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ABSTRACT OF THE DISSERTATION 

LOSS-IN-WEIGHT FEEDING IN CONTINUOUS POWDER MANUFACTURING 

By William E. Engisch, Jr. 

Dissertation Director 

Professor Fernando J. Muzzio 

Processes involving granular material handling are found in many industries, such as 

pharmaceutical, chemical, catalyst, and food.  Significant differences are observed, both 

between materials as well as between handling methods. Often, special equipment has 

been developed to monitor, control, and feed these widely varied materials in order to 

enable the end user to continuously feed or dose the raw powder material so that it can be 

continuously processed, which has many advantages over batch processing. 

To address the difficulties of feeding granular materials, powder feeders are equipped 

with a variety of tooling that can be used for various rates and powders.  Unfortunately 

most of the sizing and performance knowledge is internal to the feeding equipment 

manufacturers and is not generally available to the end-user. 

In this work, a method for evaluating feeding performance was developed, which allowed 

for testing that was independent of the type of feeder being evaluated.  This method was 

applied to various feeders to characterize the feeders for the feeding of various powders.  

In addition, the effects of hopper refilling were quantified and investigated.  Finally, the 

downstream effects were simulated.   
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For each powder, the fluctuations caused during normal steady state feeding were 

minimized through tooling and feeder selection.  The effects of refill were found to be 

considerably more significant than the fluctuations associated with steady state feeding.  

However, optimized refill schedules, easily reduced the deviations to more manageable 

levels. 

In continuous manufacturing systems, the feeders are a potential high risk to content 

uniformity.  The implications of this are investigated from a overarching view of a 

pharmaceutical direct compression system with a specific focus on regulatory compliance 

and product quality.  Regulatory compliance requires batch definition and raw material 

traceability, and  solutions to both were investigated.  The presented options for batch 

definition are based on the residence time distribution (RTD) of the system, which 

describes the dispersion of material across the interface between "batches".  Raw material 

traceability was similarly investigated utilizing residence time distribution as a tool.   
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Chapter 1. INTRODUCTION 

1.1  Motivation  

Across industry, continuous processing finds widespread application, due to its many 

technical and economic advantages [1]ï[3].  However, in powderïbased manufacturing 

processes that require a high degree of accuracy in product composition, this can be a 

troublesome proposition. Despite the many potential advantages of continuous ñsteady 

stateò powder processing, which include smaller scale equipment, enhanced 

controllability, and reduced labor requirements, powder processing often focuses on 

suboptimal batch manufacturing, primarily due to lack of understanding of powder flow 

behavior in continuous manufacturing. 

In continuous manufacturing, it is necessary to be able to dose powders consistently and 

accurately into subsequent unit operations, but for powders the ability to do this is limited 

by the accuracy of the feeding equipment.  Loss- in-Weight feeders have improved the 

ability to control feedrate and minimize flow variability caused by bulk density changes 

associated with the emptying of the feeding hopper [4].  This is helpful once a feeding 

system is setup.  Unfortunately, the selection and setup process for a feeding system is 

typically based on experience and empirical knowledge that is not readily available to the 

general user.   

For lossïin-weight feeders, most of the existing knowledge regarding either (i) the effect 

of powder properties on flow rate intermittence, or (ii) the effect of feeder design and 

operation on discharged powder properties, resides with the equipment manufacturers.  

There has been some published work on improving feeder performance, for instance by 
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using various devices at the discharge [5], or vibratory hopper agitation [6], but actual 

specification and sizing is lacking.  Feeder tooling selection (screw, discharge screen, 

etc.) is currently performed using trial and error, and there has been little work focusing 

on optimizing the feeding of granular materials. 

The work presented in this dissertation focuses on the development of a fundamental and 

practical understanding of the impact of powder material properties, device design, and 

operating conditions on the variability in powder feed rate and on the effect on 

discharged powder material properties that can be applied to loss- in-weight powder 

feeders.  This effort started systematically with the development of a method for the 

characterization of loss- in-weight feedersô performance (Specific Aim I) that could be 

used to aid in the proper selection of feeder tooling for a given powder at a given 

feedrate.  The steady state performance of the feeders was evaluated for various operating 

conditions to characterize the baseline performance that could be expected from the 

feeders when they operated without any significant external disturbances (Specific Aim 

II).  Then the effects of disturbances (specifically the upstream process that results in the 

refilling of the feed hopper) were evaluated (Specific Aim III).  Finally, the downstream 

effects from fluctuations in the feeder were evaluated with the integration of the feeder 

into a continuous direct compaction line through the use of RTD modeling (Specific Aim 

IV).  The four specific aims of this dissertation are listed below: 

¶ Aim I:  Method development (Chapter 2) 

¶ Aim II:  Evaluation of Steady State Feeder Performance (Chapter 3, 

Chapter 4) 

¶ Aim III: Investigation of the effects of Powder Feeder Refilling (Chapter 

5) 

¶ Aim IV:   Downstream effects of feeding (Chapter 6) 
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1.2  Background  

1.2.1 Powder Feeding 

In the powder handling and processing industries, powder cohesion causes large 

variability in the flow rate of ingredients fed from powder feeders.  This can pass 

problems of composition and flowrate variability to subsequent unit operations [7]ï[11] , 

making the ability to consistently and continuously feed a powder one of the most 

important challenges of the overall process.  In batch processing, the metering of powder 

does not depend on the consistency of powder flow as a function of time, but instead 

depends only on the consistency of the overall amount metered to each batch.  On the 

other hand, continuous manufacturing relies heavily on powder flow consistency as a 

function of time, therefore increasing the need for properly designed and optimized 

feeders/dispensers. 

The intrinsic nature of powder makes the delivery of a consistent flow rate a challenge.  

Regardless of the comparisons and similarities to fluid, dry powders flow differently due 

to the tendency of powder to clump and aggregate, which causes the flowrate of powders 

to fluctuate even when the overall mean rate remains constant. 

1.2.2 Feeders 

To feed the many different types of powders with varying degrees of flowability for 

diverse applications, many powder feeder designs have been developed [12], [13].  

