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ABSTRACT OF THE DISSERTATION

LOSSIN-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 intamrde
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 theesed.

In this work, a methodbr 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.



For each powder, the fluctuations caused during normal steady state feeding were
minimized through tooling and feeder selection. Theadf 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 systemse tfeeders 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 cofigmce 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 magrcross the interface between "batches”. Raw material

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



ACKNOWLEDGEMENTS

Throughout the course of this project, | have been fortunate to have the guidance and
encouragement of many individuals. | am very grateful to my advisor, Prof. Fernando
Muzzio. Fernando, thank you for all of your time and suppespecially with the
development and multiple iterations of the many manuscripts. Without your insight, this
work would not be possible. | would like to thank the members of my committee, Prof.
Marianthi lerapetritou, Prof. Rohit Ramachandran, and Dr.Sang, for their support

and feedback.

Many thanks to the National Science Foundation's Engineering Research Center for
Structured Organic Particulate Systems (ERGCPS) for funding my work and travel,
allbwing for many great opportunities to interact hwathers in the field. The many
members of the ERC have provided valuable insight that has kept my research focused
and relevant to industry. Thank you, all for the great challenging research projects and

ideas.

Throughout my graduate studies at Rutgeves privileged to have met so many skilled
individuals, who have shared their knowledge and encouragement: Dr. Aditya Vanarase,
Dr. Alisa Vasilenko, Dr. Juan Osorio, Dr. Yijie Gao, Dr. Matt Metzger, Dr. Atul Dubey,
Dr. Eric Jayjock, Pallavi Pawar, Saig Oka, Abhishek Sahay, and Sara Koynov. |
especially would like to thank the undergraduate students that have aided with various
laboratory experiments: Daniel Mateo, Shikhar Mohan, Ritesh Shah, Wallace Torres,
and Patricia Alvarado. For the sake odvity, to all those not specifically mentioned, |

am also grateful for your support.



| would particularly like to thank my family and closest friends. To my parental units, |
have no doubt that your love and support are the strong foundation that | have built on.
Finally, to my wife, Elizabeth, your love, encouragement, and patienge baen

invaluable.



TABLE OF CONTENTS

ABSTRACT OF THE DISSERTATION.....cuuiiiiiii et eenmea s i
ACKNOWLEDGEMENTS......coiiiiiiiiiiiiete e eieeee et esme e e e e a e e e e e ennnees iV
TABLE OF CONTENTS. .. .otiiiiiiiiiiiiiiie e s cmee ettt e e e e et ssnnre e e e e s s snnnneneaeeaennsanes vi
LIST OF TABLES.... .ot eree e e e e renee e e aaa s X
LIST OF FIGURES ... ..ottt eee st e e e e e e e emme e e Xi
Chapter 1. INTRODUCTION ....cccciiiiiiiiee e e s eciteeeie e e e e et e e e e e s smmne e snsnreeeae e e 1
0 R VT 41V 7= 1 4 ) o 1
O = - Vo o0 1 oo P 3
1.2.1  POWAEr FEEUING ... .uuuuuiiritiiiiiiiiiiieeeeiiiiiiee et e e e e e eeeeee e e e e e e e e e eaaeeens 3
1.2.2  FEOARIS. ..ottt ettt e e e e et aa e 3
1.2.3 Feeding Control PriNCIPIES.........vuuviiiiiiee e eeeeeveene e 4
1.2.4  Improving feeding ACCUIACY..........uuuruurrrrrrreriaaaiiiinnrnrireeeeeeeeeeeeseneeseeees 7
125  REfill o nens s nnnneee ]
1.2.6 Continuous Manufacturing in tieharmaceutical Industry.................... 9

1.3  Figures for Chapter.L.... ..o ieree e ee e 12
Chapter 2. METHOD FOR CHARACTERIZATION OF LOSSN-WEIGHT
FEEDING EQUIPMENT. ...ttt eeeme e e e e e e e eanaan 18
P2 R S U1 1 011 4= 1V PP 18
2.2 Materials and EQUIPMENL.........cooiiiiiiii e e et e e e e e svmmmn e e e e eees 19
N R |V - =1 =1 SR 19
2.2.2 Schenck Accurate AccPro Il with 7 kg Load Cell (Cadale).............. 20
2.2.3 K-Tron KT35 Lossin-Weight Feeder.............cccuuviiiiiiiieeeiiiiiiiiieee 20

P22 B |V =1 0 To (0] o Yo /AP PP PP PPRPRP 21
2.3.1  Experimental SetUD...........cooeiiiiiiiieiieeee e 22
2.3.2 General Volumetric Test Run Procedure.............oooovviivvieemieieeieiennnnnns 23
2.3.3 General Gravimetric Test Run Procedure.............cccoooivieeeneieiiiiiinns 23
2.3.4  Analysis and FilteriNg..........covvuuiiiiiiiiiieemeee e eveeme e 25
2.3.5 Data Analysis: Discrete Fourier Transform:.........ccceeeeeeeeiviceeeieeneennn. 26
2.3.6  Data FilteriNg........coevviiiiiiiiii e e e eeeee e e e e e e e e e e e e eeenrannnns 28
2.3.7 Experimental Conditions Examined..............cccuuvvvimiimmminiiiiiiiiiiieeeee 30

Vi



2.4.1 Determination of Volumetric Capacity:.........cooovvviiiiiiiimnnee e 31
2.4.2  Gravimetric PerformanCe: ..o 33
2.5 CONCIUSIONS......coiiiiiiiiiieiii e et e e e e e e e e e eeae s s e e e e e e e e e eeeeeeeeeennsnmnne e 35
2.6 Figures for Chapter.2......ccooooiiii oo 38
2.7 Tables for Chapter.2......ccccooiiiiiii e 53
Chapter 3. LOSSIN-WEIGHT FEEDING TRIALS CASE STUDY:
PHARMACEUTICAL FORMULATION ... .ottt ereeee st 56
.l SUIMIMAIY. ..ot e ettt e e e e eneee e e e et e e e e e eeeaa e e e s ennnaaeeenen 56
G T o 11 o ] 1Y o | S 58
B.2. 1 FREUEIS...ci it anenane 58
3.2.2  CatCh SCAlB....oeiiiiiicee e 59
3.3 Method for characterizing grawetrically controlled feeding performance.60
3.3l ANAIYSIS i e ean e 61
3.4 Conditions examined in thiS STUAY........ccvvviiiiiiiiiiiiee e 62
3.4.1  ProSOIVHDOQ........cuiiiiiiiiiiiiie ettt anene e 63
3.4.2 Active Pharmaceutical Ingredient (APL)...........ouueiieiiiiiiireeiiiiinn 64
3.4.3 Colloidal Silicon DioXide (SIlICa).........cevvvrreerriiirinmmmreeeeeierree e 65
3.4.4 APl and SilicaPreblend..............ooooiiiiiiieee e 66
3.45 MagneSium STEArale..........cccocuuieiiiiiireee e ee e e e 66
3.4.6  CrOSPOVIAONE.......cevuriueeiiiiiiee e e ceeeti s e e s e e e e e e e e e e e e e e aeeesaaeeaaaaeeeeeeennnnnnnes 67
3.5 RESUNS ... e 68
3.5.1  ProSoIVHDOQ........cccuiiiiiiiiiiiiitieee et 68
3.5.2 Active Pharmacedutical Ingredient (APL).............ouvvveiiiiicceneiiiinnn, 70
3.5.3 Colloidal Silicon Dioxide (SIliCa).........cccevrriiiiiiiieeee e 71
3.5.4 APl and Silica Preblend..............ccccouiiiiiimmnnniiiiiiiiiieeeecee e f 2
3.5.5  MagneSium STEArale........cccceviiiiiiii e ieeee e eeeee e 73
3.5.6  CrOSPOVIAONE......cciiiiiiiiiiiii et e e 75
3.5.7 Effects of feeding conditions on powder flow properties................... 75
3.6 CONCIUSIONS......ouitiieiiiiee et e e ettt e e ae e e e e e e e e e eeeeeenana s smmeeees 76
3.7  Figures for Chapter.3.... oo 79
3.8 Tables for Chapter3.... ..o rree s e e e e 100
Chapter 4. OPTIMIZING GRAVIMETRIC FEEDING OF ZINC OXIDE............. 107

