. When parameters are 

good, the model gives an output of OK (Gericke GmbH. 2007b, p. 19). In case gravimetric 

tests are needed for the product, tests can be conducted in the Gericke AG Test Center.  

 

When there is a product available or it is necessary to conduct tests with products due to 

difficult material behavior, measurements for loose “poured” bulk density and volumetric 

feeder tests are always executed. With these tests, it is possible to define actual material 

throughput with specific material and poured bulk density is taken from the feeder to 

calculate the throughput in liters per hour. Optional tests that would be possible to be 

conducted are AoR, tapped density, and rheometer tests. (Sales Managers Feeding 2021, p. 

1-2.) Lüttin (2020a, p. 19) and Tegel (2017, p. 16) have both presented that the general 

internal guidelines for test procedures and dosing accuracy are as presented in table 7. 

Dosing accuracy is considered for basic products (food etc.) and feeding for the 

pharmaceutical industry would for example require tighter accuracy boundaries.  

 

Table 7. general guidelines (Lüttin 2020a, p. 19; Tegel 2017, p. 16). 

General guidelines 

Test procedure Dosing accuracy 

𝚫𝐭 = 5 s SD% ≤ ± 1 % 

𝐧 = 180 SK% (at 1𝜎𝑆𝐷) ≤ 4 % 

t = 15 min SK% (at 2𝜎𝑆𝐷) ≤ 8 % 
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4.1.1 Powder difficulty categories 

One of the first functions of evaluating powder properties and flowability is to classify them 

into different difficulty categories. This classification is based on analysis of what kind of 

correlations different materials have especially on the shape and size of the particle and 

possible cohesive/adhesive behavior. (Vibra Screw Inc. 2019; Sales Managers Feeding 

2021, p. 1.) Of course, it must be taken into an account, that powder rheology is a complex 

matter and categorizing them is rather simplistic but still directive. Unique properties of bulk 

solids should be evaluated thoroughly to draw a detailed conclusion.  

 

By evaluating the predecessor volumetric Gericke model, it is seen that the powders are 

categorized into six different categories depending on their characteristics, seen in table 8. 

Different product categories have different correction factors to feed rates, but the values for 

correction factors are not presented on the table due to confidentiality.  

 

Table 8. Product categories in the current volumetric sizing model. 

Category Characteristics Example  

1 Flushing, easy flowing Aerosols, hot gypsum 

2 Free flowing, not compressible Corn semolina, granulates, sugar, sand 

3 Normal flowing, slightly 

compressible 

PP powder, soda, ascorbic acid, 

bentonite 

4 Hardly flowing, bridging (arching) 

ratholing, funnel flow 

Flour, talcum, milk powder, dextrose, 

cocoa powder, vanilla powder 

5 Sticky material, strong bridging 

(arching), ratholing, funnel flow 

Titanium dioxide, stearates, fine salt, 

egg yok powder, zinc stearate, cold 

gypsum 

6 not slipping, heavy bridging, not 

flowing, difficult to separate 

Fibers, flakes, glass fibers, cellulose, 

rubber granulate 

 

Flushing is stated to happen when air interacts with fine powders and the powders become 

fluidized. Typically, this happens due to free-falling powders or collapsing ratholes which 

can create pressurized air and as a result, the powder is flushing through the feeder screw. 

(Prescott & Barnum 2000, p. 76.)  
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2nd category is containing cohesionless, also known as free-flowing materials (Schulze 2007, 

p. 53), which tend to be granular and typically quite hard particles. The particles in this 

category are usually having the same sizes and shapes which means the particles are uniform. 

Examples of these materials are such as corn semolina, plastic pellets, and sand. 2nd and 3rd 

categories both are stated to not require any correction. 3rd category contains normal flowing 

powders with slightly compressible behavior, such materials as bentonite and polypropylene 

(PP) powder.4th and 5th category powders have the tendency to bridge, rathole, and funnel 

flow, which means that they are already having difficulties regarding flowability.  

 

The most difficult category (6th category) possesses materials that are hard to handle like 

fibers, flakes, and glass fibers which are having flaky, plate-like, and fibrous particles. 

Besides the fact that these materials have shapes and sizes of particles that are not uniform 

they also have usually larger particle length to thickness -ratio, larger particle surface 

friction, and smaller porosity. This means that they have tendencies to interlock and possibly 

create massive agglomerates. (Schulze 2007, p. 223-230.)  

 

4.1.2 Metering set, hopper, intromitter, and vertical agitator 

The metering set consists of a metering tool and usually a corresponding metering tube for 

the tool. When discussing fibrous and coarse-grained materials, it is possible to jump over 

one size on tubes to not crush or destroy the material. According to Gericke GmbH (2007a, 

p. 32-33), there are correction factors not only existing for the product (see chapter 4.1.1) 

but also for different feeding tools. This is done because a systematic error on the product 

stream is occurred depending on the screw used. Correction factor values for feeding tools 

are not presented in this research due to confidentiality. Correction factors (product & screw) 

must be applied to the theoretical feed rate values to determine the predicted feed rate. 

Therefore, the formula is as follows: 

 

 𝑉̇𝑃 = 𝑉̇𝐷𝐿 ∙ 𝐶𝐹𝑃 ∙ 𝐶𝐹𝑆 (19) 

 

Where 𝑉̇𝑃 is the predicted feed rate, 𝑉̇𝐷𝐿 is the theoretical feed rate based on the theoretical 

internal table, 𝐶𝐹𝑃 is the correction factor for products and 𝐶𝐹𝑆 is the correction factor for 

screws Gericke GmbH (2007a, p. 32-33). The predicted feed rate is calculated to two points, 

5% and 100% of screw speed, which is the range of minimum and maximum speed. 



53 

 

For the FEEDOS S, there is standard types and length of screws offered as helix, helix with 

center shaft and a full flight screw. Helix is offered from size 0 to 4, helix with center shaft 

and full flight screw is offered from size 1 to 4. Special full flight screws are offered in sizes 

0 and 1. The length of the screw can vary and the helix with center shaft and a full flight 

screw are optionally available with a shut-off valve or end-bearing. The size of the screw 

depends on the required feed rates. Besides these screws, it is possible to mount special 

screws where geometry varies from standard types, these are not presented in this research. 

(Sales Managers Feeding 2021, p. 6.) 

 

Hopper sizing is also important to take into consideration. The size of the hopper depends 

on the bulk density of the product, maximum volumetric feed rate, and the number of refills. 

These factors are necessary to match so the process during feeding does not have any 

unwanted interrupts. Hopper volume is usually stated to be sized to be 1/10 of the maximum 

volumetric feed rate of the screw and optional hopper sizes for FEEDOS S for volumetric 

feeding are 5, 15, 30, and 50 liters. From 15 liters and above, a vertical agitator can be 

optionally mounted. (Sales Managers Feeding 2021, p. 3.)  

 

It was previously learned that intromitters and vertical agitators are used on screw feeders to 

overcome and/or prevent flow problems. According to Sales Managers Feeding (2021, p. 3), 

FEEDOS S can be used also with or without an intromitter. Intromitter can be also left out 

when dosing free-flowing products and the opening of the intromitter gear shaft is closed 

then by a specially designed part. This is done to avoid residue entering the gear shaft. 

(Gericke GmbH 2007a, p. 28) has stated as guidance, seen in table 9. where the vertical 

agitator is recommended to use and where it might not be necessary.  

 

Table 9. Vertical agitator (Gericke GmbH 2007a, p. 28). 

Vertical agitator Product categories 

 1 2 3 4 5 6 

Yes x   x x x 

No  x x    
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Vertical agitator should be used with the fluidized product category 1 and with difficult, 

cohesive product categories 4-6. Free-flowing products in categories 2-3 are considered 

flowing well without the need for a vertical agitator. It is also possible to compare 

information from sold configurations and quotations from past whether vertical agitator is 

used for a specific product or not (Sales Managers Feeding 2021, p. 1).  

 

4.2 Tested bulk materials 

Materials used in the experimental tests of this research are listed in table 10. These test 

materials are presenting variability in flowability and cohesion-level to gain a wide range of 

data in the powder characterization and feeder performance tests. The selected powders are 

also chosen to represent different fields of industry. Corn semolina is the only coarse-grained 

product and other products are in a powder-form with smaller particle sizes. Corn semolina, 

rye flour, portland cement, potato starch, and microcrystalline cellulose (MCC) are used as 

primary test materials. Validation materials lactose and croscarmellose sodium (CCS) are 

used as new materials only to verify the functionality of the new calculator.  

 

Table 10. Test materials. 