Feeding equipment manufacturers try to keep the designs flexible by approaching the 

feeding equipment as a set of different parts that can be assembled, making the feeders 

modular and interchangeable.  Typical feeders would be designed with the following 
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parts:  hopper, flow aids (optional), weigh platform (optional, but needed for gravimetric 

control), and a mechanism for dispensing.  An example of the modular and 

interchangeable nature of the feeders is that the same parts may be used by different 

feeders.  The types of feeders are characterized by the mechanism used for dispensing, 

but other components are equally important in the overall design of a feeding solution. 

There are a wide variety of hoppers, feed tooling, weighing platforms, and flow aids that 

can be used with each feeder type.  Together, all these options allow a manufacturer to 

supply different feeders capable of handling a wide variety of powders with a very large 

range of achievable feedrates. 

1.2.3 Feeding Control Principles  

There are two main principles used for controlling the feedrate of a feeder:  volumetric 

and gravimetric.  Volumetric feeding is the simplest and least expensive feeding solution.  

The volumetric feeding principle controls to keep a constant fed volume per unit of time 

by regulating the speed of the feeding mechanism.  This makes this type of feeding 

reliant on calibration coorelating drive speed and mass feedrate.  Feedrate can be 

described by the following general equation:  

 Vm bulk
## r=

 
(1-1) 

where bulkr is the bulk density and V#is the volumetric feedrate.  In order for the 

volumetric feeding principle to maintain a constant mass feedrate (m#), the bulk density 

must remain constant [4].  This is fine where density does not vary, but powders are 

known to change density depending on the state of consolidation [14]ï[16], 

environmental factors (such as moisture [17]), and changes in powder properties (such as 
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particle size [14], through segregation or attrition).  To compensate for changes in 

powder density, the gravimetric control principle can be used. 

1.2.3.1  Gravimetri c Control Principle / Loss -in -Weight  

The most significant improvement to continuous feeding is the ability for gravimetric or 

loss- in-weight control, which uses feedback control to adjust the mass feedrate.  This 

ability to control mass feedrate allows loss-in-weight feeders to greatly improve feedrate 

control by minimizing flow variability due to density changes associated with the 

emptying of the feeding hopper [4]. 

1.2.3.2 Gravimetric controlled Batch feeding  

In the case of batch processing, gravimetric control can be achieved by two different 

methods, gain- in-weight batching (GWB) and loss-in-weight batching (LWB).  In GWB, 

each component is fed into the batch individually by a volumetric feeder controlled by 

the gain- in-weight (GIW) signal measured by a loadcell- instrumented collecting vessel.  

This is time consuming, especially when there are a large number of ingredients, because 

ingredients must be fed in sequence, multiple component streams being added confounds 

the GIW signal.  Alternatively, a batch can have components fed simultaneously in LWB, 

requiring each feeder to be each instrumented with load cells and loss- in-weight (LIW) 

controls. 

1.2.3.3 Loss-in-Weight 

In a continuous system, instrumenting the subsequent unit operation with a loadcell for 

gain- in-weight control is not a realistic option, due to the need to feed multiple 

components simultaneously and the continuous nature of powder flow through the 

subsequent unit operations.  So in this case, or in the case of feeding multiple components 
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in a batch system, loss- in-weight feeding is used.  This enables the ability to monitor the 

feedrate of each component individually. 

Although there may be small differences between the manufacturerôs algorithms used in 

loss- in-weight control, the general design and methods are the same.  All loss-in-weight 

feeders consist of three parts [6] :  volumetric feeder, weighing platform (load cell), and 

gravimetric controller (see Figure 1).  The volumetric feeder is mounted on top of a 

weighing platform that measures the mass of the feeder and its powder hopper.  As the 

feeder feeds powder, the gravimetric controller acquires a signal from the loadcell in the 

weighing platform as a function of time.  Using the difference in weight measured by the 

platform divided by time, the controller can determine the instantaneous feedrate, which 

is compared to the desired setpoint.  The controller controls the feedrate by adjusting the 

mechanism that dispenses the powder from the feeder.  The mechanism that is used to 

dispense the powder can include [12], [13]:  screw [18], vibration [19], belt [20], and 

rotary valve [21].  Regardless of type, the theory of gravimetric loss- in-weight control 

and the function of the feeder remains the same.   

Most manufacturers can provide a variety of paired weighing platforms to accommodate 

the need for high resolution loss- in-weight data used for control.  This ensures that an 

appropriately sized loadcell is selected for the desired feedrate setpoint.  In some cases 

the weighing platforms consist of multiple loadcells in order to accommodate feeders 

with differing geometries or larger sizes.  
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1.2.4 Improving feeding accuracy  

There has been a small amount of work focused on improving the uniformity of feeding 

rate by improving the discharge of screw feeders, updating feeding control algorithms 

[22]ï[24], or designing an entirely new type of feeder.   

Kehlenbeck modified the discharge of screw feeders in a variety of ways.  See Figure 1.2.  

He modified the standard dosing tube by adding dents and holes on the tube so that 

material left the feeder radially from the screw rather than in the typical axial direction.  

Attachments were added at the end of the dosing tube, including a grid shaped screen, a 

star shaped screen, a rotating rotor that sliced the powder, and a rotating star shaped 

screen.  It was discovered that screen and rotor attachments at the end of the feeding tube 

displayed larger improvement than modifying the dosing tube [5].  Tardos used a 

vibrating hopper to improve the performance of a screw feeder [6].  Figure 1.3 shows 

how the standard deviation of feedrate decreased for increasing amplitude of vibration.  

Vibration helps to generate flow [25], [26] within hoppers, which aids in the uniform 

filling of flights of screws in feeders.   Other flow aids that could be included in feeder 

designs due to their ability to improve hopper flow are internal stirring, external paddle 

agitation on a flexible wall [27], and gas assisted flow [28]. 

1.2.5 Refill  

Under its standard gravimetric mode of operation, a loss- in-weight (LIW) feeder's 

controller compares the observed gravimetric feedrate to the user-defined setpoint.  