Vii



A1 SUMIMEBIY. ettt eeee e et e e e e ettt e e e et enaneeeetaa e e e eeeesnnn e aaaeennneeeenes 107

A |V - =] g = R 109
G N o 11 o ] =Y o | USSR 111
4.3.1 LoSsin-weight feeders........cccuuiiiiiiiiiii e 111
4.3.2  CatCh SCAIES........ccciiiieee e 113
4.4 MethOUOIOgY.....ccoouiiiiee e 114
4.4.1 Characterization of Steady State feeding performance................... 114
4.4.2 Characterization of powder properties in ET4............oooovviiiivieenneene. 119
A5 RESURS....ciiiiie e 122
4.5.1 Volumetric Feeding TrialS..........oouviriiiiiiiiieeee e aeeee 122
4.5.2 Gravimetric Feeding TrialS...........ccooviiiiiiiiiiee e, 125
4.5.3 General ObI®matiONS........ccuuviiiiiiiiiiie e 126
4.5.4 Effect of feeding conditions on powder properties...........ccccceeeeenne. 127
4.6 CONCIUSIONS. ....uueieiiiei ettt eenee 131
4.7  Figures for Chapterd.........ooo oo s 134
4.8 Tables for Chapterd.......oooooeeiiiiiiiiiiieccr e rree i a e 162
Chapter 5. FEEDRATE DEVIATIONS CAUSED BY HOPPER REFILL OF

LOSSIN-WEIGHT FEEDERS........ccoiiiiiiiiie et 165
S0 R S U1 0] 0= /PSPPSR 165
5.2 EQUIPMENL. ..ot eree e e e e e ennnanne 165
5.2.1 LoSSiN-Weight FEEUErS.......ccoiiviiiiiiiei et reeer s 165
5.2.2 CatCh SCalB....ouiiiiiiiiie e 169
5.3 MELNOAS...ceiiiiiiiiiiie e 169
5.3.1 Catch Scale "Gaiin-Weight" Method................ccoevviriiiieeec i, 169
5.3.2  Fitting BaseliNe........coooiiiiiiiieeee e 171
5.3.3  Quantifying DeViation............ccceviiiiiiiiiieeee e e eeee e 173
5.4 RESUIS ...ettiiiiee e 175
5.4.1 Effectof Refill Scheduling..........ccooviiiiiiiiieee 175
5.4.2  Repeatability........cceeeeiiiiieeiiiiiiieeee e 177
5.4.3 Effect of Material Properties.........ccccuviiiiiiiiiieeeiiiiiiiiieieeeeeee e 178
5.4.4 Investigaion of Refill Method............ccooeviiiiiiiiiiceei e 180
5.5 CONCIUSIONS. ...uuiiiiiiiiiiiiiiiie ettt nee s 181
5.6 Figures for Chapter.h.... ..o e 182

viii



Chapter 6. TRACEABILITY OF RAW MATERIALS WITHIN CONTINUOUS

PHARMACEUTICAL MANUFACTURING. ..o 197
6.1 INTOTUCTION....uiiiiiiiiiiiiiiee e nee s 197
6.2 Continuous Manufacturing SYSteIm............coooiiiriiimere e 198
6.3 MELNOUS....eeiiiiiiiiiie e 199

6.3.1 Residence Time Distribution (RTD) Experiments................cccovvunee. 199
6.3.2 Residence Time Distribution Fitting...........ccccvvvvvmmiiimemniiiiiiinieee 202
6.3.3  CONVOIULION. ..ottt e e e en e eeeeaeaeeas 203
6.3.4 Traceabiliy of Raw Materials in Continuous Processing Systems...205
6.4  "BatCh"” DefiNitiON........cccuiiiiiiiiiiiii e 206
8.5  RESUIS ..o et a e e et 210
6.5.1 Identifying Sources of DisturbanCes............ccoeevvvvvviimeee e 210
6.5.2 Feeder Fluctuations and Filterability of the Mixer...................oovvnnee 212
6.5.3 Traceability of Pulse Disturbances..........cccccoeviiiiiiiccciiiiiii e 215
L T ©0 T o 10157 (o ] o L3S 220
6.7 Figures for Chapter.G........ccoooeiiiiiiiiieeee e 222

Chapter 7. CONCLUSIONS ANDRECOMMENDATIONS.........cccooiveevviiii e 242
7.1 CONCIUSIONS. ...ttt s 242
7.2 Recommendations for future WOrk...........cccccoeeeiiiiieeeeeeee e 245

7.2.1 Powder properties database correlatian................cccooivees 245
7.2.2 Residence time distribution (RTD) studies..............uvvvvviiiiccmnnennnnnns 246
7.2.3  Optimizing the Blender.............ooouiiiiiiiiiieeei e 248
7.2.4  Sensing Frequency with Measurement ELtQr...........cccceeeeeeviecernnnnnns 248

7.3 Figures for Chapter.Z......ccoo oo 249
REFERENGQCES. ... ... e rree e e e e e e e e e rmma e e e anaas 253



LIST OF TABLES

Table 2.1: Pharmaceutical POWAEIS..........ccoeeeiiiiiiiieeee e 53
Table 2.2: Rotation rate of screws and agitator for the KT35 with corresponding
L0 L8 = (04 = 54

Table 2.3: ANOVA of Avicel 102 feeder characterization data with interactions (n=2 and
L T O - 0 S TPRPP 55
Table 3.1: Feeder capacity of KON feeders...........uuveiiiiiiiiiiicceciciieieee e, 100
Table 3.2: List of available screefos each kTron feeder model.......................... 100
Table 3.3: FOrMUIATION.........oeeeeeieeee e errer e e e e e e e e e e e eeenenenes 101
Table 3.4: Component gravimetric and calculated volumetric feedrates........... 101
Table 3.5: Volumetric Capacity for the Kron KT35........ccoooiiiiiiiiiiiiiiiieeee e 102
Table 3.6: Volumetric Capacity for the KON KT20........ccccoeeeiiiiiiiiiiiccceeeeee, 102
Table 3.7: Volumetric capacity of the KON MT12.........oovvviiiiiiiiiiii e 102
Table 3.8: Feeder testing configurations for Prosolv HDQQ...............ccoevveeeeennn. 103
Table 3.9: Feeder testing configurations for ARL..........cccooviiiiiiiceciiiiiiiieee e 103

Table 3.10: Feeder testing configurations for colloidal silicon dioxide................ 104
Table 3.11: Feeder testing configurations for APl ahdosi dioxide preblend........ 104
Table 3.12: Feeder testing configurations for magnesium stearate.................... 105
Table 3.13: Feeder testing configurations for crospovidone..............cceeeeveeeeennn. 105
Table 3.14: Changes to the API feeding
INCOMPALIDIE. ... e e e e e e e e e et e e mnme e eeeeeaaananes 106
Table 3.15: Changes to the API [/ silica
were found to be incompatinle...........cccoooiiiiiii e 106
Table 4.1: Composition of materials as specified by the manufacturers............. 162
Table 4.2 Linear fit for volumetric capacity feeder trials for Grillo Pharmas........ 163
Table 4.3: Linear fits for volumetric capacity feedealtr for Norzinco CFS........... 163
Table 4.4: Freeman TeCh FT4 reSuUlS..........oooiiiiiiiiiieee e 164



LIST OF FIGURES

Figure 1.1: Diagram of the main components of a-lnosseight feeder. A volumetric
feeder is mounted on a load cell with a feedback controller monitoring and controlling
L(ST=To | = L= PP PPPPUTRPPRPR 12