Test materials   Specification 

1 Potato starch 
 

2 Corn semolina 
 

3 Microcrystalline Cellulose (MCC) Pharmacel 101 

4 Rye flour  

5 Portland cement CEM II/A-LL 42.5N 

Validation   

6 Lactose SuperTab 11SD 

 7 Croscarmellose sodium (CCS) Primellose 

 

These materials are narrowed down from a wider list provided internally. Possibly too 

similar materials were excluded from the list. Also, internal knowledge was utilized to 

exclude materials away that were known to have the potentiality for problems on this specific 

feeder and on this matter would also provide high feed rate variances and this would have 

not been beneficial when analyzing feeding capacity data.  
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4.3 Test plan for powder characteristics 

Powder characterization tests were executed by bulk density-based measurements, angle of 

repose, and performing tests with FT4 rheometer. The temperature was approximately +22 

℃ throughout the tests. The AoR, tapped density, and FT4 rheometer were used to evaluate 

powder characteristics due to these methods not being utilized efficiently yet in the feeding 

department. Experimental feeder performance tests were performed with FEEDOS S, both 

volumetric and gravimetric test procedures are explained but only volumetric tests are 

conducted. FT4 rheometer, bulk density-based measurements, and AoR tests are executed 

to discover a correlation between powder characteristics and feed rates measured on the 

volumetric mode in FEEDOS S. 

 

An experimental test plan for powder characterization was developed and is seen in table 11. 

Each material selected was undergoing each test presented in the table. The measurements 

were done twice and an average value is taken from these measurements. 

 

Table 11. Experimental test plan for powder characterization. 

Device Tests Number of 

measurements 

Measured parameter 

FT4 

rheometer 

Stability & variable flow rate 2 BFE, SI, SE, CBD 

Aeration 2 AE, AR, NAS 

Compressibility 2 CPS% 

Permeability 2 PD 

Wall friction 2 WFA 

Shear cell 2 UYS, MPS, FF, AIF, 

Cohesion 

Tapping 

device 

Loose density 2 𝜌𝑏 

Tapped density 2 𝜌𝑡 

Fixed funnel Angle of repose 2 AoR 
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4.3.1 Test procedure for angle of repose 

The test setup for the AoR is seen in figure 23. The test equipment contained a funnel built 

with additive manufacturing due to an unfortunate breakage of a conical glass funnel. The 

downside with printed funnel is that the surface has more friction compared to glass and 

manual vertical agitator had to be used more often, but the change of material on the funnel 

was not relevant regarding the results. 

   

 

Figure 23. Test equipment for angle of repose. 

 

The conical funnel had an outlet of 9 mm diameter and it was fixed to a metal stand which 

was at a height of 100 mm directly on top of the platform. Additionally, a circular disc with 

a width and length of 100 mm and a height of 10 mm was added to the test setup. This was 

included in the test setup to make the test procedure more user-friendly and suitable for 

relatively small test equipment. This way there is no need to measure a specific sample 

amount for the test because e.g., 100 g of product is using different volumes depending on 

the bulk density. On lower bulk densities material would have been poured over the platform 

which would have made width and length measurements of the cone more difficult and prone 

to higher user variations. The sample was poured through the funnel until it formed a cone 

on top of the circular platform. Pouring was stopped at the point when the product had 

formed a cone and material had filled fully the circular disc and started to fall off from it. 

Height was measured and 1 cm of the height was removed due to the extra circular disc. The 

AoR was calculated according to equation 4.  
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4.3.2 Test procedure for tapping device 

The used tapping device is presented in figure 24. The device is not automated and must be 

tapped manually by an operator. A metallic cup is placed on the tapping device and as an 

operator turns the handle one round the device taps 4 times at a fixed height. 

 

 

Figure 24. Tapping device. 

 

The tared metallic 500 ml cylindrical vessel was poured full of material. Excess material was 

carefully scraped away from the top and loose bulk density was measured. A circular add-

on wall was inserted and extra material was poured in. The vessel was placed on the tapping 

device and the sample was tapped 200 times in 30 seconds (50 full rounds of spins with the 

handle), if the material was detected to be highly compressible, more material had to be 

added to the vessel. Afterward, an additional 200 taps in 30 seconds were conducted. Add-

on wall was removed and possible excess material was again scraped away and tapped 

density was measured. The sample was tapped overall 400 times on each tested material, 

this was evaluated to be enough since further volume or mass change was not observed when 

building a test plan for tapped bulk density. Hausner’s ratio and Carr’s index were calculated 

as presented in equations 2 and 3. 
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4.3.3 Test procedure for FT4 rheometer 

FT4 rheometer tests were conducted as presented in chapter 3.3 and with 25 mm equipment. 

25 mm diameter glass vessels were always used thus the tests would need only a small 

amount of material. This is beneficial especially if a customer sends test material on a small 

scale. Tests were using a 23.5 mm blade and 24 mm vented piston, a shear cell tool head, 

and a wall friction disc. Before each test, test-specific vessel assembly was built, tared, and 

a sample was loaded, stabilized, and weighed. 

 

Stability and variable flow rate were measured with a 25 mm x 25ml split vessel. Aeration 

was measured with a 25 mm x 35 ml vessel with applied air velocity of 0, 2, 4, 6, 8, and 10 

mm/s. Compressibility test was operated with 25 mm x 10 ml split vessel and the applied 

normal stress was 0.5, 1, 2, 4, 6, 8, 10, 12, and 15 kPa. CPS% was measured in each tested 

normal stress and 15 kPa, which was the highest point, was treated for evaluation.  

Permeability test was performed with 25 mm x 10 ml split vessel. A consistent airflow rate 

of 2.00 mm/s was provided through the powder bed throughout the test. Applied normal 

stress by using vented piston in this permeability test was 1, 2, 4, 6, 8, 10, 12, and 15 kPa 

and PD was measured in each normal stress point.  

 

The shear cell was measured with a 25 mm x 10 ml split vessel and selected to create normal 

stress higher than 15 kPa with a vented piston. Pre-shearing was conducted at 15 kPa normal 

stress with shear cell head until consistent shear stress value was reached. Shear stresses 

were measured on applied normal stress of 9, 8, 7, 6, and 5 kPa. Wall Friction was measured 

with a 25 mm x 10 ml split vessel and selecting the test to generate normal stress which was 

greater than 15 kPa. The test tool was equipped with a stainless-steel wall friction disc with 

a surface roughness factor of Ra 0.28 µm. Applied normal stress in wall friction test were 

15, 9, 8, 7, 6, and 5 kPa and shear stress was measured in each applied normal stress point.  
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4.4 FEEDOS S – experimental volumetric setup 

DIW-PE-FEEDOS S-30VR with a hygienic (fanless) drive was equipped with a 120 kg 

platform scale with a high-resolution digital load cell and the datasheet of the feeder is seen 

in table 12. 

 

Table 12. FEDOS S data. 

FEEDOS S 

Hopper  30 L with vertical agitator 

Feeding chamber   3 L 

Drive (screw) Fanless AC drive motor (3000 rpm) 

Frequency controlled within 5 – 100 Hz 

Gear ratio 1:10 

Max. screw speed 300 rpm 

 

Schematic process overview of experimental feeding setup shown in figure 25. The process 

includes the company’s own EASYDOS PRO control system, feeder, catch scale, and 

computer. The feeder, catch scale, and PC were all mounted to own separate surfaces to 

isolate from vibrations. It must be considered that the scales (catch scale and feeder) must 

be supported at all points and aligned horizontally lengthwise and crosswise. The catch scale 

was mounted on a height-adjustable surface, so the bucket was able to be placed as close to 

the feeding tube as possible. 

 

 

Figure 25. Schematic process overview for volumetric feeding. 
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The feeding process was controlled by EASYDOS PRO weigh feeding control system. It 

was controlling the motors of the screw, intromitter, and vertical agitator. Intromitter and 

vertical agitator are rotating at a constant speed and the AC frequency inverter was connected 

upstream of a screw motor to use variable frequencies to change the rotational speed of a 

screw. The rotational screw speed was changed manually on volumetric tests. The material 

was fed into a bucket, which was placed near the outlet of the feeding tube on a catch scale. 

Catch scale was connected to a computer and dosing test software was recording gain-in-

weight data.  

 

The catch scale that was used in this research was a Mettler Toledo WMHA32sx-cl. It is a 

high precision bench scale with a scale range of 32 kg and repeatability of 0.1 g. The scale 

was selected from the Gericke GmbH (2105, p. 8) table, which presents the different scale 

options at Gericke. The table allows the user to pick the most suitable verification scale for 

the accuracy tests based on the used feed rates of the feeder and scale ranges.  

 

Gericke Dosiertest V2.2.0 measuring software was used on feeder tests and it is presented 

in figure 26. It was used to record and collect data from the tests both in volumetric and 

gravimetric measurements for further analysis. The software can also detect the catch scales, 

tare the bucket, and set the scale to zero.  