Depending on the deviation from setpoint, the controller may send a new signal to the 

feeder to change the speed.  However, since the feeder hopper has a finite volume, a 

continuous process requires periodic refill of the feed hopper.  It has become common 
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industrial practice to replenish the feeder when it reaches the lowest level that the 

manufacturer would recommend for operation.  For the refill process, it is typically 

recommended to initiate filling at around 20% fill level and continue until the hopper fill 

level reaches 80%.  [29], [30]  However, during this refill time and a short settling time 

thereafter (typically about 10-15 seconds) [29], [31]ï[33], the feeder operates in 

volumetric mode and does not monitor nor control the gravimetric feedrate, opening the 

possibility for deviations from setpoint. Even if the feeder screw continues to rotate at a 

constant speed, a potential source of deviation occurs when the incoming material 

compresses the bed of powder within the hopper, thereby increasing the density in the 

hopper, causing over- feeding [34].  Another source of deviation occurs when the material 

becomes aerated by the refill procedure.  When this occurs, the powder behaves like a 

liquid and flows through the screws uncontrollably [32].   

Although there have been no journal articles published on improving performance during 

the refill of gravimetric feeders, there have been a few patents created by manufacturers 

that attempt to address this limitation of using a continuous feeder that will eventually 

require refill. [34]ï[36] 

In US Patent 4524886 (See Figure 1.4), Wilson and Loe use values stored during the 

emptying of the feed hopper to control the screw speed during refill [34].  This is also the 

current method used in the K-Tron manufactured feeders.  Although this is a method that 

can potentially work in a slow refill process, this method has problems when refill times 

are very short.  This is briefly mentioned in the K-Tron operations manuals for their twin-

screw feeders suggesting that the ñRefill Arrayò feature only be enabled for refill 

methods that are longer than 15 seconds in duration [31]. 
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US Patent 6446836 (See Figure 1.5) by Aalto and Bjorklund addresses the problem by 

using redundant replenishment hoppers instrumented with load cells [35].  When the 

gravimetric feeder requires replenishment, one of the hoppers receives a signal to refill.  

The other replenishment hopper remains isolated from the gravimetric feeder, and is 

replenished with material from a pneumatic refill system.  The subsequent feed hopper 

refill will be handled by this recently refilled replenishment hopper.  The loadcells 

connected to each isolated replenishment hopper pass the rate of refill signal to the 

dispensing gravimetric feederôs controller.  This removes the uncertainty of the rate of the 

refill stream from the replenishment hopper, enabling the feeder to operate in a modified 

gravimetric mode throughout the refill process. 

Wilson and Bullivant discuss in US Patent 4579252 (See Figure 1.6) a method that 

bypasses the issue altogether.  They use a second feeder to feed while the original one is 

refilled [36].  Although this method may have the best results, it also has the 

disadvantage of the expense of a secondary gravimetric feeding system and the additional 

space required around a downspout that may already be crowded by other feeders 

supplying different components. 

1.2.6 Continuous Manufacturing in the Pharmaceutical Industry  

Pharmaceutical manufacturing has a long history of developing and manufacturing drug 

product in batches.  This production technique was used for industrial chemicals and 

other consumer products long before the industrial revolution (18th century) when an 

initial shift from batch to continuous processing occured.  Due to continuous process 

advantages, today the majority of commodity chemicals, petrochemicals, food, and 

consumer products are manufactured continuously, leaving pharmaceuticals behind, 
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which are still made with traditional batch processes.  Many sources have suggested that 

pharmaceutical manufacturing has been frozen in time due to regulatory requirements 

that generate large amounts of paperwork causing huge monetary cost in production 

delays resulting from even minor manufacturing changes (See, for example, a Wall Street 

Journal article on this topic [37]).  This has lead to fearful, conservative cultures within 

the industry, which would rather remain steadfast with old and familiar technology rather 

than evolve with new technologies that improve the industry. 

With the goal of modernizing and spurring technological improvement in the regulation 

of pharmaceutical manufacturing and product quality, in August 2002 the Food and Drug 

Administration (FDA, http://www.fda.gov) launched a regulatory modernization 

initiative, meant to encourage early adoption of new technological advances, facilitate 

industry application of modern quality management techniques, encourage 

implementation of risk-based approaches, ensure regulatory policies are based on state-

of-the-art science, and enhance the consistency and coordination of drug quality 

regulatory programs. [38]  A series of guidances have since been published, which further 

encourage significant changes to processes used to manufacture pharmaceuticals.  The 

FDA has published the initial Process Analytical Technology (PAT) Framework [39], 

which supports the move from static batch processing to more dynamic approaches that 

mitigates the risk of producing poor quality product. The International Conference on 

Harmonization (ICH, http://www.ich.org) implemented a trio of quality guidances; 

Q8(R2), Q9, and Q10 [40]ς[42], which introduced valuable new concepts such as quality 

by design (QbD).   
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Although the regulatory guidances describe in detail what is necessary, they provide little 

explanation of how to accomplish them.  To begin filling in this gap, the International 

Society for Pharmaceutical Engineering (ISPE, http://www.ispe.org) launched the 

Product Quality Lifecycle Implementation (PQLI) initiative in 2007.  This initiative aims 

to provide practical solutions for implementation challenges of the ICH guidances [43]ς

[45], while still recognizing that there are multiple satisfactory ways to address the 

concepts described in the guidelines [43].  However, there is little focus on providing 

solutions that directly apply to continuous processing.  
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1.3  Figures for Chapter 1  

 

 

Figure 1.1:  Diagram of the main components of a loss- in-
weight feeder.  A volumetric feeder is mounted on a load 
cell with a feedback controller monitoring and controlling 

feedrate. 
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a.  

b.  

Figure 1.2: a.)  Attachments used by Kehlenbeck et al to 

improve feeding constancy.  b.)  The standard deviation of 
mass flow results for the various feeding attachments.  [5]  
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Figure 1.3:  Standard deviation versus vibration amplitude 
for a screw feeder as displayed in the results by Tardos et 

al.[6]  
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Figure 1.4:  Depiction of the feed factor array described in 
the patent by Wilson and Loe [34] 
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Figure 1.5:  Depiction of the redundant and loadcell-
instrumented replenishment hoppers described in the patent 

by Aalto et al [35] 
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a.  

b.  