Figure 1.2: a.) Attachments used by Kehlenbetcklto improve feeding constancy. b.)
The standard deviation of mass flow results for the various feeding attachments135]

Figure 1.3: Standard deviation versus vibration amplitude for a screw feeder as displayed

in the results by Tard@® al[6] ..........coouviiiiiiiiii e 14

Figure 1.4: Depiction of the feed factor array described in the patent by Wilson and Loe
G 7 TR PTUURRPUPPPN 15
Figure 1.5: Depiction of the redd@&nt and loadceihstrumented replenishment hoppers
described in the patent by Aakb al[35]......cccooviiiiiiiiii e 16

Figure 1.6: a.) Depictioaf the redundant feeder and b.) control signals described by
WIISONEL @I[36] ..eeeeeiiiieeieeiee et e e enenseeeenee e 17

Figure 2.1 K-Tron KT35 feeder with Schenck Accurate AccPro Il catch scale....38

Figure 2.2 K-Tron KT35 feeder tooling. Consists of4 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 (FSgS) and coarse square screen
(CSQS) The feeder can also be run without a screen (NOS).......ccoeeeeeiiiiiiieeeneennn. 39

Figure 2.3: Lossn-weight feeder characterization setup for monitoriagdrate and
determining steady state performance. The catch scale is used to colleict\gaight
data from the outlet Of the TREUE .........eiiiii e 40

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 thErddh KT35 feeder with

the coarse auger screws and no screen. The top row is for 20% &attdma row is

50% of the maximum screw speed. All are run at their respective gravimetric setpoints.
............................................................................................................................... 41

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 iterati@e(i+/
rapidly causes standard deviationto come to a limit...........cccccovvevviceciciiiinnnnnn... . 42

Figure 2.6: Using iterative filtering with bounds 0f3/0 wi t h t he poor i ni
average feedrate and standard deviation being calculated fromnfiiered data
involves numerous extra filtering iterations than starting with better selected initial
VBIUBS ...t 43

Figure 2.7: Smeple 1 second interval catch scale data before any applied filter with a
catch bucket change at ~60 SECONAS...........uuuuiiiiiiiiecc e 44

Figure 2.8: Samip filtered 1 second interval catch scale data (Blue) with its normal
fitted distribution (Red). Also marked with a horizontal line is the mean value (LighI
Blue), the setpoint (.Pur.pl.e)...and..t.hAe N3

Xi



Figure 2.9: Normal Gaussian distributions and normal probability plots for t{firoiK

KT35 lossin-weight feeder characterization trials. The top plots (a.) are for fgedin
FastFlo Lactose at 70 kgéheanmiindo tthwei nrcoaar
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.............oovvvvvieemreieieiiinnnnnns 46

Figure 2.10: Sample visual representation of the characterization combinations fer the K

(0] I S 1 T8 (== o = PRSPPI 4

Figure 2.11: Volumetric capacity for the various combinations of feeder screws and
0101117 =T £ PP PRPPPPTN 48
Figure 2.12: NnRat holingo and bridging s
Purefeed feeder feeding a very cohesive powder............ccoovviiieeeei e, 49

Figure 2.13: KTron KT3506s fine auger twin screws
material which reduces the feedrate by reducing the effective flight volume of the screws.

............................................................................................................................... 50
Figure 2.14: Standard deviation plotted as a function of average feedrate of the KT35
feeder characterization data for AVICel 102...........cccuvviiiiiiiieeeiiiiiiiiiiiee e 51
Figure 2.15: Relative standard deviation (RSD) plotted as a function of average feedrate
of the KT35 feeder characterization d&aAvicel 102.............ccooevviiiiiiiieeen e, 52
Figure 3.1: Diagram of a direct compression continUOUS ProCess..............vvvveuen-. 79
Figure 3.2: KTron KT35 feeder with Schenck Accurate AccPro Il catch scal@rdh
KT20 feeder, and KTToN MT12 fEEUEGL..........uueveeiiieeiee e 80

Figure 3.3: KTron twinscrew feeder tooling. Each feeders tooling consists of 4 sets of
twin screws: a) coarse auger screw (CAS), b) fine auger screw (FAS), c) coarse concave
screw (CCS), and d) fine concave screw (FCS). e) The screws from each feeder are only
compatible with that feeder as they are different sizes. f) The screens for all the feeders
are displayed together for comparison. KT35 has two screens (top): fine sgueen

(FSgS) and coarse square screen (CSqS). The KT20 has three screens (middle): fine
square screen (FSqS), medium square screen (MS@S), and coarse square screen (CSqS).
The MT12 has four screens (bottom): fine square screen (FSQS), coarse ssyere
(CSQqS), fine slotted screen (FSIS), and coarse slotted screen (CSIS). All of the feeders
can also be run without a screen (NQS).........uuiiiiiiii e 81

Figure 3.4: a) Time series data and b) probability distribution function (PDF) for the
KT20 with Coarse Concave Screws (CCS) and Medium Square Screen (MSqS) feeding
Prosolv at 13.3 KG/NI.......ooo e 82

Figure 3.5: a) Time series data and b) probability distribution function (PDF) for the
KT35 with Fine Auger Screws (FAS) and No Screen (NoS) feeding Prosolv at 13.3 kg/hr.
For compaison, c) Simulated Sine wave and d) itS PDE...........ccooovviiiiiiccneeeniinnns 83

Figure 3.6: Feeding performance as RSD as a function of feedrate for the Kdatgfe
Prosolv HD90. See Figure 3.7a for a rescaled plot showing the best conditions.84

Figure 3.7: Feeding performance of PlesdD90 being fed by (a) KT35 and (b) KT20

Xii



Figure 3.8:Feedrate data as a function of time for the feeding of Prosolv HD90 being fed
from (a) KT35 with fine auger screws and no screen, (b) KT35 with fine concave screws
and no screen, and (c) KT20 with coarse concave screws and no .screen........... 36

Figure 3.9: Feeding performance of KT20 feeding Prosolv HD9O....................... 87

Figure 3.10: Feedrate data as a function of time for the feeding of Prosolv HD90 being
fed from KT35 with fine auger screws and no screen displayed (a) using different moving
averages and (b) using simulated simgpintervals. (c) The effect of sampling interval

on relative standard deviation (RSD.)...........coiiiiiiiiiiiieee e 88

Figure 3.11: Feeding performancepafe component API fed by the Kron KT20....89
Figure 3.12: Picture of feeder (a) without static eliminator and (b) with statmnator

............................................................................................................................... 90

Figure 3.13: Picture of silicon dioxide buildup for (a) without static eliminator and (b)
WIth Static @lIMINATOL........coiiiiii e 91

Figure 3.14: Feeding performance of both KT35 and KT20 feeders feeding silicon
(010 D[ [ USSP PPUPPRRRSR 92

Figure 3.15: Feeding performance of API/ Silica blend fed by thedfa KT20......... 93

Figure 3.16: Feeding performance of MT12 feeding magnesium stearate..........! 94

Figure 3.17: Feeding performance of KT20 feeding magnesium stearate at nominal
L= L= L= SRR 95

Figure 3.18: Long term feeding performance for the feeding of magnesium stearate being
fed DY KT20 @n0 MTL2.. ...t eeeeii et e e eess e e e e e e e aaeaaeeeeeeeeans 96

Figure 3.19: Feeding performance for the KT20 feeding crospovidone............... 97

Figure 3.20: Freeman Tech FT4 compressibility results for Prosolv HD90 being fed with
various feeder tooling. No significant effect of feeder configuration was found... 98

Figure 3.21: Freeman Tech FT4 shear cell test results for Prosolv HD90 being fed with
various feeder tooling. No significant effect of feeder configuration was found....99

Figure 4.1: Visual inspection of Norzico CF8 material after spontaneous aggregation
caused by tumbling in @ rotating drum...............uuuiiiiiiire e 134

Figure 4.2: Particle size distribution for Grillo Pharma8 and Norzinco CF8 Zinc Oxides
as measured by a Malvern Mastersizer 2000..........cccceeeeeeeiiieeeiieee e 135