 

 

Figure 26. Gericke Dosiertest software. 
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The volumetric feeding capacity measurements were executed according to the plan seen in 

appendix I. Measurement data was gathered with three main types of screws, square helix 

(V), round helix (R), full flight screws (SM, SM-H), and helix with center shaft (VM). Corn 

and MCC were measured with all the screws to provide data to understand the difference 

between the screw types. Rye flour, potato starch, and cement were measured only with SM 

and SM-H-0. Validation materials were measured with all screw types and sizes. Table 13 

of the feeding process plan itself is seen below.  

 

Table 13. Volumetric test plan. 

Feeding process Volumetric 

Number of measurements 2 (each speed) 

Measured parameter Feed rate (l/h) 

Hopper fill level at start  90% 

Used screw speeds 5, 25, 50, 75, 100% 

 

The volumetric setpoints used in this thesis were 5, 25, 50, 75, and 100% and each setpoint 

was measured twice. Hopper was filled close to the maximum to assure a sufficient amount 

of material, to not fall below the minimum operation level of 20%. The material was fed for 

five minutes or as long, as the hopper reached approximately 20% of hopper fill level. The 

measuring time with sizes 0-2 was five minutes, size 3 was two minutes and size 4 was one 

minute, with a reference sampling interval of 15 seconds. When the recording was complete, 

the feeder was turned off, the hopper was filled, and a new screw speed was set.  

 

The general procedure for the volumetric feeding was as follows:  

- Insert selected screw and corresponding intromitter. 

- Calibrate the catch scale. 

- Fill the feeder to 90% of hopper fill level. 

- Measure material bulk density, insert the density to the measuring software on PC. 

- Start the test with chosen volumetric setpoint. 

- Start the recording to software with selected time. 
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To measure feed rates in the correct way on steady state of speed on volumetric mode, the 

tests were always started after the feeder. Especially crucial when changing the screw and 

filling new material in, is to wait for the feeder to run and fill the screw before recording. 

Otherwise, the feed rate of the screw is not showing reliable numbers. 

 

Loose bulk density was measured by taring a 1-liter metallic cup and placing the cup to the 

outlet of the feeder before running any tests with the material. The material was fed to the 

cup and loose density was weighed. This procedure resulted in bulk density as kilograms per 

liter. Measurement was repeated twice and an average value was used.  

 

4.5 FEEDOS S – experimental gravimetric setup 

Gravimetric setup was built as seen in figure 27, almost equally the same way as the 

volumetric setup in chapter 4.4. The only difference between a gravimetric and volumetric 

setup was that the ethernet cable was now connected between a controller and a pc. This 

allowed the data collection from the controller to the software, such parameters as rpm, 

measured weight loss from the PE scale, and hopper fill level. 

 

 

Figure 27. Schematic process overview for gravimetric trial setup. 
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The general procedure for gravimetric feeding was as follows: 

- Calibrating the catch scale and load cell of the feeder. 

- Fill the feeder to 90% hopper fill level. 

- Measure bulk density and input of material bulk density to the controller and PC 

software. 

- Start the test with chosen gravimetric setpoint. 

- Start the recording to software with selected time. 

 

The gravimetric feeding test can follow the parameters presented in table 7, which is suitable 

for FEEDOS S also. It must be noted that with a bigger selected screw size, feeding for 15 

minutes is not possible without a manual refill or connecting the feeder to a refill hopper for 

automatic refill. Refill systems are out of the framework of this thesis. The main idea of the 

gravimetric feeding test is to study how precisely the feeder can operate the material on a 

certain kg/h gravimetric setpoint. As customers typically have a certain gravimetric setpoint 

where the feeder is wanted to be operated on (e.g., 20 kg/h) or a feed rate range of 10 to 30 

kg/h. Chosen gravimetric setpoint depending on the required kg/h. 

 

As in gravimetric feeding, the feed rate of the material is controlled to account for sources 

of variability, like material density variations (Bostijn 2019, p. 343). These density variations 

occur during changing powder levels in the hopper, e.g., when a refill is taking place and 

more material is added to the feeder, this increases material pressure at the bottom until a 

certain point. Because of this phenomenon, it usually is that the gravimetric feeding process 

requires a few minutes of dosing before the process reaches a stable state. Also, it is 

recommended to go through a few refill processes. This way the controller of the feeder can 

adapt better to the density changes and this increases the precision of the screw speed 

changes and the precision of the whole process.  
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4.6 Model approach for a new improved calculator 

The approach for an improved calculator was to create an excel based tool that would be 

building up accuracy on feed rate predictions depending on the number of parameters user 

input. A visualized plan of an improved calculator is presented in figure 28.  

 

 

Figure 28. Planned approach for improved calculator. 

 

The first model was the most theoretical approach based on screw volume and material 

correction factors working with minimal user input (bulk density), similar to the old 

calculator model. Model 2 and 3 and was studied with the approach of regression, comparing 

powder characteristics measurements to feed rates collected. Traditionally measured 

properties like AoR and HR were examined separately at first and then evaluated if the 

combination of these parameters would provide better results. 

 

For model 1, theoretical volumetric capacities were calculated from all types of screws used 

in this research. By assuming that the screw was filled ideally, it was possible to calculate 

the feed volume per revolution. The theoretical volume of one channel of the screw was 

calculated as follows: 

 

 𝑉𝑠 =
𝜋 ∙ 𝑝(𝐷2 − 𝑑2)

4
 (20) 

 

Where p is the pitch of a screw, D is the outer diameter of a screw and d is the diameter of a 

shaft.  
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With the volume of one channel, it was possible to calculate corresponding theoretical 

volumes for different screw speeds, when knowing the min-max rpm range where the screw 

operates in the feeder. First, the ideal volumetric capacities were calculated for the minimum 

and maximum revolutions, then the ideal capacity approach was followed by corrections 

towards realistic capacities. Predicted capacity is presented in equation 21 below, which is 

similar to the internal equation 19 presented earlier. To the improved model, 𝐶𝐹 values were 

developed. 

 

 𝑉̇𝑃 = 𝑉𝑠 ∙ 𝑅𝑃𝑀 ∙ 𝐶𝐹𝑃 ∙ 𝐶𝐹 (21) 

  

Where 𝑉𝑠 is the theoretical volume of one channel of the screw and RPM (rounds per minute) 

is the screw speed selected. Where 𝐶𝐹 is the correction factor for screw efficiency depending 

on the screw design. 

 

 𝐶𝐹𝑃  with one minor modification to product category three, is based on the internal 

literature which was presented in equation 19. 𝐶𝐹𝑃 and 𝐶𝐹 are defining together the flight 

fill fraction, which is representing in this case a nonideal or incomplete filling of the screw, 

depending on the flowability of the powder. The assumption is that with free-flowing 

materials, the fill level of the flights is more towards ideal than with difficult powders.  

 

For the model 2 and 3, regression was selected based on the linearity of the results from the 

feeding capacity measurements. Clayton et al. (2017, p. 1-3) have previously studied 

correlations between powder properties and feeding process performance by using statistical, 

MLR. In this mentioned research, powder properties are measured with an FT4 rheometer 

and feeding performance is examined with two different feeders. The results showed that 

linear correlations are possible to achieve with multiple linear regression, but the ability to 

predict feeding capacities differs.  
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They were running two different mathematical evaluations for two different feeders, due to 

the fact that different feeders are imposing different conditions on the powder. As the study 

is using only one screw type and one size and one set screw speed, it remains unclear whether 

also different screw types and sizes, and different screw speeds are reflecting different 

attributes of the powder. By this previous study, it can be then assumed that results and 

identified relevant parameters cannot be transferred to another feeder. (Clayton et al. 2017, 

p. 1-3.) It was still not discovered whether this MLR option would provide a sufficiently 

better volumetric model than the current one, so an attempt to study the accuracy of the 

regression-based model was conducted in this research.  

 

Regression analysis is one of the most typically used methods for analyzing data. It is using 

powerful and advanced statistical theory with relatively simple math to discover a linear 

correlation between explanatory and dependent (response) factors. It is applied in numerous 

and varied areas. With one input factor, simple linear regression (SLR) can be conducted. If 

there are two or more variables, multiple linear regression (MLR) is performed (Ciaburro 

2018, p. 22). The equation for the SLR model in general form is as follows: 

 

  𝑦𝑡 = 𝛽0 + 𝛽1𝑋1 + 𝜖𝑡  (22) 

 

Where the dependent variable is 𝑦𝑡, explanatory variables are indicated as 𝑋𝑖 (i= 0, 1, 2…, 

n), regression coefficients for independent variables is 𝛽𝑖 (i= 0, 1, 2 …, n) and error-term 

random variable is 𝜖𝑡 (Prieto et al. 2017, p. 24). 
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Figure 29 presents a simple linear regression line between the dependent variable and 

independent variables. The dots are the data values collected and the response value of the 

price is determined by the regression line.  