Figure 1.6:   a.)  Depiction of the redundant feeder and b.) 
control signals described by Wilson et al [36] 
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Chapter 2. METHOD FOR CHARACTERIZATION OF LOSS-IN-

WEIGHT FEEDING EQUIPMENT 

2.1  Summary  

Loss- in-weight feeders have improved the ability to control feedrate and minimize flow 

variability caused by bulk density changes associated with the emptying of the feeding 

hopper [4].  This is helpful once a feeding system is set up.  Unfortunately, the selection 

and setup process for a feeding system is typically based on experience and empirical 

knowledge that is not readily available to the general user.  For loss-in-weight feeders, 

most of the existing knowledge regarding either (i) the effect of powder properties on 

flow rate intermittence, or (ii) the effect of feeder design and operation on powder 

properties, resides with the equipment manufacturers.  There has been some published 

work on improving feeder performance, for instance by using various devices at the 

discharge [5], or vibratory hopper agitation [6], but actual specification and sizing 

information is lacking.  Feeder tooling selection (screw, discharge screen, etc.) is 

currently performed using trial and error methods, and there has been little work focusing 

on optimizing the feeding of materials. 

This chapter focuses on the development of a method for the characterization of loss- in-

weight feeders that can be used to aid in the proper selection of feeder tooling for a given 

powder at a given feedrate.  The method includes the experimental setup and procedure 

for collecting feeding data and the data filtering and data analysis methods that are used 

to obtain useful values for comparison.  The experimental procedure is a multiple step 

process that involves running the feeder in both volumetric and gravimetric modes.  



19 
 

 

Volumetric studies are performed to determine capacity, followed by gravimetric studies, 

which are used to determine overall performance.  The performance data for each 

condition is analyzed using relative standard deviation and also analysis of variance 

(ANOVA). The method is validated and applied to evaluate performance in the full 

operational range of the K-Tron KT35 loss- in-weight feeder for three pharmaceutical 

grade powders. 

After a brief description of materials and equipment (Section 2.2), the developed method 

is introduced in Section 2.3, and then used to evaluate performance of the K-Tron KT35 

loss- in-weight feeder for three pharmaceutical grade powders (Section 2.4).  Conclusions 

are described in Section 2.5.  

2.2  Materials  and Equipment : 

2.2.1 Materials  

The powder materials used in the experiments are listed in Table 2.1.  These 

pharmaceutical powders were chosen to test a range of cohesiveness and flowability in 

the feeder characterization experiments.  Flowability of each powder is quantified 

through the use of the flow index measured from a Gravimetric Displacement Rheometer 

(GDR) and the dilation value is obtained from a simple drum tumbler. [46]ï[49] The 

GDR consists of a cylinder mounted on a hinged lever arm supported by a load cell.  As 

the cylinder on the GDR rotates, the material dilates and forms avalanches as it tumbles.  

The standard deviation from the load cell of the GDR is proportional to the size of 

avalanches formed at various speed settings, and this standard deviation is used to 

compute the flow index.  The dilation number is calculated from the ratio of the initial 
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consolidated powder bed volume and the equilibrium powder bed volume while flowing 

in a tumbling drum.  A higher flow index and/or dilation number indicates that the 

powder is more cohesive and harder to flow.  

2.2.2 Schenck Accurate AccPro II with 7 kg Load Cell (Catch Scale)  

A Schenck Accurate AccPro II was used as a ñcatch scaleò for characterization of the 

loss- in-weight feedersô performance.  A catch scale is needed because the internal load 

cells used in gravimetric loss- in-weight feeders use different filtering algorithms to pre-

treat the gravimetric signal, which may not allow for accurate performance comparison 

between different feeders.  AccPro II is a PC Excel program that obtains weight readings 

from a 7 kg strain gage load cell through the Schenck DISOBOX summing box. The 

DISOBOX uses a 24 bit Analog Devices A/D converter to obtain the weight readings 

every 0.1 seconds. These readings are obtained and stored by the AccPro II application. 

Although the AccPro software includes a built- in data analysis that runs in real time as 

the catch scale is collecting, only the raw 0.1 second readings are used for post-

processing and analysis.  The AccPro II catch scale was chosen as a catch scale as it was 

large enough to handle the typical feedrates of the K-Tron KT35 feeder, but still has a 

high resolution that can catch the small variations associated with feeding powders.  In 

general, typically the smallest acceptable available scale should be used as the resolution 

will typically be the highest in similar quality scales.  A scale chosen for this application 

needs to also have very fast response and settling time. 

2.2.3 K-Tron  KT35 Loss-in -Weight Feeder 

The K-Tron KT35 twin screw loss- in-weight feeder was designed to handle a large range 

of pharmaceutical powders, including those with very poor flowability, which are often 
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lumpy and tend to build bridges.  The design consists of a modular twin-shaft feeder 

mounted on a sanitary weigh bridge.  There are a variety of feeding screws and discharge 

screens, which allows one to feed a large range of bulk powder materials.  Figure 2.1 

displays the K-Tron KT35 feeder with the Schenck Accurate AccPro II catch scale, and 

Figure 2.2 displays a representative sample of feeder tooling for the KT35 feeder.  At the 

bottom of the feed hopper is a bowl containing a horizontal agitator that helps fill the 

flights of the feed screws.  The agitation speed is set at 17% of the feed screw speed.  The 

gearbox controlling the screws is a type B with a gear ratio of 6.7368:1 combined with a 

motor with a maximum speed of 2000RPM.  At 100% of the motor speed, the screw rate 

is 297 RPM (327 RPM @ 110% is also achievable by over-speeding). 

2.3  Methodology  

Determining the performance of a powder feeder includes an experimental setup to 

collect feed stream data, filtering noise, and analysis. Of the many benefits of a method 

for characterizing loss- in-weight powder feeders, the most significant is a means of 

determining differences in feeding performance that can be used to optimize the feeder 

and tooling selection.  Quantified feeding performance also provides general users of 

feeding equipment an additional tool to validate that the feeder is performing according 

to the feederôs controller displays.  The gravimetric control of the loss- in-weight feeder 

involves a significant amount of noise filtering, and as a result, the process variables 

displayed by the feederôs controller often appear more consistent than they actually are.  