Figure 4.3: a.) KTron KT35 feeder with Schenck Accurate AccPro Il catch scale. KTron
KT35 feeder tooling consists of b.) 4 sets of twin screws: dmecave screw (FCS),

coarse concave screw (CCS), fine auger screw (FAS), and coarse auger screw (CAS). c.)
There are two screens: fine square screen (FSQS) and coarse square screen (CSqgS). The
feeder can also be run without a screen (NOS).......cccceeeviiiiiiieeeie e 136

Figure 4.4: a.) Sideiew of the Gericke GLD87 feeder; b.) Front view of the GLD87
with the faceplate and nozzle removed for a visdathe screw and agitator internal
arrangement; c.) Various screws for the GLD87: Size 2 (Helix & Auger), Size 3 (Helix

Xiii



& Auger), and Size 4 (Helix & Auger); d.) Common agitator blade (top left), screw
specific agitator blades (top right) and the combiagiator assembly (bottom)......137

Figure 4.5: Gericke GAC232 screw and agitator Setup...........ccceeveviviieeeneeeeeenn.. 138
Figure 4.6: Lossn-weight feeder characterization setup for monitoring feedrate and
determining steady state performanCe.............ccovriviiieeee e 139

Figure 4.7: Sample catch scale data (Blue) with its normal fitted distribution (Red). Also
marked with a horizontal line is the mean value (Light Blueg, gétpoint (Purple), and
the 20 interval a.ur.o.und..t.he..me.a.n..(.Grlde n) .

Figure 4.8: Probability distribution functions (PDF) and &aan fit approximations for

the Gericke GLD87 feeding Norizinco powder with a size 3 helical screw for each of the
following gravimetric setpoints: 14.2 kg/hr, 30.2 kg/hr, and 46.9 kg/hr. Only the PDF
for the 14.2 kg/hr setpoint shows a p@aussian dtsibution................cccccceeeeeeereeee. 141

Figure 4.9: Probability distribution functions (PDF) and Gaussian fit approximations for
Grillo material fed at ~@% maximum screw speed from a.) Gericke GLD87 with Helix3
screw, b.) Gericke GAC232 with Helix8 screw, and c)TkKn KT35 with coarse
CONCAVE TWIFSCIBWS ... utttiiieieeeeeeeeeee e e e seete ettt ettt e e e e e e e e e e s e s s s amme e e e e e e e e e e e e s s s s s s annnannne s 142

Figure 4.10: a.) Probability distribution function and b.) feedrate time series data
generated from the results for theTgon KT35 with fine auger screw volumetrically
feeding Grillo zinc oxide powdeat 10% of the maximum screw speed................. 143

Figure 4.11: Sampling of the volumetric capacity plots (Average Feedrate versus %
Screw Sped) for the Gericke GAC232 (left, squares are the Norzinco data and triangles
are Grillo data) and Gericke GLD87 & KTron KT35 (on right)...........ccccevvvvenneeen. 144

Figure 4.12: Relative standard deviation versus % screw speed for the different
combinations of feed tooling and feeders (a. Gericke GAC232, b. Gericke GLD87, c.
QL (oL Al LIS 1) PSP ESRR 145

Figure 4.13: Relative standard deviation versus flight passes / minute for the 3 feeders
(Gericke GAC232, Gericke GLD87, KTron KT35) feeding the two powders (Grillo
Pharma8 and Norzinco CF8) widifferent combinations of feed tooling................ 146

Figure 4.14: Relative standard deviation versus the feedrate for the three feeders (a.
Gericke GAC232, b. Gericke GLD87, and c. KTron KT35) feeding the 2 powders (Grillo

Pharma8 and Norzinco CF8) with different feed tooling.............ccccceeeivieeeni e, 147

Figure 4.15: The gravimetric performance of the three tested feeders (Gericke GAC232,
Gericke GLD87, and KTron KT38).......uuuuiiiiiiiieee e eeceeeiiisee e eee e eevveene e e e e 148

Figure 4.16: The gravimetric performance of the two smaller feeders (Gericke GLD87

=110 I S I 0 T S 1) TS 148
Figure 4.17: KTron KT356s fine awuger t wi
material which reduces the feedrate............uuueiiiiiiiceci e 149

Figure 4.18: Power spectra of feedrate data for the KTron KT35 feeding at 20% and 50%
of maximum screw speed with no screen and with coarse concaxedesaling screws.

Xiv



Figure 4.19: Samples showing the visual effects of feeding caused by various discharge
screen conditions on zinc oxide powders. e Tbp row is the Grillo material and the
bottom row is the Norzinco material. From left to right (lowest shear to highest) is the
bulk virgin powder, fed without a screen, fed with the coarse square screen, and fed with
the fiNe SQUAIE SCIEEIM......cci i ittt e e e e e e e e e ennnns 151

Figure 4.20: Dynamic flow measurements flowability energy profile for stability and
variable flow rate testing of bulk, low shear, angjhhshear feeding of Grillo and
NOIZINCO ZINC OXIAE POWHEIS......cieee e e e e eeeieeeeeee e eee e 152

Figure 4.21: Basic Flowability Energy from the dynamic flow ne@sents stability
test of bulk, low shear, and high shear feeding of Grillo and Norzinco zinc oxide
0101110 1= € SRS PRPPPPPN 153

Figure 4.22: Spdfic Energy from the dynamic flow measurements for bulk, low shear,
and high shear feeding of Grillo and Norzinco zinc oxide powders..................... 154

Figure 4.23: Permeability profile for bulk, low shear, and high shear feeding of Grillo
and NOrzinCo zinC OXide POWAEIS.......cccoiiiiiiiiiiieee e e e 155

Figure 4.24: Conditioned Bulk Density for bulk, low shear, and high shear feeding of
Grillo and NOrzinco zinC oXide POWAEIS..........uuuiiieiiiiiiii e 156

Figure 4.25: Pressure Drop @ 15kPa for bulk, low shear, and high shear feeding of
Grillo and NOrzinCo ziNC OXIide POWEIS..........uuurrueeiiiee e s ceeetinire e e e e e e e e e e e e e eeeaeeeeens 157

Figure 4.26: Flowability Energy of Aeration for bulk, low shear, and high shear feeding
of Grillo and NOrzinco ziNnC OXide POWAELS........ccvuiiiiiiiiiiiii i 158

Figure 4.27: Aeration Ratio for buk, low shear, and high shear feeding of Grillo and
NOIZINCO ZINC OXIAE POWHEIS.......ccoi it ee e ee e e 159

Figure 4.28: Compressibility for bulk, low shear, and high shear feeding of Grillo and
Norzinco zinc oxide powders: a) as a function of Normal Stress and b) at 15 kPa Normal

Y 1T TSP PP 160
Figure 4.29: Shear Stress for bulk, low shear, and high shear feeding of Grillo and
NOIZINCO ZINC OXIAE POWHEES.... .. e eiiiiiiie e et eemee e e et e e e e e mmmr e e e e eaaaaas 161

Figure 5.1: a.) Diagram of the main components of ailesgeight feeder including a
refill system and gravimetric controller with labelsr fthe main control signals. b.)
Photograph of a Gericke GLD87 feeder in a testing setup with an attached automatic

refill system located on the platform above............ooooiiiii e 182

Figure 5.2: Lossn-weight operating principle dipicting the legsweight feeding cycle
created by periodic hopper refill..........oooo e 183

Figure 5.3: Gericke Type RA bin discharger which has a agitator blade and a gate to
dispense material from a Din..........oooiiiiii e 184

Figure 5.4: Automatic Vacuum Refill SyStem............uuuiiiiiiiiieeciiiiiiiiiiiieeeeeeeee 185

Figure 55: Depiction of the experimental setup using a-gaiweight bucket on a catch
scale to monitor the feeding performance during the refill process..................... 186

Figure 5.6: Example data of the filtering of feeder hopper refill trials................ 187

XV



Figure 5.7: Methods for quéfying the deviation from setpoint: a.) magnitude of the
maximum deviation, b.) the time that the feedrate is out of specification, and c.) the total
deviation / powder fed IN EXCESS.......ooovviviiiiiieee e ereer e 188

Figure 5.8: Deviations from setpoint caused by hopper refill in a Gericke GAC232
feeding zinc oxide powder using three different low hopper levels: 20%, 40%, and 60%.