 

 

Figure 29. Regression method. 

 

As the SLR model is used to fit the straight regression line in a two-dimensional plane 

between the response and predictor variable, the MLR is used to discover the best surface fit 

for the data through a multi-dimensional space. Its intention is to minimize the overall 

squared distance between itself and explanatory variables. (Ciaburro 2018, p. 83-83.) The 

universal model for the relationship between explanatory and dependent variables in MLR 

is as follows:  

 

  𝑦𝑡 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + ⋯ + 𝛽𝑛𝑋𝑛 + 𝜖𝑡 (23) 

 

Models 2 and 3 were using feed rate data (y) versus powder properties (x). When building a 

predictive model with regression same material properties were excluded from the list of 

material property descriptors immediately, like CI% when developing model 2, because HR 

and CI% are indicating the exact same material property (compressibility ratio). These are 

highly correlating between themselves and by using these properties together it would have 

artificially dominated the developed model due to a numerical overweight. 
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The regression method was always providing an output of goodness of fit 𝑅2. As closer the 

𝑅2 value is to the upper limit of 1, the better the correlation was. This was set to be higher 

than 0.9 when searching for a significant correlation. Every parameter on independent 

variables had a relevance parameter (p) and as parameter relevancy increased the smaller the 

p-value was. By evaluating these two factors, it was possible to exclude the descriptors that 

were correlating poorly with a low fit and high p-value because these properties would only 

interfere and this way would not have been able to provide satisfactory predictability.  

 

By selecting the material properties with the highest correlation for a specific feeding 

capacity of selected speed and screw size, the predictive performance of the models was 

optimized individually to gain the best possible outcome. As the most important output of 

the model was inspected to be min-max predicted feeding capacity, screw speed of 5% and 

100% were examined from all five screw sizes. The only screw type used for regression was 

SM size one to four and SM-H-0 because there is no SM-0 existing. Full flight screws were 

only considered because most of the data were collected with these screws and this way 

would have more reliability on regressions. All the other screws were examined to build up 

correction factors based on the feeding capacity differences between screw types.  

 

4.7 Results and analysis 

This sub-chapter presents firstly the experimental results of traditional and sophisticated 

powder characteristics measurements to create a wider understanding of the materials used 

in this research. Secondly the results of volumetric feeding capacity tests and then the results 

of SLR and MLR investigations and last the results of the newly developed model.  
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4.7.1 Comparison results of characteristics of test and validation materials 

The results of the stability and variable flow rate test are presented in figure 30, showing on 

the horizontal axis, the number of the tests and vertical axis the total energy required. 

 

 

Figure 30. Results of stability and variable flow rate. 

 

During the stability tests on test numbers 1 to 8, the energy requirement in most of the 

powders are staying constant over the test series, meaning that there are almost no changes 

in the powder characteristics during the tests. MCC has an increase over the tests and corn 

is showing high variations during these tests. The rise or decrease in the energy requirement 

during these tests indicates a change in the product characteristics. This means usually that 

there is a breakdown of the powder/particle structure. Coarse particles tend to show 

instabilities during stability and variable flow rate test. 

 

Overall, the total energy requirement varied significantly between the materials. The energy 

requirement from rye flour and starch was significantly lower than 100 mJ, so it can be 

assumed that these materials can be movable with small energy input. Instead, lactose 

required significant energy input to move the material. It must be kept in mind that a lot of 

varied factors can determine the required “total energy”, such as particle size distribution, 

grain shape, surface, and surface quality. 
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Cement has an FRI of 3.13 which is achieved by very cohesive powders. CCS has an FRI 

value of 0.86 which is typically seen from bulk solids containing flow enhancers. All the 

other test powders are between the range of 1-2, which is the range where usually most of 

the powders fall. Cement has an SE value of 6.18 which indicates moderate cohesion when 

all the other products have an SE value less than 5. This instead indicates low cohesion of 

the powders. SI values indicate material changes during a process. Starch, rye four, lactose, 

and CCS are indicating that only slight changes are expected, when MCC and cement have 

SI values over 1.  

 

Figure 31 presents the results of the compressibility test when applied normal stress is 

between 1-15 kPa. It is seen that the most compressible test products are rye flour and 

cement. At 15 kPa, the volume of the rye flour sample has decreased 33%. Instead, corn 

semolina is the least compressible product of the research. 

 

 

Figure 31. Compressibility results. 
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In figure 32 is presented the results of the permeability tests. The test materials and validation 

materials are both included in the graph. The pressure drop is shown over the applied normal 

stress. 

 

 

Figure 32. Permeability results. 

 

Cement shows an extremely strong increase of a pressure drop with increasing normal stress. 

This indicates that cement has a small or limited number of channels between particles 

because high pressure is required to transmit the air through the bulk material. Unfortunately, 

the high-pressure drop is distorting the graph, so figure 33 represents the results without 

cement. 

 

 

Figure 33. Permeability results without cement. 
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As seen in figure 33, there is moderate permeability in rye flour and starch because the 

pressure drop increases with increasing compression. The size and number of air channels 

in rye flour and starch are reducing during higher applied normal stress, indicating cohesion. 

Lactose, MCC, CCS, and corn have high permeability because there is minimal pressure 

drop across the powder bed. This is pointing that compression has no significant effect on 

permeability. The lowest pressure drop is achieved typically by granular materials and as the 

evidence shows, corn is achieving these results.  

 

The AE over the air velocity for the different test powders is shown in figure 34. When the 

material is aerated, less energy is usually required to move the powder. 

 

 

Figure 34. AE values from aeration test. 

 

It is visible in the graph that the MCC is the most sensitive to aeration. In contrast, corn 

requires a higher amount of energy and shows instability due to coarse particles. The 

rheometer tests are showing instabilities on “stability and variable flow rate”, “total energy 

with aeration” if the tested material is relatively coarse and crystalline, as in this case, corn 

is coarse. Cement, starch, rye flour, and CCS are aerating close to MCC. In addition to AE 

values, evaluating the values of AR, in appendix II, lactose has an AR value of 28, so it has 

a high probability of becoming fluidized. MCC has an AR value of 20 which indicates high 

sensitivity as well. Corn again has an AR of 1.8 which expresses no sensitivity to aeration. 

The other materials are falling into the range of 2-20 with average sensitivity to aeration. 

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10 12

To
ta

l E
n

er
gy

, m
J

Air Velocity, mm/s

CCS

Starch

Lactose

Corn

MCC

Rye flour

Cement



73 

 

Figure 35 presents the plots of WFA tests. The shear stress is shown over the applied normal 

stress to construct the wall friction locus. 

 

 

Figure 35. Results of wall friction test. 

 

WFA values based on wall friction locus can be found in appendix II. In these test results, 

cement is clearly showing the steepest locus with a WFA of 22˚ which means that cement 

has difficulties on flowing against materials like stainless steel with the surface roughness 

of 0.28 µm. Lactose has a WFA of 14˚, rye flour has a WFA of 12˚ and corn has the lowest 

WFA of 7˚ indicating only weak friction between corn and stainless-steel disc. Starch, MCC, 

and CCS have WFA close to corn semolina.  

 

By evaluating the parameters from the shear cell test, stated in appendix II, cohesion is the 

shear strength occurring in the powder at zero normal stress for applied normal consolidation 

stress of 15 kPa. The higher this number is, the stronger the cohesion of this material is. Corn 

is achieving cohesion of 2.5 when rye flour and CCS are achieving cohesion of 1.4. Starch, 

MCC, cement, and lactose have cohesion values less than zero. It has to be taken into the 

account as well, that corn is a coarse product with hard particles and yield point is 

significantly influenced by physical properties (size, shape, and surface) on particle-to-

particle interaction.   
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AoR, CI%, and HR results are visible all in appendix II. By assessing the results, AoR shows 

that the smallest angles are achieved by lactose with 31˚ and corn with 35˚and the highest 

angles are achieved by rye flour with 52˚ and cement with 45˚. When comparing these angles 

to table 2, lactose and corn both are falling into the category of free-flowing products. 

Instead, rye flour and cement are stated to be cohesive materials. All the other materials are 

in between, with passable flowability. 

 

HR and CI% are both estimating the compressibility of a material associated with its 

flowability. Corn has an HR of 1.14 which is the least compressible material of all the seven 

materials used in this research. Starch with HR of 1.22 and lactose with HR of 1.23 are fairly 

flowing materials. MCC, rye flour, cement, and CCS are very compressible materials 

indicating poor flowability.  