In addition, a poor or erroneous calibration of the loss- in-weight feederôs loadcell will 

cause the controller to display a feedrate that is offset from the actual feedrate.   
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2.3.1 Experimental Setup  

Characterization experiments were performed by using the Schenck AccPro II scale to 

record the weight of powder dispensed by the feeder every 0.1s for all tests. A 9ò 

diameter and 9ò height bucket was used to collect the samples. Figure 2.3 shows a 

graphical representation of the experimental setup used for monitoring feedrate and 

determining steady state performance.  The feeders were placed on a sturdy lab bench.  

The catch bucket and scale were placed on a separate lower stand with the bottom of the 

bucket at 10ò below the outlet of the feeder.  When a bucket becomes full, it is quickly 

replaced by an empty bucket.  Due to the sensitivity of the load cells in the equipment, 

careful consideration was taken to isolate and minimize outside disturbances on the 

feeders and catch scale. In determining equipment placement and filtering methods, the 

various general considerations listed in the work by Erdem have been taken into account 

[50].  Most importantly, a curtain was placed around the setup to minimize effects from 

air currents. 

In addition to catch scale data, the feeder process values were recorded, including screw 

drive speed and hopper fill  level.  The data from each feeder was compared to the data 

obtained from the catch scale. Testing proceeded with first determining the volumetric 

capacity of the feeder operating at various volumetric speeds (without engaging the 

feeder gravimetric control system).  Following this, the testing of gravimetric 

performance was performed by monitoring the feedrate from the feeder for more than 30 

minutes.  A time longer than 30 minutes was chosen so that there would be a sufficient 

data for statistical comparison.  As volumetric capacity testing only requires an estimated 

average feedrate, these tests can be short, with only achievement of a steady state 
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required (or as close to it as possible) for a given set of experimental parameters (powder, 

tooling, screw speed, hopper fill level) 

2.3.2 General Volumetric Test Run Procedure  

The general procedure for the volumetric capacity experiments is as follows: 

1. Calibrate the catch scale. 

2. Fill the feeder to 100% of the maximum hopper fill level.  

3. Run tests with volumetric set points at 10%, 20%, 50%, 80% and 90% of the 

control magnitude or screw speed. 

Volumetric mode is not the typical operation of the feeder and as such, the equipment 

may not have settings to select the speed of the screw manually.  The K-Tron feeder used 

in this experiment required manually setting the initial feed factor to 100 kg/hr.  After 

manually setting this value, the volumetric set points could be entered directly with the 

default units of kg/hr signifying % screw speed.  The initial feed factor is the control 

value that refers to the capacity of the feeder at 100% of the control magnitude.  This is 

the initial feed factor, as the feed factor often changes slowly with hopper fill level.  

When running in gravimetric mode, the feeder will continually correct the feed factor. 

2.3.3 General Gravimet ric Test Run Procedure  

The general procedure for the characterization experiments is as follows: 

1. Calibrate the feeder and catch scale. 

2. Fill the feeder to 100% of the maximum fill level. 
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3. Find the maximum feed rate for each experimental combination (powder, screw 

type, screens, agitation rate, agitation depth), and use this for the initial feed factor 

controller value.   

4. Run tests with set points at 20%, 50% and 80% of the maximum controllable 

speed with initial fill level at 100% of the maximum fill level. 

The maximum controllable feedrate for each feeder can also be determined as the result 

of the built-in auto feed factor calibration program of the feederôs controller, rather than 

running volumetric capacity tests.  This returns the value of the initial feed factor, which 

is the estimated feed rate at 100% of the screw speed that is used to control the feeder.  

An issue with using the built- in auto feed factor calibration program of the feeder is that 

if the relationship between the average feedrate and volumetric screw speed is not linear, 

the estimated feed factor could have some error, as it assumes a linear relation to 

extrapolate the value.  Although a non- linear relationship is not very common for free 

flowing powders, it becomes more common with powders that are cohesive and are 

unable to consistently fill the flights of the screw at higher rotation rates.  

The feed factor is used primarily for a volumetric reference point for the feeder and may 

be used whenever the feeder may need to be run in volumetric mode.  A feeder running in 

gravimetric mode will occasionally switch to volumetric mode in instances where 

gravimetric control is impossible, such as during refilling of the feed hopper or when the 

feeder is ñbumpedò. 

The initial calibration of the feeder and catch scale load cells is of utmost importance, 

because if either of them is miscalibrated then the values collected from these load cells 
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would be meaningless.  Miscalibration of the feeder load cell has an additional 

implication since the feeder uses this signal for control.  If this is incorrect, the feeder will 

misinterpret changes in weight, thus controlling to a different value than setpoint.  This is 

a common mistake made when the wrong units are used for a check weight. This can be 

quite confusing to an operator that enters a desired setpoint of 5 kg/hr which is then 

displayed on the controls of the feeder, yet the actual feedrate being fed is 5 lbs/hr (or 

2.27 kg/hr).  Unless checked with a correctly calibrated catch scale, or until the 

calibration is rechecked with a check weight, it may go unnoticed until problems are 

discovered downstream. 

The initial filling of the feeder is important as there is often a substantial change in the 

screw filling at lower fill levels.  To avoid this issue altogether, it is recommended to fill 

the feeder close to maximum for testing, thereby ensuring that the minimum operation 

level is exceeded.  Most feeding manufacturers state that this minimum is ~20% hopper 

fill level, but this is dependent on powder properties and may vary.   

2.3.4 Analysis and Filtering  

The data collected from a catch scale is gain- in-weight information that can be used 

similarly to how the controller in a loss- in-weight feeder extracts useful values of 

feedrate from the loss- in-weight signal of the feederôs built-in load cells.  To analyze the 

data, the mass dispensed every 1 second is used to calculate the fed material mass for the 

interval.  From this data, the average feedrate ( ) can be calculated for each 1 second (

) interval: 

im#

tD
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(2-1) 

From all the mass flowrates at each interval, a distribution can be determined; and from 

this distribution, the standard deviation () and relative standard deviation (RSD) can be 

calculated: 

 
 

(2-2) 

  (2-3) 

where  is the arithmetic mean mass feedrate of the distribution and n is the number of 

samples in the distribution. 