Figure 5.9: Catch scale data for the feedrate data from the KTron KT35 feeding Grillo
Pharma8 under different conditions: a. No screen, low rate kfiio screen, high rate

refill; c. Coarse square screen, low rate refill; d. Coarse square screen, high rate refill. In
each picture, the spike on the left is caused by refilling the hopper when it is at the 20%
fill level, the spike in the middle correspas to refill at the 40% level, and the spike on

the right is observed when the hopper is refilled at the 60% fill level.................. 190

Figure 5.10: Catch scale feedrate data for several series of 5 repeated manual refills of
the KTron KT35 feeding Grillo Pharma8 zinc oxide at 3 refill levels. a.) 20% to 80%
hopper refill; b.) 40 to 80% hopper refill; c.) 60 to 80% hopper refill; d.) platlicferies

for time scale reference. The first 3 refills in each series has a settling time of 10
seconds, whereas the last 2 refills of each has a reduced settling time of 5 secaads.

Figure 5.11: Performance indicators extracted from the catch scale feedrate data (shown
in Figure 5.10) for series of 5 repeated manual refills of the KTron KT35 feeding Grillo
Pharma8 at 3 refillevels. a.) The maximum deviation from setpoint, b.) total time of
deviation, and c.) total deviation (total amount of excess powder delivered per refill) all
decrease as the refill is performed at higher hopper fill levels..............cc.oooooeeei. 192

Figure 5.12: Catch scale feedrate data for several series of 10 repeated manual refills of
the KTron KT35 feeding a Se+hiine Acetaminapheand 0.25% silica blend for 20% to

80% hopper fill refills. Scaled to show the large variation in deviations caused by
L1183 11 0o TSRS 193

Figure 5.13: Catch scale feedrate data for several series of 10 repeated manual refills of
the KTron KT35 feeding a Se+hiine Acetaminaphen and 0.25% silica blend at 3 refill
levels. a.) 20% to 80% hopper refill; b.) 40 to 80% hopper refill; c.)o680% hopper

refill; d.) plot of all series for scale reference............ieiiiiiccciiiccii e, 193

Figure 5.14: Performance indicators extracted from the caigle feedrate data (shown
in Figure 5.13) for series of 10 repeated manual refills of the KTron KT35 feeding Semi
fine Acetaminaphen and 0.25% silica blend at 3 refill levels. a.) The maximum deviation
from setpoint, b.) total time of deviation, and mjal deviation (total amount of excess
powder delivered per refill all decrease as the refill is performed at higher hopper fill

Figure 5.15: Performance indicators extracted from the catch scale feedrate data for the
KTron KT35 feeding zinc oxide as well as for the feeding of Sémei Acetaminaphen

and 0.25% silica blend at 3 refill levels. a.) The maximum devidtmm setpoint, b.)

total time of deviation, and c.) total deviation (total amount of excess powder delivered
PEF TETIL). et ——————————————— 195

XVi



Figure 5.16: Feedrate data during®0% hopper refills of the Kiron KT20 using a.) an
automatic vacuum refill system and b.) theTkon KT35 setup as a volumetric screw
=1 LIRSS YAS] (= o O UUSPPPPRPTRR 196

Figure 6.1: ERESOPS Prototype Direct Compaction Line located at Rutgers University:
a.) Photo of the platform, b.) Model ofetlplatform, c.) Simplified model of the system
showing the connected unit operations without the scaffolding.......................... 222

Figure 6.2: Dpiction of the tanks in series model where n=3............ccccceeeiieenn, 223

Figure 6.3: Residence time distributions for tanks in series model havingaa me
residence time of 1 and a number of tanks ranging from 1 to infinity.................. 223

Figure 6.4: Visual representation of the convolutieahnique for two residence time
distributions (RTD), E1 and E2. a.) Discrete approximation of E1, b.) E2, c.) El's
Discrete approximatioscaled responses of E2 and their sum d.) Sum of impulse
responses for a time interval of 2.4s and result tomvolution function................. 224

Figure 6.5 Representation of the convolution of two residence time distributions (RTD),
E1*E2, plotted with the two component RTDs, E1 and.E2..............ccc.cvvvveemneeee. 225

Figure 6.6: Residence time distribution of the individual unit operations and overall

Figure 6.7: Visual coparison of batch definition for: a.) "Traditional" Batch
processing, b.) Continuous "Plug Flow" Processing, and c.) Realistiep{agnflow)
Continuous Processing. The dottates represent arbitrary divisions between batches.

Figure 6.8 Depiction of batch definition for continuous processing, which removes the
interface regions (in yellow boxes) between batches. The remaining material between
these regions then become the batches (in green baxes).......cccccceeviiiiiccnennnn. 227

Figure 6.9: Define the boundaries of a batch for a continuous process by using: a.)
residence time distribution (RTD) and b.) cumulative distribution functiddH)C The
boundaries shown here are 0.5% and 99.5%, which may not be the ideal values, but were
chosen to demonstrate thiS EXEICISE.....uuu i 228

Figure 6.10: Sources of content uniformity variability: a.) Feeder Fluctuations, b.)
Deviations caused by refill, c.) Downspout accumulation, d.) Feeder Bearding..229

Figure 6.11: Simulated results for arodal sine wave feed stream being fed to a
blender with a narrow residence time distribution (in comparison to Figure 6.12). a.)
residence ime distribution, b.) concentration profiles for the inlet and outlet of the
blender, c.) calculated filtering ability of the blender as a function of frequency, d.)
frequency domain of inlet and outlet Streams.............ooovvvvviieeerereeeeei 230

Figure 6.12: Simulated results for arodal sine wave feed stream being fed to a
blender with a broad residence time distribution (in comparison to Figure 6.11). a.)
residence time distribution, b.) concentration profiles for the inlet and outlet of the
blender, c.) calculated filtering ability of the blender as a function of frequency, d.)
frequency domain of inlet and outlet Streams.............ooovvvvviiieeeenieeeeee 231

XVii



Figure 6.13: Effect of changing number of tanks in the tanks in series model: a.)
residence time distribution, b.) ability to filter fluctuations ofeiént frequencies...232

Figure 6.14 Effect of changing the mean residence time in the tanks in series model: a.)
residence time distribution, b.) ability to filter fluctuations of different frequencie233

Figure 6.15: Simulation results showing the active pharmaceutical ingredient (API)
concentration profile for the various unit ops and their response to a pulse of APl added
to the entrance to the mill. The blendhas a mean residence time of 41.6 seconds and a
standard deviation of 12seconds. The size ofthe pulse is: a.) 0.25¢,.b.).1g....234

Figure 6.16: Simulation results showing the active pharmaceutical ingredient (API)
concentration profile for the various unit ops and their response to a 1g pulse of API
added to the entrance to the mill. The blender has a mean residence time ahdla7s
standard deviation 0T 24.0S.........oooiiiiiii e 235

Figure 6.17: Residence time distribution with vertical lines representing the mean (68.8s
in red) and standard deviation (22.4s in green). The sampling interval represented by the
diamonds is 8.96s, which was selected based on using 5 points across double the standard
(0 == (o ] o PP P PP PPPPPPPPPPPTRR 236

Figure 6.18: a.) API concentration pulse response resulting in various amounts of OOS
material with a pass/fail value of 125% API concentration. b.) Zoomed version for better
reSOIUtION OFTNE PEAK.........oiiieeeee e errr e e e e e e aeeeas 237