 

4.7.2 Volumetric feeding capacities 

The volumetric feeding capacities were obtained from five test materials and two validation 

materials. The screw speed setpoints in the tests were 5, 25, 50, 75, and 100%. This means 

that speeds were including points out of the typical operating range of a screw is 20-80% 

(Engisch & Muzzio 2012, p. 401). Plotted results from SM-H-0 and SM sizes 1-4 can be 

inspected from appendix III.  

 

During the experimental tests, there were no unexpected failures occurring due to materials, 

so no detected phenomena like ratholing or bridging as extreme cases of complete 

disturbances. As seen in appendix III, it can be observed that the volumetric capacities with 

all the screw sizes and materials are mostly following a linear relationship which is 

indicating that the filling of the screw is consistent even with increasing speed. This is 

expressing that the flowability of selected materials is mostly matching the screw.  
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The only inconsistency is observed with cement in SM-04, which was seen as nonlinear 

behavior. This was due to the extremely cohesive nature of the cement, first feeding not just 

with the volume of the screw, but also with the space between the screw and the feeding 

tube, but due to the more cohesive nature than rye flour, cement had on some occasions a 

tendency to start coating all the metallic surfaces and creating a layer of stagnant material 

on the feeding tube. The difficulty was also seen by material sticking to the hopper walls. 

Instead of mass flow, the material was flowing down the hopper through a flow channel 

(vertical cavity) as presented in figure 16. Cement coating on the free space between the 

hopper and a vertical agitator. This way it has limited capability to flow towards the screw. 

Due to the sticking, the material can also start coating the screw and this would result in 

lower volume.  

 

With volumetric tests, it was proved with concrete results that material has considerable 

influence on the feeding capacity and that there is variability in feeding capacities of material 

depending on the screw size. Corn was achieving typically the highest feeding capacities 

with all screw sizes. Instead, the highest fluctuation is seen with rye flour and cement, 

achieving sometimes the lowest feeding capacities and sometimes close to corn. This is due 

to the phenomena of increasing material cohesion mentioned earlier, feeding not just with 

the volume of the screw but sometimes also using space between the screw and the feeding 

tube. Because mainly all feeding capacities with different screw sizes are following linear 

behavior, it can be concluded that it would be theoretically possible to use linear fitting (e.g., 

regression) to predict capacities and create predictive models.  

 

4.7.3 Feed rate correlation to powder properties 

It was examined if powder properties are correlating with feeding capacities. In these cases, 

the feeding capacities were dependent variable (x) and powder properties functioning as 

independent variables (y).  

 

Correlations between feed rates and simplistic characteristics measurements (AoR and HR) 

values were examined. Regression was executed with each independent variable to evaluate 

their possibilities for sufficient predictions and then examined if these variables together 

would provide better accuracy. The regression models were using the five selected test 

materials. Results are illustrated in table 14. 
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Table 14. Results of SLR and MLR for traditionally measured parameters. 

  P-value 𝐑𝟐 

SM-H-0, 100% 

AoR 0.18 0.50 

HR 0.20 0.47 

AoR & HR 0.79 & 0.68 0.52 

SM-01, 100% 

AoR 0.01 0.90 

HR 0.04 0.79 

AoR & HR 0.21 & 0.55 0.92 

SM-02, 100% 

 

AoR 0.33 0.30 

HR 0.21 0.40 

AoR & HR 0.98 & 0.63 0.39 

SM-03, 100% 

 

AoR 0.79 0.03 

HR 0.64 0.08 

AoR & HR 0.82 & 0.71 0.11 

SM-04, 100% 

AoR 0.91 0.00 

HR 0.81 0.02 

AoR & HR 0.61 & 0.59 0.17 

 

As seen in table 14, the predictability of AoR and HR was extremely poor both alone and as 

combined, when considering all five different screw sizes and because of this, these could 

not be used in the model. It was also seen that there is a high variance in predictability based 

on these parameters depending on the screw size. Since predictability on 100% screw speed 

was already this poor, 5% speed was not examined.  

 

Correlations between feed rates (appendix III) and sophisticated characteristics 

measurements (appendix II) were examined with a linear regression. Regression was using 

only five selected test materials; validation materials were excluded. Regression was 

executed manually first with individual independent parameters and then parameter 

combinations to explore possibilities for sufficient predictions. Regression models were then 

optimized depending on the screw size individually to find the best possible fit. Regression 

was giving values as an output to form a prediction equation.  
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The formula for example for predicting feeding capacities for different materials with SM-

02 screw at 100% screw speed is as follows: 

 

 𝐹𝐶̇𝑆𝑀−02 (100%) = 0.38 ∙ 𝐴1 + 6.87 ∙ 𝐴2 + 70.81 (24) 

 

Where 𝐹𝐶̇ is the feeding capacity result (l/h) from the model 3. 𝐴1 and 𝐴2 are confidential 

parameters from powder characteristic measurements. This regression model for SM-02 at 

100% screw speed achieved R2=0.99 and P-value of 𝐴1 and 𝐴2 was in both cases less than 

0.1. 

 

All equations formed for model 3 were mostly using 𝐴1  and/or 𝐴2  parameters for 

predictions. These two parameters were in most cases highly correlating and this way 

significant values for the prediction models. Predictive equations were formed only for most 

tested screws, which were in this case SM-H-0 and SM sizes 1-4. Due to the time constraint 

of the thesis, a formula was created to convert the feeding capacity of the full flight screws 

to other screw types, resulting in predicted feeding capacity on the selected screw type, seen 

as follows: 

 

 𝑉̇𝑃 = 𝐹𝐶̇ ∙ 𝐶𝐹𝑆  (25) 

 

Where 𝐹𝐶̇ is the output value of model 3 depending on the screw size and screw speed. 

 

Goodness of fit R2 values from all formed equations are presented in table 15. All sizes 

express a significant correlation with chosen parameters, but minor differences in the 

goodness of fit remain after optimization. SM-H-0, SM-01, and SM-02 are showing the best 

goodness of fit and instead SM-03 achieved R2 of 0.93 which is slightly lower. 
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Table 15. Goodness fit of all formed equations. 

 𝐑𝟐 

SM-H-0 0.99 

SM-01 0.99 

SM-02 0.99 

SM-03 0.93 

SM-04 0.98 

 

4.7.4 Feeder sizing and feed rate predictive calculator 

An excel-based program for predicting feed rates and sizing a feeder was improved and 

developed further. The calculator was created to look similar to the predecessor, so it was 

easy for users to adapt to using the improved excel tool. The calculator includes instructions 

for using the calculator and explanations for color codes, presented in figure 36. 

 

 

Figure 36. Calculator instructions. 
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Dashed red lines are presenting the cells that can be modified by the user. Dashed red lines 

are also equipped with red dots indicating the input that is compulsory to make the calculator 

function or yellow dots indicating the optional input if more variables/options are available, 

such as tapped density, AoR, or rheometer. The calculator also contains warnings that are 

established to give an indication to the user if the selected screw size and its effective feeding 

capacity are either close to the minimum or maximum control range, or if the selected screw 

size does not match the required feed rate at all. 

 

As AoR and HR parameters were not able to be utilized on predictive models, an optional 

input for product evaluation was added to the beginning of the calculator to guide the user 

to choose the product category which is most fit to the product. This optional model is 

illustrated in figure 37.  

 

 

Figure 37. Optional input to determine product category. 

 

If a user has additional information like tapped density and AoR besides the loose bulk 

density, the model is able to suggest to which category the product possibly falls in. This is 

especially useful when trying to get some kind of idea of whether the flowability of the 

powder is good or bad. Flowability indications for AoR and HR are taken from the literature 

presented earlier, see chapter 2.2 and chapter 2.3. Color-coding is warning a user when 

potential problems might occur and it is necessary to test the material with the feeder and 

not use theoretical calculations. 
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Model 1 was developed to function with minimal user input based on a required feed rate 

range that customer needs and material bulk density. This model 1 is considered the primary 

model used, due to the fact that in most of the cases, quotations are created with minimal 

input and material is not available for testing.  

 

Based on the information retrieved from the customer, a user is required to apply manually 

screw type, screw size, and product difficulty category in order to make model 1 function. 

Depending on the selected options, the excel tool is developed with “HLOOKUP” and 

“VLOOKUP”. “HLOOKUP” is also known as horizontal lookup and it is searching for a 

value in the top row of a table or array of values, returning the value in the same column 

from a row that the user specified. “VLOOKUP” is standing for vertical lookup and it is 

searching for a specific value in a column to return a value from another column in the same 

row. These functions are added to search the corresponding values from the tables to insert 

to equation 21. Giving as output an estimated feed rate according to the sizing in minimum 

and maximum screw speed in liters per hour.  