2.3.5 Data Analysis: Discrete Fourier Transform:  

Using the feedrate data that was obtained through gain- in-weight information collected 

by the catch scale, it is possible to investigate the frequency of fluctuations through the 

use of Fourier Transform methods.  This requires the transformation from the time 

domain to the frequency domain and it is based on the Fourier Transform: 
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where x(t) is the time domain representation of the feedrate signal, is the 

frequency domain representation of the feedrate signal, and . 

To digitally compute the Fourier Transform from a discrete and noncontinuous set of 

values, such as the signal data collected from the catch scale, a numerical integration 

called a discrete Fourier transform (DFT) must be performed to approximate the true 

Fourier Transform.  The DFT of the feedrate data is computed using a fast Fourier 

transform (FFT) algorithm in Matlab based on the FFTW library [51]. 

 
 

                                                        (Forward Transform) 

(2-6) 

 
 

                                                        (Inverse Transform) 

(2-7) 

where  is an th root of -1. 

By using Fast Fourier Transform on the feedrate data collected during the 

characterization test runs, it is possible to obtain power spectra.  In Figure 2.4, several of 

these power spectra are shown.  The sources of the dominating frequencies of this twin 

screw feeder are not obvious due to interactions between the two screws and the agitator.  

Table 2.2 shows the rotation rates and frequencies associated with the percent screw 

speed for both the screws and agitator.  At 20% the rotation rate of each of the screws is 

approximately 60 RPM with a frequency of 1 Hz.  For Fast Flo Lactose, this could be the 

reason for the peak at 1 Hz, but neither Avicel 102 nor Ceolus display this peak, but 
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instead have a peak at ~1.5 Hz.  The frequency of the agitator is a little less than 0.5 Hz, 

which could cause the peak that is seen in each of these powders.  At 50% of the 

maximum screw speed, the frequency is about 2.5 Hz, which again relates to one of the 

peaks in the Fast Flo Lactose, but again neither the Avicel 102 nor the Ceolus display this 

peak.  At this screw speed, the agitator would have a frequency of ~0.9 Hz, which could 

cause the peak that is observed at ~1 Hz.  There are multiple frequencies that contribute 

to feedrate variability, and feeding behavior varies depending on the powder that is fed 

and the feeder tooling being used, making the feed stream from a feeder a very complex 

data series. 

2.3.6 Data Filtering  

During the analysis, in order to eliminate disturbances in the feedrate data caused by 

refilling, machine startup/shutdown, etc., the data is filtered by rigorously removing 

disturbances from the original data set.  As an initial rough filtering method, 3 seconds of 

data are removed before and after each disturbance (total of 6 seconds in addition to the 

perceived duration of the disturbance), as this allows adequate time for the equipment to 

settle after a disturbance.  Disturbances can be detected in the data set by setting 

appropriate bounds to the acceptable data.  Since the feeder is under gravimetric control, 

the feedrate should not be deviating more than 10% from the setpoint.  This is a modest 

set of bounds, as the feeder controls the feedrate much more tigthly than this criterion.  

Thus, these bounds will detect significant physical disturbances to the catch scale, such as 

bucket change-overs. 

By comparing the distribution of the original unfiltered data with the filtered data, it is 

possible to further optimize the filtering procedure.  The initial filtering of an extra 6 
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seconds in addition to each disturbance results in a roughly filtered data set that has an 

average feedrate that is an initial estimate of the quasi-steady behavior and a standard 

deviation that is relatively close to the true value.  The ideal filter uses the mean and 

standard deviation of the filtered data, so an iterative procedure with this initial estimate 

is needed.  The bounds used for each iteration are three standard deviations about the 

average.  After each iterative pass, increasingly better estimates of the mean and standard 

deviation are calculated.  After several filtering passes, the iterative filter self tunes and 

results in a final average and standard deviation that is unchanging with additional filter 

passes and is representative of the data without the outlying datapoints caused by 

disturbances.  Shown in Figure 2.5 is the average feedrate and standard deviation 

calculated after each filtering iteration for a sample data set.   

The average and standard deviation of the unfiltered data set could also be used as a first 

pass, but if there are many disturbances this will result in an initial estimate that may not 

be close to the true value.  In addition, this will require many passes before the average 

and standard deviation of feedrate approach a limit as is shown in Figure 2.6.  In data sets 

where the data collection system was heavily perturbed, it may never converge.  

Figure 2.7 shows a sample set of unfiltered catch scale data with a disturbance at ~60 

seconds into the set, when a bucket became full and was replaced with a new empty one.  

Figure 2.8 shows the data after filtering.  After filtering out disturbances, the leftover data 

is representative of the quasi-steady behavior of the feeder.  The ñsteady stateò 

distribution of the feed rate data is obtained with the feeder operating in gravimetric loss-

in-weight mode. The example presented in Figure 2.8 shows feedrate data as a function 

of time and its respective distribution, which for properly filtered data approaches a 
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Gaussian curve.  There are two important parameters for performance that can be 

gathered from steady feedrate signal data: spread of the data (standard deviation), ideally 

as narrow as possible; and deviation of the average from the setpoint, ideally zero.   

In order to be able to use the standard deviation as a means to compare different feed rate 

data sets, it is highly advantageous to verify that the data sets have a normal distribution.  

This is important, as a normal distribution can be simply described with two values, the 

average and the standard deviation. Moreover, knowledge of the existence of a 

parametric distribution with accurately estimate parameters enables the use of a limited 

data set for the prediction of the frequency of extreme deviations.   

Figure 2.9 shows two sample distributions of catch scale data collected from the K-Tron 

KT35 with the coarse concave self-cleaning twin screws feeding different powders at 

different rates.  Figure 2.9a displays data that was collected with a coarse square 

discharge screen with the feeder feeding Fast Flo lactose at 70 kg/hr.  Figure 2.9b shows 

data obtained when the feeder was feeding Avicel 102 through a fine square discharge 

screen at a rate of 105 kg/hr.  Both distributions have a Gaussian shape, which is 

confirmed by the linear probability plots.  A normal Gaussian fit for the data reduces the 

need of descriptive variable to only two:  average and standard deviation.  Comparing the 

two distributions shows that the differences in average and standard deviation are visually 

apparent and significant. 