Figure 6.19: Probability of detection as a function of samplreguency for pulses
resulting in various amount of OOS material: 1%, 2%, and.5%...............ccc.o..... 238

Figure 6.20: Concentration profile for a pallresponse resulting in a peak of 125%
concentration. The red horizontal dotted line indicates a 121.75% limit and the two
vertical blue dotted lines indicate the width of the standard deviation (22.4s) of the
corresponding RTD, which is show in FIQUIAB...............coovviiiiiiiiiieemeeeeeeeeeiiee 239

Figure 6.21: a.) API concentration pulse response resulting in various amounts of OOS
material with a pass/fail value df21.75% APl concentration. b.) Probability of
detection as a function of sampling frequency for pulses resulting in various amount of
OOS material: 1%, 2%, and 5% for both 121.75% limit and 125% limit. OOS material
is determined by 125% limit in DOUASES...........evvvviiiiieiii e 240

Figure 6.22: Probability of detection as a function of sampling frequency for pulses
resulting in various amount of CG®material: 1%, 2%, and 5% for both a continuous
process with online PAT (solid lines) and a batch process (dotted lines) with offline
random sampling. OOS material is specified by an upper limit of 125% concentration,
and the limit used for detectionli®1.75% concentration...............cccccvvvvvieeensnnnnns 241

Figure 7.1: Relative standard deviation of feedrate for the feeding of fastflo lactose,
avicel 102, ad ceolus in the KTron KT35 without a discharge screen and using: a.)
coarse conave screws, b.) fine concave screws, c.) coarse auger screws, d.) fine auger
ST (=1 TSP 249

Figure 7.2: Relative standard deviation (RSD) of feedrate plotted as a function of: a.)
gravimetric displacement rheometer (GDR) measured flow index and b.) dilation number
froma tumMBlING ArUML... ..o e e 250



Figure 7.3: Mixing regions within a mechanically agitated screw feeder............ 251

Figure 7.4: Dipiction showing the effect of sensing error on determining pass/fail
sensing. The purple curve represents the pulse response of the system. The red dotted
line represents a pass/faiinit. The sensing error is represented by a blue gaussian

(o1 1 | 1 £ 252

Xix



Chapter 1. INTRODUCTION

1.1  Motivation

Across industry, continuous processing finds widespread applicatienio its many

technical and economic advantaggéf [3]. However, in powddiased marfacturing

processes that require a high degree of accuracy in product compadsigocan be a
troublesome proposition. Despite the many
stateo powder processing, whi ch include
controllability, and reduced labor requirements, powder processing often focuses on
suboptimal batch manufacturing, primarily due to lack of understanding of pdioder

behaviorin continuous manufacturing.

In continuous manufacturing, it is necessarypéoable toadosepowders consistently and
accuratelyinto subsequent unit operations, but for powders the ability to do this is limited
by the accuracy of the feeding equipmenbss in-Weight feeders have improved the
ability to control feedrate and minipe flow variability caused by bulk density changes
associated with the emptying of the feeding hodggr This is helpful once a feeding
system is sefu 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 los$ in-weight feeders, most of the existing knowledge regardingre(ihthe effect
of powder properties on flow rate intermittence, or (ii) the effect of feeder design and
operation ondischargedpowder propertigsresides with the equipment manufacturers.

There has been some published work on improving feeder perfoeméon instance by



using various devices at the dischafgg or vibratory hopper agitatiofo], 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 he feeding of granular materials.

The workpresented in this dissertatifacuses on the development of a fundamental and
practical understanding of the impact of powder material properties, device design, and
operating conditions on the variabilty in pder feed rate and on the effect on
dischargedpowder material properties that can be applied to-ilmsgeight powder
feeders. Thiseffort stared systematically with the development of a method for the
characterization of losgrwe i g ht f e renahee r(SpécificpAar 1Y tbat couldbe

used to aid in the proper selection of feeder tooling for a given powder at a given
feedrate. The steady state performance of the fee@demsvaluated for various operating
conditions tocharacterizethe baseline performandiat could be expected from the
feeders when thegperatedwithout any significanexternaldisturbances (Specific Aim

II). Then the effects of disturbances (specifically the upstream process that results in the
refilling of the feed hopperwereevaluated(Specific Aim Ill). Finally, the downstream
effects from fluctuations in the feederere evaluated with the integtion of the feeder

into a continuous direct compaction littkough the use RTD modeling(Specific Aim

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

1 AimI: Method developmer(Chapter 2
1 Aim II: Evaluation of Steady State Feeder Performa(Céapter 3

Chapter 4
1 Aim Ill: Investigation of the effects of Powder Feedrefilling (Chapter
5)

1 AimIV: Downstream effects of feedin@ fapter 6



1.2 Background

121 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 operdfipf$l],

making the ability to consistently and continuously feed a powder one of the most
importantchallengesof the overall process. latch 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 relieavily 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 mak#®e delivery of aconsistent flowrate a challenge.
Regardless of the compsons and similarities to fluid, dry powdsftow differently due
to the tendency of powder to clump and aggregakech causeshe flowrate of powders

to fluctuateeven wherihe overall mean rate remains constant.

1.2.2 Feeders
To feed the many different types of powders wirying degrees of flowability for
diverse applications, many powder feeder designs have been develt@gd[13].
Feeding equipment manufacturers try to keep the designs flexible by approaching the
feeding equipment as a set of different parts that can be assemileidg the feeders

modular and interchangeable. Typical feeders wouldlésgned with the following



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

but othercomponentsire equally important in the overall design of a feeding solution.

There are a wide variety of hoppers, feed tooling, weigplagorms, 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 condethtolume 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 feedrktedrate can be

described by the following general equation:

= r, W (1-1)
where r,,is the bulk density and¥is the volumetric feedrate. In order for the
volumetric feeding principle to maintain a constant mass feedré)e the bulk density
must remain constar¢]. This is fine where density does not vary, but powders are

known to change density depending on the state of consoliddfidii[16],

environmental factors (such as moist[iré]), and changes ipowder properties (such as



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 ¢ Control Principle / Loss -in-Weight

The most significant improvement to continuous feeding is the ability for gravimetric or
lossin-weight control, which uses feedback control to adjust the mass feedrate. This
ability to control mass feedrate allows das-weight feeders to greatly improve feedrate
control by minimizing flow variability due to density changes associated with the

emptying of the feeding hopp§4].

1.2.3.2 Gravimetric controlled Batch feeding

In the case of batch processing, gravimetric control can be achieved by two different
methods, gakin-weight batching (GWB) and loss-weight batching (LWB). In GWB,

each component is fed into the baiodividually by a volumetric feeder controlled by

the gainin-weight (GIW) signal measured by a loadaaitrumented collecting vessel.

This is time consuming, especially when there are a large number of ingredients, because
ingredients must be fed inggence, 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 arth-legsght (LIW)

controls.

1.2.3.3Lossin-Weight

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

subsegent unit operations. So in this case, or in the case of feeding multiple components



in a batch system, lose-weight feeding is used. This enables the ability to monitor the

feedrate of each component individually.

Although there may be small differessbetweenthema nuf act ur er 6 s al gor
loss in-weight control, the general design and methods are the sAth&ss-in-weight
feeders consist of three paf6d: volumetric feeder, weighing platform (load cell), and
gravimetric controller (see Figure 1). The volumetric feeder is mounted on top of a
weighingplatform that measures the mass of the feeder and its powder hopper. As the
feeder feeds powdethe 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 mechanissnused ito
dispense the powder can incdufl2], [13]: screw[18], vibration[19], belt [20], and

rotary valve[21]. Regardless of type, the theory of gravimetric 1ossveight control

and the function of thieeder remains the same.

Most manufacturers can provide a variety of paired weighing platforms to accommodate
the need for high resolution logsweight data used for control. This ensures that an
appropriately sized loadcell is selected for the @ésieedrate setpoint. In some cases
the weighing platforms consist of multiple loadcells in order to accommodate feeders

with differing geometries or larger sizes.