 

Excel calculator includes a suggestion box for the feeder configuration as initially planned 

at the beginning of the research and the result is presented in table 16. The suggestions are 

including, screw type and size, hopper volume, vertical agitator, and intromitter. Suggestions 

are based on internal literature. 

 

Table 16. Feeder configuration suggestion. 
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Screw type is determined by the type and bulk density of the material as the usage of vertical 

agitator also is defined by selected product category. Screw size suggestion is evaluating the 

required feed rate from the customer and choosing the most suitable size to match it. The 

hopper size function is also calculating the required feed rate, matching it to the most suitable 

hopper size. Hopper size suggestion is also considering, that if the vertical agitator is 

required but cannot be mounted on a 5-liter hopper. Intromitter is connected to a screw size 

selected by the user. 

 

Model 3 was built with the formulas obtained from regression which was optimized to each 

screw size. Model 3 is an optional model for those cases where the material is available for 

testing. This model is giving information on specific rheometer test(s) that the user must 

conduct, based on the screw size selected. This way it is possible to save time and perform 

only the tests that are required for the model to predict feeding capacities. After the user has 

input the parameters acquired from the rheometer, the calculator is searching with 

“HLOOKUP” the min-max values from tables containing all the formulas and returning the 

predicted capacity values in liters per hour. 
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The following 10 charts are all visualizing the feeding capacities with full flight screws. 

Values for feeding capacities are hidden due to confidentiality. Charts contain actual data, 

data from the old model, and data from new models 1 and 3 to evaluate the result differences 

between them. Figures 38 and 39 present SM-H size 0 results on 5% and 100% screw speed. 

All seven materials are presented with corresponding feeding capacities.  

 

 

Figure 38. SM-H-0, 5% screw speed. 

 

 

Figure 39. SM-H-0, 100% screw speed.  
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Figures 40 and 41 presenting SM size 1 results on 5% and 100% screw speed. All seven 

materials with corresponding feeding capacities. All seven materials are presented with 

actual measured data and predictive models. 

 

 

Figure 40. SM-01, 5% screw speed. 

 

 

Figure 41. SM-01, 100% screw speed. 
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Figures 42 and 43 illustrate the results on feeding capacity predictions for SM-02 on 5% and 

100% screw speed. All seven materials are presented with actual measured data and 

predictive models.  

 

 

Figure 42. SM-02, 5% screw speed. 

 

 

Figure 43. SM-02, 100% screw speed. 
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Figures 44 and 45 present the results on feeding capacity predictions for SM-03 on 5% and 

100% screw speed. All seven materials are seen with actual measured data and with old and 

new predictive values. 

 

 

Figure 44. SM-03, 5% screw speed. 

 

 

Figure 45. SM-03, 100% screw speed. 
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Figures 46 and 47 present the SM size 4 results on the minimum and maximum set screw 

speed. All seven materials presented with the corresponding feeding capacities with actual 

data, old model, and new models 1 and 3.  

 

 

Figure 46. SM-04, 5% screw speed. 

 

 

Figure 47. SM-04, 100% screw speed.  
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Mean errors were calculated from all screw types and materials, for which actual measured 

data was available according to the test plan in appendix I. This allowed the comparison 

between the actual data and calculator models. Mean errors were evaluated on two points: 

5% screw speed and 100% screw speed. Percentual mean errors are higher at 5% screw speed 

when small l/h differences create bigger errors when compared to the actual measurements. 

 

The predictions with the old calculator model were achieving a mean error of 48% for V 

sizes 0-4 and the mean error for VM sizes 1-4 was 75%. The mean error for SM sizes 1-4 

was a total of 38%. Overall, the mean error for the old model was 48%.  

 

Model 1 was achieving the mean error of 18% for V sizes 0-4 and the mean error for VM 

sizes 1-4 was 15%. The mean error for SM-H-0, SM-H-1, and SM size 1-4 was on a total of 

15% and overall, the mean error for model 1 was 16%. By evaluating only the validation 

materials with all screw types and sizes, model 1 was achieving a mean error of 14%. The 

mean error between screw types on model 1 is more balanced because the model is 

calculating uniquely each screw type. Unlike model 3, model 1 does not convert the values 

to other screws. 

 

Model 3 has been built with correction factors correcting the feeding capacity if the screw 

type is changed. With these factors, the rheometer model was achieving a mean error of 12% 

for V sizes 0-4 and the mean error for VM sizes 1-4 was 11%. The mean error for SM-H-0, 

SM-H-1, and SM sizes 1-4 was on total 4% and overall, the mean error for model 3 was 9%. 

By evaluating only the validation materials with all screw types and sizes, model 3 was 

achieving the mean error of 9%. Model 3 has the lowest mean error to SM because the model 

is based on SM data. Using correction factors to convert the values to VM and V is losing 

slightly accuracy on predictions. 
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5 DISCUSSION 

 

 

The purpose of this chapter is to gather all the findings together from this research process 

while answering the research questions that were initially set at the beginning. This chapter 

also compares these key findings to the literature while evaluating the reliability, validity, 

sensitivity, and objectivity aspects of the research. Also, novelty value and opportunity for 

generalization are discussed. 

 

5.1 Key findings 

Bulk materials are stated to be 80% of all manufactured products and this means that almost 

all industries are somehow related to powders. Three distinct phases are making bulk 

materials unique and depending on the properties of each component it changes the way how 

they interact. Additionally, physical and chemical properties influence particle-to-particle 

interaction, and external variables are affecting flowability.  

 

As the literature findings are presented, the number of internal and external variables is 

extremely high, not to mention if evaluating all the possible permutations and combinations 

of these. This means that powders are difficult to feed due to not well-understood complexity 

and if there is no knowledge and sufficient predictions to size the best possible configuration 

for a certain material it will lead to major problems. These problems can be lower screw fill 

level, ratholing and bridging and in extreme cases, this will result to complete process failure. 

Therefore, one single feeder configuration cannot handle all types of powders, due to the 

flowability differences. Configurations need to be adjusted depending on the flowability of 

the material, to increase the efficiency and suitability of the feeder for the case.  

 

The predecessor sizing model categorized bulk materials into six different classifications 

when Vibra Screw Inc. (2019) was categorizing materials into five different classifications. 

Despite the minor divergences between different companies, the main idea remained the 

same. It was studied that powders were evaluated by their ability to flow mainly depending 

on particle shape and size and cohesive/adhesive behavior. In conclusion, materials with 

high cohesion, high compressibility, and small particle size are resulting in bad flowability 
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and the opposite material properties for good flowability. This is phenomenon is supported 

by previous studies from Falk et al. (2015, p. 80) and Wang et al. (2017, p.143).  

 

In this research, it was observed that corn with big particle size, low cohesion, and 

compressibility was achieving the best flowability when investigating powder properties and 

feeding capacities together. However, even though cement and rye flour were the most 

difficult products in this research when evaluating powder properties, these materials had 

higher throughput than should have had, regarding assumptions based on literature. This 

effect is seen in appendix III especially with SM-03 and SM-4, and slightly with SM-02. On 

sizes 0 and 1, materials are behaving more as assumed. 

 

During the experiments, it was noted that instead of the volume of the screw itself, rye flour 

was feeding material also by using the gap between a screw and a feeding tube resulting in 

higher throughput. Instead, with cement the same volume between a screw and a feeding 

tube was on many occasions first feeding material with higher throughput and then later 

containing only stagnant material which was sticking to the tube. These effects are a 

consequence of numerous factors that are expected to influence screw fill. These factors are 

most likely such as material properties (e.g., cohesion), equipment geometry (cross-section 

at hopper bottom), screw design (e.g., pitch), screw size and speed, not to mention other 

factors that are likely to have an influence also. It can be stated that these previous findings 

are fighting against the theory that with free-flowing material the screw fill level is assumed 

to be close to the idea and increasing difficulty reduces the feeding capacity (Engisch & 

Muzzio 2015, p. 61; Falk et al. 2015, p. 80; Wang et al. 2017, p.143).  

 

When evaluating this phenomenon of coating effect on the feeding tube and on the hopper 

surface, it can at least partially be explained by the significant cohesion of cement as 

mentioned before. Also, WFA was showing a steep locus, indicating difficulties flowing 

against the stainless steel with Ra 0.28 µm based on the results from rheometer tests. In this 

case, FEEDOS S has even higher surface roughness according to Supervisors (2021) where 

the Ra value varies between 0.8 to 1.6 µm depending on the case. WFA would also explain 

why flour with 10˚ smaller locus is not having coating issues when flowing against the 

surface even though both, cement and flour have the tendency to feed with the capacity 

between screw and tube. In this matter, WFA is considered a valuable parameter. 
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Additional inaccuracy to powder behavior assumptions was observed with lactose. Many 

different powder properties from lactose indicate good flowability. e.g., small AoR, low 

compressibility and low PD, high FF. The expectation based on many different parameters 

was that the material would have good throughput but less than corn due to the small particle 

size. When comparing these assumptions to feeding capacities (appendix III) it can be 

detected that flowability near corn was attained only with SM-H-0. With all other sizes, 

especially with 2-4, the feeding capacity was one of the lowest ones.  