2.3.7 Experimental Conditions Examined  

The parametric space for the K-Tron KT35 feeder was sampled using twelve tooling 

configurations, three powders, and three feedrate setpoints.  Figure 2.10 provides a 
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graphical representation of the experimental design used for the characterization of this 

K-Tron KT35 feeder.  For the feeder tooling, there are four sets of twin screws (coarse 

concave, fine concave, coarse auger, and fine auger) and three screen configurations 

(coarse square screen, fine square screen, and without the use of a screen) for a total of 

twelve feeder tooling (screws and screens) combinations.  The concave screws are 

specially designed and shaped to be self-cleaning, with the flights of the pair of screws 

interspersed very closely to each other.  The auger screws are not self cleaning, and 

therefore it is possible for a highly cohesive material to adhere to the screws, fi ll ing part 

of the flight with material that does not get dispensed and reducing the overall theoretical 

throughput of the screw pair.  At each of these configurations, the feeder performance 

was characterized at three different setpoints (20, 50, 80% of maximum flowrate for a 

given feeder tooling configuration) using the three pharmaceutical-grade powder:  316 

Fast Flo Lactose, Avicel PH-102, and Ceolus KG-802.  Thus, a total of 108 experimental 

combinations (4 screws * 3 screen configurations * 3 test speeds * 3 powders) were 

tested for the characterization of this feeder.   

2.4  Results and Discussion:  

2.4.1 Determination of Volumetric Capacity:  

The volumetric capacity was obtained for each powder (FastFlo Lactose, Avicel 102, and 

Ceolus) and each tooling combination. A few of the resulting volumetric capacity plots 

are displayed in Figure 2.11.   The volumetric speed setpoints were 10, 20, 50, 80, and 

90% of the maximum speed of the screws.  These speeds were chosen to sample the 

whole range of the feeder including those points that are outside of the typical operating 

range of 20-80%. 
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An important observation from the volumetric capacity plots in Figure 2.11 is the 

relationship between the volumetric capacity and the volumetric setpoint.  In all of the 

cases tested in this study the relationship was linear, which suggests the powders fill the 

flights of the screws consistently.  This also signifies that the feed factor calibration for 

volumetric operation can be calibrated or calculated from a linearly fitted volumetric 

capacity chart.  These charts are also useful for determining sizing of screws as the range 

of capacity for the various combinations of screws and discharge screens are different.  In 

the following gravimetric study, the capacities found for the volumetric setpoints of 20%, 

50%, and 80% are used for the gravimetric setpoints. 

Although the volumetric capacity plots were linear, there are some common causes for 

inconsistent flight filling.  Some powders that are very cohesive may present hindered 

filling of the screws flights at higher feedrates due to bridging over the screws.  This can 

cause phenomena such as hopper ñrat holesò, or in extreme cases complete bridging 

above the screws.  Under such conditions no material would enter the screw, thereby 

stopping the flow.  Figure 2.12 displays an example of ñrat holingò in a Schenck 

PureFeed loss-in-weight feeder.  Other causes that could result in inconsistent screw 

filling include the screw becoming coated with powder or powder density changes.  

Figure 2.13 shows screw coating of the auger (not ñself-cleaningò) twin screws with a 

very cohesive powder, which had the tendency to coat all the exposed metal surfaces of 

the feeder. 

There were a few unexpected failures in the volumetric capacity studies.  Although Fast 

Flo Lactose ran for all tooling conditions and speed settings, Avicel 102 and Ceolus 

overloaded the motor of the feeder for some settings when run with the fine square 
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screen.  Avicel 102 only caused a motor overload problem at the highest speed setting 

(90%) when used in combination with the coarse auger twin screw (CAS), which are the 

highest throughput screw.  As 80% was the highest speed tested in the gravimetric 

studies, this did not affect the range of study for the gravimetric testing.  For Ceolus, both 

the coarse auger twin screw and the fine auger twin screw had a motor overload error 

with the fine square screen and could not be run, and thus were not tested in the 

gravimetric performance testing with the fine square screen.  The reason for these motor 

overloads is that as the screws were pushing powder through the screens, and since the 

screen added resistance, the powder was compressed, which greatly increased the torque 

needed to continue pushing the powder through the holes of the screen.  To avoid damage 

to the feeder and its tooling, the feeder shuts down with an overload alarm if the torque 

becomes too high.  

2.4.2 Gravimetric Performance:  

A complete parametric set of characterization runs was performed for the K-Tron KT35 

twin screw feeder.  This included every combination of 3 screen conditions (no screen, 

coarse square screen, and fine square screen), 4 paired sets of screws (coarse concave, 

fine concave, coarse auger, and fine auger) and the 3 powders at the 3 feedrate setpoints.  

Both FastFlo Lactose and Avicel 102 were fed successfully through their entire tested 

range of speed setpoints for all combinations of feeder tooling. Ceolus, on the other hand, 

did not run for either of the auger twin screws with the fine square screen due to a motor 

overload. 

To test for reproducibility of results of the data, all of the runs with Avicel 102 were 

repeated.  Analysis of variance (ANOVA) is a statistical tool that can determine the 
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significance of differences in the gravimetric performance data based on the potential 

sources of change to the performance such as:  screw, discharge screen, and screw speed.  

A sample ANOVA for the Avicel 102 in the K-Tron KT35 is shown in Table 2.3, with a 

sampling of some of the standard deviation as a function of average feedrate in Figure 

2.14 and relative standard deviation as a function of feedrate in Figure 2.15. 

The ANOVA shows that for the K-Tron KT35 feeding Avicel 102, the speed is the most 

influential source for change in feeder performance and has a statistically significant 

effect (F > Fcrit ical or a P < Ŭ).  The screw is also found to be statistically significant.  

Following this is the screen, which is not shown as a statistically significant variable, but 

would likely be found to be significant with the collection of more extensive data.  These 

effect on relative standard deviation may not apply universally to all powders or to all 

feeding equipment, as this is just descriptive of the data that was analyzed in this 

ANOVA.  With some powders, the screen may become a very significant source of 

performance change.  

Figure 2.14 shows the standard deviation as a function of average feedrate for the KT35 

feeder when feeding Avicel 102 for several combinations of screws and screens.  As 

speed increases the absolute standard deviation increases significantly as there is more 

variability at the higher feedrate.  This is important, but typically higher rates will have 

higher acceptable variability, which can be expressed a percentage of the feedrate.   