1.2.4 Improving feeding accuracy

There has beensmallamount of work focused on improving theiformity of feeding
rate by improving the discharge of screw feeders, updating feeding control algorithms

[22]i [24], or designing an entirely netype offeeder.

Kehlenbeck modified the discharge of screw feeders in a variety of \@mgs-igure1.2.

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 timathe typcal axial direction.
Attachments were added at the exidhe dosing tube, includinggrid 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 attadchietetine end of the feeding tube
displayed larger improvement than modifying the dosing tys¢. Tardos used a
vibrating hopper to improve the performance of a screw fefglerFigure 1.3 shows

how the standard deviation of feedrate decreased for increasing amplitude of vibration.
Vibration helpsto gererae flow [25], [26] within hoppers,which aidsin the uniform

filling of flights of screvs in feeders Other flow aidghat could be inclded in feeder
designs due to their ability to improve hopper flow arernal stirring, external paddle

agitation on a flexible wa[R7], and gas assistdibw [28].

125 Refill

Under its standardgravimetric modeof operation a lossin-weight (LIW) feedels
controller compares the observed gravimetric feedrate to thedafieed setpoint.
Depending on the deviation from setpoint, the controller may send a new signal to the
feeder tochangethe speed. However, since the feeder hopper l@dinite volume, a

continuous process requirg@eriodic refill of the feechopper It has become common



industrial practice toreplenishthe feeder when it reaches the lowest level that the
manufacturer would recommend for operatioifror the refill process, it is typically
recommended to initiate filling around 20%ill level andcontinue untitthe hoppefill

level reaches 80%/]29], [30] However,during thisrefill time and a short settling time
thereafter (typically about 1015 seconds)[29], [31]i[33], the feederoperates in
volumetric mode andoes not monitonor control the gravimetric feedrgtepening the
possibility for deviatiors from setpoint Even if the feeder screw continues to rotate at a
constant speed, a potential source deviation occurs when the incoming material
compresses the bed of powder within the hopper, thereby increasidgnsityin the
hopper, causing ovdeeding[34]. Another soure of deviation occurs when the material
becomes aerated by the refill procedure. When this occurs, the powder behaves like a

liguid and flows through the screws uncontrollaj3g].

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]i [36]

In US Patent 4524886 (Séagure 1.4), Wilson and Loe use values stored during the
emptying of the feed hopper to control the screw speeagltefill [34]. This is also the
current method used in the-Kron manufactured feeders. Although this is a method that
can potentially work in a slow refill process, this mett@as problems when refill times

are very short. This is briefly mentioned in theéTkon operations manuals for their twin
screw feeders suggesting that t he ARef i

methods that are longer than 15 seconds in durfg8ig.



US Patent 6446836 (Séagure 1.5) by Aalto and Bjorklund addresses the problem by

using redundant replenishment hoppers instrumented with load[8B]ls 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

di spensing gravimetric feederds controller
refill stream from the replenishment hopper, enabling the feeder to opemtmadified

gravimetric mode throughout the refill process.

Wilson and Bullivant discuss in US Patent 4579252 (Begire 1.6) a method that
bypasses the issue altogether. They use a second feeder to feed while the original one is
refiled [36]. Although this method may have the best results, it also has the
disadvantage of the expense of a secondary gravimetric feeding system and theaddditio
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
Journalarticle on this topi¢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 gal 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, meantto encourage early adoption of new technological advances, facilitate
industry application of modern quality management techniques, encourage
implementation of riskbased approaches, ensure regulatory policies are based en state
of-the-art science, and eahce the consistency and coordination of drug quality
regulatory programg38] A series of guidances have since been published, vitnititer
encourage significant changes to processes used to manufacture pharmaceduticals. The
FDA has published the initial Process Analytical Technology (PAT) Frameya9k

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://ww.ich.org) implemented a trio of quality guidances;
Q8(R2), Q9, and Q1210]¢[42], which introduced valuable new concepts such as quality

by design (QbD).
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Although the regulatory guidances describe iradethat 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 (PQlLnitiative in 2007. This initiative aims

to provide practical solutions for implementation challenges of the ICH guidfiies

[45], while still recognizing that there are multiple satisfactory ways to address the
concepts described in the guidelifd8]. However, there is little focus on providing

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

LIW Feeder Controller
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Figurel.1: Diagram of the main components of a lass
weight feeder. A volumetric feeder is mounted on a load
cell with a feedback controller monitoring andntrolling

feedrate.
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Chapter 2. METHOD FOR CHARACTERIZATION OF LOS%

WEIGHT FEEDING EQUIPMENT

2.1 Summary

Loss in-weight feeders have improved the ability to control feedrate and minimize flow
variability caused by buk density changes associated with the emptying of the feeding
hopper[4]. This is helpful once a feeding system isget Unfortunately, the selection

and setup process for a feeding system is typically based on expeaadoce mpirical
knowledge that is not readily available to the general user. Fainlogsight feeders,

most of the existing knowledge regarding either (i) the effect of powder properties on
flow rate intermittence, or (ii) the effect of feeder designl aperation 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 agitatiof6], but actual specification and sizing
information is lacking. Feedetooling selection (screw, discharge screen, etc.) is
currently performed using trial and ernmethodsand there has been little work focusing

on optimizing the feeding of materials.

This chapter focusesn the development of a method for the charaza¢idn of lossin-

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 tbatafiltering anddataanalysismethodsthat are used

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

process that involves running the feederbimth volumetric and gravimetrianodes.



19

Volumetric studies are performed to determine cagafatiowed 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 evéduperformance in the full
operational range of the-Kron KT35 lossin-weight feeder for three pharmaceutical

grade powders.

After a brief description of materials and equipment (Sei@)) the developed method
is introduced in SectioR.3, and then used to evaluate performance of tHierdh KT35
loss in-weight feeder fothree pharmaceutical grade powders (Seidh Conclusions

are described in Secti@nb.

2.2 Materials and Equipment :

22.1 Materials

The powder materials used in the experimeats 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 Displacdthemneter

(GDR) and the dilatiorvalue isobtained from a simple drum tumblgA6]i [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 proportitmdhe 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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consolidatecpowder bed volume artthe equilibrium powder bed voluenwhile flowing
in a tumbling drum. A higher flow index and/or dilation number indicates that the

powder is more cohesive and harder to flow.

222 Sdhenck Accurate AccPro Il with 7 kg Load Cell (Catch Scale)

A Schenck Accurate AccPBral b fWwas wcbadaatser
lossin-we i ght feedersd per for manc ¢heinternalloadat ¢ h s
celk used ingravimetric lossin-weight feeders use different filtering algorithtos pre

treat the gravimetric signawhich may not allow for accurafgerformancecomparison

between different feedersiccPro Il is a PC Excel program thditains weight readings

from a 7kg strain gage load cell through the Schenck DISOBOX summing box. The
DISOBOX uses a 24 bit Analogdvices A/D converter to obtain the weight readings

every 0.1 seconds. These readings are obtained and stored by the AccPro Il application.
Although the AccPro software includes a bunlitdata analysis that runs in real time as

the catch scale is collecgn only the raw 0.1 second readings are used for- post
processingnd analysis. The AccPro Il catch scale was chosen as a catch scale as it was
large enough to handle the typical feedrates okth&ron KT35 feeder, but still has a

high resolution that caocatch 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

needsto also have very fast response and settling time.