 

Lactose has WFA close to flour, expressing some difficulties when flowing against stainless 

steel and highest BFE from all test materials, which is indicating high required energy input 

to move the material. As Wang et al. (2017, p. 143) have written, generally low BFE 

indicates better flowability, which then in high BFE case, would express some foreseeable 

problems. High BFE is most likely partially due to the small particle size of the lactose. It is 

seen that these few values would fight against the assumption of good flowability of product, 

but it is not clear if these would fully explain the behavior of lactose during the feeding 

process.  

 

It can be concluded that powder characteristics have an enormous influence on feeding 

capacities. Based on these assessments from all materials used in this research a single 

technique and parameter can interpret decently the powder regarding the difficulty level and 

powder flowability assumptions, but it is not thoroughly describing powder behavior in the 

feeding process as witnessed with cement, rye flour, and lactose. This also means that, 

especially because of lactose, AoR, as well as HR and CI% values do not have a linear 

correlation to feeding capacity, even though in most cases they are important values for 

determining powder flowability. 

 

As discussed with experienced personnel, it was learned that the amount of information 

varies highly in inquiries from customers. But from a sizing point of view, as more 

information is received the easier it is to size the feeder configuration. To sufficiently size a 

feeder, a description of the metering- and process situation is needed to interpret what is 

wanted and required. If a wanted process is volumetric or gravimetric and for what kind of 

application (pharma, food, etc.). Moreover, product details and required feed rate range are 

needed, especially for the product as precise as possible. E.g., name of the product, special 
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properties (powder, pellets, granules, flakes, fibers), flow characteristics (good, decent bad, 

bridging tendencies), and loose bulk density. Technically, the old calculator model is 

working on minimal user input (required feed rate and loose bulk density). 

 

It was also researched that product is delivered for testing when validation of feed rate or 

feeding accuracy is required or possible disturbances in the feeding process are assumed. On 

these occasions, measurement of loose bulk density and volumetric feeder tests are always 

conducted. With these tests, it is possible to assure that the material is fed without trouble 

and actual throughput is defined. For AoR and compressibility indications (HR, CI%), there 

was no proper guideline existing, but it was more of a “rough” visual evaluation with no 

numbers, calculations, or tables involved.  

 

General guidelines were developed for all the experimental tests based on literature research 

and investigations from other scientific research publications. Overall, the guides were 

functioning well when conducting the tests for this research, providing significant value to 

powder evaluation and even the simplistic compressibility and powder cone evaluations are 

now based on actual tables and equations. These will increase the reliability of test processes. 

Also, analysis of rheometer parameters by themselves can provide extra value, like shown 

with WFA values on rye flour and cement, when the coating effect was examined. But a user 

must understand the tests and evaluate critically the results because it was seen that coarse 

material was behaving differently and achieving diverse results than the powder materials.  

 

The new improved calculator is using model 1 and model 3. Model 1 was developed for 

minimal user input with increased accuracy and to replace the old model. Model 3 was 

developed for the purpose of if the product is available for testing. Model 1 requires also 

only customers’ needed feed rate and loose bulk density, but it can also utilize additional 

values like AoR and tapped density to provide further information. Where AoR and HR can 

possibly be received from customers or the tests can be conducted in the test center for fast 

powder flowability assessment. Model 1 is also equipped with general suggestions of 

configuration. Ultimately, information required from the customers does not change and the 

importance of the best possible description of a product and a required process is needed. 

There can be exceptions (unusual cases) that customers might want and naturally to which 

this general suggestion box cannot adapt.  
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Inaccuracies based on theoretical assumptions are also affecting the models developed and 

when inspecting the results from models in figures 38-47 and comparing the key findings 

pointed out regarding rye flour, cement, and lactose. As the minimal user input model is 

estimating the feed rate based on the screw channel volume and uses correction factors to 

describe non-ideal screw fill. Non-ideal screw fill correction is based on literature, where 

free-flowing material is filling screw close to ideal and as more difficult the material is, less 

fill is expected. As the experimental tests showed inaccuracies to this assumption, naturally 

model 1 is not able to predict these. Whilst it is possible to compute the theoretical 

volumetric capacities of a screw-based on geometry and provide predictive calculations 

more accurately than the previous model, it is still not the most ideal to adequately describe 

a screw fill in the feeding process.  

 

5.2 Novelty value and generalization of results 

Powder behavior and flowability aspects are nowadays an increasingly researched area and 

there is a clear interest in the topic. Figure 49 illustrates how the number of published 

scientific articles are deviating between 1967 and 2020.  

 

 

Figure 48. Search results based on a key word “powder flowability” at Scopus (Scopus 

2021).  
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A total number of 2894 scientific articles were found with one keyword in the Scopus 

database. This was already visualizing the rapidly increasing growth in the number of 

publications, especially during the last few years. This shows that there exists a significant 

demand to research these topics, as well as it was indicating that there are many sources 

available to be utilized, which are also relatively new. This made the evaluation and 

comparison of the latest research findings possible as was shown in this research. 

 

Even though the thesis was focused on developing an improved calculator only for one 

feeder, especially model 1 can be easily generalized to all the feeders based on screw 

geometry calculations combined with factors describing non-ideal fill. Model 3 cannot be 

generalized directly, but the idea and similar analysis can be conducted to other feeders as 

well to study the feed rate correlations to powder properties. 

 

5.3 Reliability, validity, sensitivity, and objectivity aspects of the research 

When evaluating the results of the research, the reliability, validity, and objectivity aspects 

must be considered. The research itself has been conducted with triangulation methodology 

utilizing both quantitative and qualitative approaches. Diverse sources were used, such as 

practical tests, discussions, interviews, and scientific literature combined with internal 

information/literature.  

 

The use of triangulation has increased the reliability of the whole research due to the 

possibility to observe the information critically and compare dissimilar sources with a 

greater insight into the subject. This means that it was possible to have diverse and balanced 

cross-reference checking with different methods.  

 

The simplest way to increase the reliability of empirical measurements was to conduct 

retests. As in this research also, tests were all repeated twice and if there was a disturbance 

witnessed during the tests, the data was deleted and repeated to achieve two data sets as good 

as possible. Twice is not necessarily enough alone, but this was then compensated with not 

just one validation material but two. Experimental tests were conducted by following the test 

plans and guidelines created and described in this research to assure better reliability and 

this way also better repeatability. External influences were minimized on the feeder tests by 

placing pc, high precision scale, and the feeder all on different platforms or on a sturdy place 
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so vibrations cannot cause disruption as Engisch & Muzzio (2012, p. 397), Wang et al. (2017, 

p. 137) and Bostijn et al. (2019, p. 344) had also done. These were all done to ensure the 

smooth and reliable completion of experimental tests that no extra tests and work are needed.  

 

FT4 rheometer was undergoing a conditioning cycle each time before a test cycle and this 

was removing the variability of an operator, so the results were not dependent on how the 

sample was loaded, so the tests are considered with higher reliability when excluding human 

error on semi-automated tests. Other test methods were including still a human variable, but 

guidelines were minimizing errors. When evaluating result values and charts to gain an 

understanding of powder behavior, it is possible that some information from the rheometer 

analysis was interpreted incorrectly, due to the lack of experience with this specific device. 

Therefore, research results should be observed with a certain level of criticality and results 

should have been discussed also with rheometer experts and experts specialized in bulk 

solids, that was not included in this research.  

 

Bulk materials have a memory of previous processes, as Schulze (2007, p. 117.) has 

presented. Because of this, fresh material was used in each test in rheometer and traditional 

test measurements to increase the reliability of the measurements and this way results would 

be more comparable to each other. Due to the high volumetric capacity of the feeder 

especially on the bigger screws and this way the higher demand of material, the product on 

the feeder test has been reused a maximum of 2-3 times. It was observed that this did not 

cause significant differences in the feeding process and both tests and retests were achieving 

similar values. 

 

What it comes to the reliability of the models, it does not necessarily mean that the models 

would still work on all new materials, even though they are able to predict the validation 

materials successfully. Model 1, based on the old model, cannot give completely nonsense 

values, but more concerned reliability issues are recognized on model 3 due to concrete use 

of actual measured data and the formulas based on only five test materials. Additional testing 

and data are required. Reliability-wise it can be still observed based on powder characteristic 

evaluations and feed rate capacities (appendix II & appendix III) that these five test materials 

used are able to provide data with a high difference on the properties. It can be said that these 
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chosen materials were providing almost as wide range of materials with different difficulty 

levels as possible within this time frame of the thesis. 