Figure 2.15 shows the same data plotted as relative standard deviation (RSD), which is 

the standard deviation normalized by the average feedrate. A plot of RSD as a function of 

feedrate can be used to select the best available feeder tooling for an application.  For 
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Avicel 102 in the K-Tron KT35, this plot could be used to choose the best performing 

tooling for any specific desired feedrate in the tested range.  This can be done by 

selecting the set of tooling that has the lowest RSD at any feedrate.  As the coarse auger 

screws (CAS) with no screen (NoS) has the highest RSD values, it would only be used 

for high rates that the other screws cannot achieve.  The fine concave screw (FCS) with 

no screen (NoS) could be used for lower feedrates as the other displayed plots have RSD 

values that are higher at feedrates less than ~100 kg/hr.  For the intermediate speeds 

between ~100 and 200 kg/hr either of the other options, coarse concave screw (CCS) 

with the coarse square screen (CSqS) or the coarse auger screw (CAS) with the fine 

square screen (FSqS) would be appropriate, as the relative standard deviations are very 

similar for both. 

2.5  Conclusions:  

A method for characterization of loss- in-weight feeders was proposed and verified using 

experimental results.  In this method, a catch scale was used to monitor the feedrate of 

material dispensed from the loss- in-weight feeder.  The feeder was monitored as it ran in 

two different modes:  volumetric (constant screw speed) and gravimetric (variable screw 

speed based on feedback control). 

Fast Fourier transforms were used to obtain power spectra for the feedrate data obtained 

during feeder characterization trials.  Although for the K-Tron KT35 this data was found 

to be quite complex due to the interactions of the screws and the agitator, it can still be 

quite useful in determining the frequencies of the fluctuations of the feedrate.  This 

frequency data can be useful in determining characteristic times of the feeder that could 

potentially be used in pairing the feeder to other unit operations.   
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In volumetric mode, the feeder was tested for a wide feeding range of 10 to 90% of the 

screw speed.  This was used to determine the relationship between screw speed and 

feedrate.  When this relationship is linear, the uptake and filling of the flights of the feed 

screws is consistent and reliable.  If the relationship is non-linear, this can indicate that 

there are inconsistencies in screw flight filling, which can lead to poor feeding 

performance.  Powder bridging is the primary reason for inconsistent flight filling of the 

feed screws.  Powder adhering and coating the screws can also change the effective flight 

volume and can lead to inconsistent flight filling. 

Volumetric capacity trials were used to determine gravimetric setpoints for the 

gravimetric trials.  Gravimetric testing was performed for the K-Tron KT35 with 

setpoints that would result in screw speeds that fall within the manufacturerôs 

recommended range of 20-80%.  By post process filtering and analysis it was possible to 

fit the data to a normal distribution that allows the performance to be quantified by two 

values: average feedrate and standard deviation of feedrate.  This allows the performance 

to be compared between the different gravimetric trials with different feed tooling and 

powders. 

ANOVA of the feeder characterization data was used to determine significance of effects 

(feeder tooling, powder, and speed) on feeder performance.  The significance of screw, 

screen, and speed may vary with powder.  For instance, a free flowing powder may not 

have as significant a screen effect as a very cohesive powder that may be prone to 

forming clumps that may be broken up by a discharge screen.   
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As there is need, and there are many options, for optimizing feeding systems, being able 

to detect differences in feeding performance is of utmost importance. The method 

presented here, based on using a catch scale, greatly improves feed tooling selection.  

With the characterization method described, a database of feeder performance and 

powder properties could potentially generate a predictive model such that feed tooling 

can be selected based on desired feedrate and measured powder properties rather than 

trial and error. 
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2.6  Figures for Chapter 2  

 

 

 

Figure 2.1:  K-Tron KT35 feeder with Schenck Accurate 

AccPro II catch scale. 
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Figure 2.2:  K-Tron KT35 feeder tooling.  Consists of 4 
sets of twin screws: fine concave screw (FCS), coarse 

concave screw (CCS), fine auger screw (FAS), and coarse 
auger screw (CAS).  There are two screen:  fine square 
screen (FSqS) and coarse square screen (CSqS).  The 

feeder can also be run without a screen (NoS). 
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Figure 2.3:  Loss- in-weight feeder characterization setup 
for monitoring feedrate and determining steady state 
performance.  The catch scale is used to collect gain- in-

weight data from the outlet of the feeder. 
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Figure 2.4:  Fast Fourier transforms of the feedrate data for 
the powders (from left to right):  Fast Flo Lactose, Avicel 

102, and Ceolus fed from the K-Tron KT35 feeder with the 
coarse auger screws and no screen.  The top row is for 20% 

and the bottom row is 50% of the maximum screw speed.  
All are run at their respective gravimetric setpoints. 
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Figure 2.5:  Applying the initial filtering with +/-10% 
bounds quickly finds the average feedrate from the 

feedstream data.  Backing up the initial filtering with 
iterative +/-3ů rapidly causes standard deviation to come to 
a limit. 
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Figure 2.6:  Using iterative filtering with bounds of +/-3ů 
with the poor initial values of average feedrate and standard 

deviation being calculated from the unfiltered data involves 
numerous extra filtering iterations than starting with better 
selected initial values. 
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Figure 2.7:  Sample 1 second interval catch scale data 

before any applied filter with a catch bucket change at ~60 
seconds. 
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Figure 2.8:  Sample filtered 1 second interval catch scale 
data (Blue) with its normal fitted distribution (Red).  Also 

marked with a horizontal line is the mean value (Light 
Blue), the setpoint (Purple), and the Ñ3ů (Green). 
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a.  

b.  

Figure 2.9:  Normal Gaussian distributions and normal 
probability plots for the K-Tron KT35 loss-in-weight 
feeder characterization trials.  The top plots (a.) are for 

feeding FastFlo Lactose at 70 kg/hr with the coarse 
concave ñself-cleaningò twin screws and a coarse square 

screen, and the bottom plots (b.) are for Avicel 102 with the 
coarse concave screws and the fine square screen feeding at 
105kg/hr. 
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Figure 2.10:  Sample visual representation of the 

characterization combinations for the K-Tron KT35 feeder. 

  






























































































































































































































































































































































































