 

As Carmines & Zeller (2013, p. 2) has stated that the validity aspect is defining if the selected 

research methods and measuring instruments are able to provide the data that it is intended 

to measure to define results for the research problem. The measured parameters were 

presented in the test plan and to increase the validity of the research it was made sure that 

the equipment was configured right to display the correct weight or information. This meant 

that the utmost importance was that the FT4 rheometer was calibrated as well as feeder load 

cells and the catch scale. Because if one of these were miscalibrated, the collected data would 

be useless. In this research calibration of the scales and equipment was conducted with the 

support of the test center personnel and calibration was validated with weights, to observe 

that the scales were achieving the right values. In addition, the rheometer has a color-coded 

calibration tab, where it can alert the user when calibration is necessary. Rheometer 

calibration was conducted with its own calibration kit that is required to be built for the 

calibration process. 

 

Accuracy-wise, all the data was collected by two decimal accuracies, when possible since 

equipment mostly uses high precision scales. When evaluating the models themselves, it 

cannot be said that the developed models are 100% accurate, but accuracy on predictions 

has significantly improved. As mentioned earlier, the old model was working with a mean 

error of 48%. In model 1 mean error was reduced to 16%, and in model 3 mean error was 

reduced to 9%.  

 

For sensitivity analysis, thoroughly described test plans were making it possible to repeat all 

tests as similar as possible. The AoR and tapped density are simple methods with few steps 

and rheometer test cycles were automated to exclude human error and used equipment sets 

were described. In feeding tests, to repeat the tests between screws and materials as similarly 

as possible, the hopper fill level on feeder tests was always kept at around 90% at the start. 

This was done to make sure that there was an acceptable amount of material pressure in 

every test and that the material would not run out in the middle of the test and would be kept 

above the minimum hopper level of 20% as was suggested in Engisch & Muzzio (2014, p. 

60) and in Van Snick et al. (2017, p. 334). This way screw was ideally always full, and every 
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experiment was done then on the same hopper fill level condition. This was though, it 

significantly increased the amount of time used per test/per screw due to the time needed for 

moving the material.  

 

From a saturation point of view, there was a high amount of data collected during this 

research when compared to the time frame of the thesis. The literature review was done by 

utilizing not just books but journals, research, feeder manufacturers, specialists, internal 

information. And as discussed for powders, the flowabilities were measured from a different 

point of view, in a feeding process, with traditional measurements, and with the FT4 

rheometer. It can be said that with this comprehensive amount of data and observations 

regarding this research, it was possible to draw necessary conclusions. Although if this 

research were conducted again, the free-form interviews would be done over a longer period 

with a wider number of specialists involved. Now the information was based on a few diverse 

sources. 

 

5.4 Future research 

Based on the study conducted, various potential avenues for future research have been 

identified. Selection of future ideas are presented below, and they would complement and 

develop the existing work forward with high novelty value. As this thesis was only focused 

on one feeder out of many in the company, efficiency-wise the main goal is to develop a 

functioning calculator for all the feeders and increase accuracy on feeder sizing. As for future 

development, it should be examined if the same inaccuracies of the old model for FEEDOS 

S are occurring to other feeders as well. The screw channel volume-based calculator (Model 

1) was proven successful and should be considered as implemented to all the feeders. 

 

As mentioned in the discussion regarding the models, experimental inconsistencies 

compared to assumptions discovered when the material was fed also with the gap between 

the screw and the tube. There is a clear demand for a specific focus on developing a greater, 

mechanistic understanding of screw fill phenomena. These improvements with a developed 

understanding of screw fill phenomena would provide undeniable benefit for the predictions.  
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The second approach was assuming linear relationships between different variables, but 

unfortunately, these relationships are not necessarily always linear. Especially this is the case 

when discussing extremely sticky and highly cohesive powders, these problems on material 

sticking to the screw or/and to the gap between a screw and a feeding tube, while also causing 

possible bridges and ratholes. These can result in a screw not being able to fill fully or worse-

case-scenario, nothing can be dosed out. This is pointing out potential future research 

possibilities. One of the future studies regarding model 3 could be evaluating approaches 

that would be able to adapt to non-linearity in the data and this way improve the predictive 

performance of the developed models. Additionally, it would be advantageous, if model 3 

would be able to alert the user based on rheometer data, if there are potential problems that 

might occur during feeding, or if it is not possible to feed the product at all.  

 

Due to the time constraint, model 3 was based only on one type of screw with only five 

materials. One of the five materials was corn, and it was studied that the granulate form and 

the big particle size behaved differently during the rheometer tests. Test results indicated 

cohesion and instability on a free-flowing material when comparing the results to other 

materials. It is assumed that focusing on powder materials would bring more value to model 

3 when excluding granulates from the model, which would eliminate the parameter conflicts 

with tricky powders. By increasing the amount of data with new powders, including no-flow 

and difficult powders, especially model 3 would become more reliable with improved 

performance of predictions. This would create a more trustworthy analysis of the material. 

Also, as being aware, the fact is that MLR is also not necessarily the best choice due to the 

more classical approach. The approach of principal component analysis and cluster analysis 

or PLS should be considered as well for a longer time frame project or a project that would 

entirely focus on this matter. These approaches have also had promising results based on the 

literature review conducted.  
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6 CONCLUSION 

 

 

The aim of this thesis was to develop a user-friendly and improved volumetric feeder sizing 

tool, which would be able to predict feeding capacities from customers’ materials. Based on 

these predictions the model was intended to suggest feeder configuration regarding screw 

size, hopper size, intromitter, and vertical agitator. Along with the main goal, the purpose 

was to generate informative and systematic guidelines for practical tests. 

 

The background research was conducted as a literature review to summarize the existing 

information of the subject to create the base for the research. The gathered information was 

utilized in the practical case study following the approach of methodological triangulation 

of internal data to form a comprehensive understanding and decrease possibilities for false 

assumptions.  

 

Model 1 was built based on calculated volumetric capacities of screws combined with 

corrections depending on screw efficiency and product difficulty to calculate possible non-

ideal filling. This model achieved a mean error of 16% and it has the highest value for feeder 

sizing because quotations and sizing processes are mostly conducted without the product. It 

is also at this point, considered as a more reliable model to be used for customers’ products. 

Calculator model 3 was built based on the data of five test materials. It was the most accurate 

for predicting the feeding capacities of all seven materials with only 9% of the mean error 

from the actual measurements, but reliability issues are existing on this model. It was seen 

that 𝐴1 and 𝐴2 from all the measured powder properties, were correlating the most with the 

feeding capacity data and therefore 𝐴1  and/or 𝐴2  were the most used parameters on the 

predictive model 3 for FEEDOS S. Both model 1 and model 3 accomplished a significantly 

higher prediction accuracy compared to the old model which has a mean error of 48% on 

predictions. This is leading towards a more accurate and efficient feeder sizing process with 

increased precision, which will benefit both the company and the customers. 
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Attempt for model 2 failed due to the extremely poor predictability, so it can be concluded 

that simplistic measurement approaches are not correlating well enough with feeding 

capacities to create calculative models. Compressibility and cohesion, as HR and AoR were 

indicating, are still essential parameters for flowability and should not be forgotten. In the 

research, it was chosen that these were used as guiding values instead.  

 

Comprehensively summarized, it can be stated that powder characteristics have an overall 

profound influence on feeding capacities. Based on these characteristics assessments from 

powders used in this research, a single technique and parameter can interpret the powder 

decently regarding the difficulty level and powder flowability assumptions, but it is not 

thoroughly describing powder behavior in the feeding process. While it is possible to 

compute the theoretical volumetric capacities of a screw based on geometry in model 1 and 

provide predictive calculations more accurately than the previous model, it is still not the 

most ideal to adequately describe screw fill in the feeding process. Despite these 

inconsistencies, it can be stated that the FT4 rheometer allows emulating variable process 

conditions and gathering a high amount of data, which can be provenly used to predict 

feeding capacities and avoid problems observed in model 1. By increasing the amount of 

data with new powders, it would develop the model further and the benefit would be 

undeniable. This way model 3 would become more reliable with improved performance of 

predictions and could be utilized in situations where feeder tests are not possible.  
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VOLUMETRIC FEEDING PLAN FOR POWDERS AND SCREWS 
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MEASURED POWDER PROPERTIES 

  



 

 

APPENDIX III, 1 

FEEDING CAPACITY DATA WITH 5 FULL FLIGHT SCREWS 
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