2.2.3 K-Tron KT35 Loss-in-Weight Feeder
TheK-TronKT35 twin screwlossin-weight feeder was designed to handle a large range

of pharmaceutical powdergcluding those with very poor flowabilitywhich are ofen
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lumpy andtend tobuild bridges The design consists of a modular twimft feeder
mounted on a sanitary weigh bridge. Therea variety of feeding screws and discharge
screenswhich allowsoneto feed a large range of bulk powder materialsgure 2.1

displays the KTron KT35 feeder with the Schenck Accurate AccPro Il catch scale, and
Figure2.2 displays a representative samplefefder tooling for the KT35 feeder. At the
bottom of the feed hopper is a bowl containing a horizontal agith&ihelps 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 theomspeed, the screw rate

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

2.3  Methodology

Determining the performance of a powder feeder includes an experimental setup to
collect feed stream data, filtering noise, and analy®fthe many berfis of a method

for characterizing losé-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 p\ga@eral users of

feeding equipment an additional tool to validate that the feeder is perfoatmogding

tot he feeder 6s cToengraviroetrit @mtrol dfithe pde-aveight. feeder

involves a significant amount of noise filtering, andaasesult the process variables

di splayed by the feederds controller often
In addition, a poor or erroneous calibration of the-lose/e i g h t feederds 1o

cause the controller to display a feedrdutet is offsefrom the actual feedrate.
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231 Experimental Setup

Characterization experimentgere performedy using the Schenck AccPro Il scale to

record the weighof powder dispensed by the feederver y 0. 1s for al |l
di ameter a nd et @as usédeto gpledt théd sameBigure 2.3 shows a

graphical representation of the experimental setup used for monitoring feedrate and
determining steady state ni@mance. The feeders wre placed ona sturdy lab bench.

The catch bucket and scalereplaced on a separate lower starithwhe bottom of the
bucket at 100 bel ow t léucketbecomesiull, ibif quitklfe f e e c
replaced byan empy 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 generadonsiderations listed in the work by Erdem have been taken into account

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

air currents.

In addition to catch scale data, the feeder process vatemrecorded including screw

drive speed and hoppéll level. The data from each feedeascompared to the data
obtained from the catch scale. Testing proeekdith first determining the volumetric
capacity of the feedeoperatingat various volumetric speeds (without engaging the
feeder gravimetric control system) Following this, the testig of gravimetric
performancavas perforred 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 testirlg @quires an estimated

average feedrate, tbe tests can be shoriwith 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)

23.2 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%fthe maximum hoppdill level.
3. Run tests with volumetric set posnat 10%, 20%, 50%, 80% and 909% tbe

control magnitude or screw speed.

Volumetric mode is not the typical operation of the feeder and as thelequipment

may not have settings selectthe speed of the screw manually. ®dron feeder used

in this experiment required manually s&ft 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 capity of the feeder at 100% of the control magnituddais is

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

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

233 General Gravimetric 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 pomtat 20%, 50% and 80% of the maximum controllable

speea with initial fill levelat 100% of the maximum fill level.

The maximum controllable feedrate for each feeder can also be determined as the result
ofthebuilti n auto feed factor <cal i br aratheotman pr ogr
running volumatic 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 builh auto feed factor calibration program of the feedehag

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

the estimated feed factarould have some errpras it assumes a linear relatiom
extrapolate the value Althougha nonlinear relationships not very comma 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 feedenand

be used whenever the feeder may nedesktan in volumetric mode. A feeder running in
gravimetric mode will occasionally switch to volumetric mode in instances where
gravimetric control is impossiblsuch asduring refilling ofthe feed hopper awhenthe

feederis fbumped.

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

because if either of tineis miscalibrated then the values collected from these load cells
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would be meaningless. Miscalibration of the dee load cell has an additional
implication since the feeder uses this signal for control. If this is incorrect, the feeder will
misinterpret changes in weighhus controlling to a different value than setpoint. This is
acommonmistake madevhen the wong units are used for a check weighiis 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 Ibs/hr (or
2.27 kg/hr). Unless cheek with a correctly calibrated catch scade 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 thereoiéen a substantiathange in ta
screw filling at lower fill levels. To avoid this issue altogetheis recommended to fill
the feeder close to maximum for testitigereby ensuring that the minimum operation
level is exceeded. Most feeding manufacturers state that this minimu20% hopper

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

234 Analysis and Filtering

The data collected from a catch scale is gaiweight information that can be used

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

feedrate romthe los-we i ght si gnal -omfoadtcdleTomalgzdtha 6 s b u
data, the masgispenseavery 1 seconds used to calculatéhe fed material mass for the

interval. From this dafahe average feedte (# ) can ke calculated for each 1 second

Dt) interval:
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=

21
o (21)

From all the mass flowrates at each intergadlistribution ca bedetermined; ad from

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

calculated:

(2-2)

RSD=> 2-3)
W

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

samples in the distribution.

2.35 Data Analysis: Discrete Fourier Transform:
Using the feedrate data that was obtained through igaireight information collected
by the catch sdg, it is possible to investigate the frequency of fluctuaidmough 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:

S,(f) =, x(V)e "t o

(Forward Transform)

X(t) = i S,(f)e'*"df

(Inverse Transform)

(2-9)
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where x(t) is the time domain representation of the feedrate sighdlf)is the

frequency domain representation of the feedrate signal, and- 1.

To digitally compute the Fourier Transform from a discrete and noncontinuous set of
values,suchas the signal dataollected 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 Mattebased on the FFTW librafy1].

X(K) = & x(j)uk e

j=1 26
(Forward Transform)
N _
X(j) = M/ N)G X (K)o
< 2-7)
(Inverse Transform)

— (-24)/N

where Wy is an N 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 spelbitiFigure 2.4, several of

these power speetare shown. The sources of the dominating frequencies of this twin
screw feeder are not obvious due to interacticats/éen 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 agitatdt.20% the rotation rate of each of the screws is
approximately 60 RPMvith a frequency of 1 HzFor Fast Flo Lactose, this coule the

reason for the peak at Hz, but neither Avicel 102wr Ceolusdisplaythis peak, but
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instead have a peak at ~H3Z. The frequency of the agtator is a little less thanHz5

which could causethe peak that is seen in each ofsth@owders. At 50% of the
maximum screw speed, the frequency is abouttzbwhich again relateto one of the

peaks in the Fast Flo Lade, but again neither the Avicel 16@r the Ceoluslisplaythis

peak. At this screw speed, the agitator would have a frequency oiHz0vehich cauld

cause the peak that is observed at ~1 Hz. There are multiple frequencies that contribute
to feedrate ariability, 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, imrder to eliminate disturbances the feedrate datacaused by
refilling, machine startup/shutdown, etc., the data is filtered by rigorously removing
disturbances from the original data séfs an initial rough filtering method seconds of
dataare removedbefore and after each disturbance (total of 6 seconds in addition to the
perceived duration of the disturbance), as this allows adequate tirtree feguipment to

sette after a disturbance. Disturbances can be detected in the data set by setting
appropride bounddo theacceptablalata. 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 boundsas the feeder controls the feedrate mowdre tigthlythan thiscriterion.
Thus,these bounds will detect significant physical disturbataelse catch scalesuch as

bucket changevers

By comparing the distribution of the original unfiltered data with the filtered, dats

possible to further optimize the filteringquoedure. The initial filtering of an extra 6
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seconds in addition to each disturbance resnla roughly filtered data set thedsan

average feedrate that an initial estimateof the quassteady behavior and a standard
deviation that is relativelylose 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. Afteeach 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 additienal
passes and is representative of the data without the outlying datapoints caused by
disturbances. Shown inFigure 2.5 is the average feedrate and standard atevi

calculated afteeach filtering iteratiorfior a sample data set

The average and standard deviation of the unfiltered data set could also be used as a first
pass, buif there are many disturbancéss will result inan initial estimate that mayon

be close to the true value. In addition, this will requin@ny passes before the average

and standard deviation of feedrate approach a limit as is showigure2.6. In data sets

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

Figure 2.7 shows a sample set of unfiltered catch scale data avdisturbance at ~60
seconds into the set, when a bucket became full and was replaced with a new empty one.
Figure2.8 shows the data after filtering. Aftdéiltering out disturbances, the leftover data

is representative of the questeady behavior of the feeder The fsteady stat@
distribution of the feed rate dataabtained withthe feedepperatingin gravimetric loss
in-weight mode The example prestd in Figure 2.8 showsfeedrate data as a function

of time and its respective distributiomwhich for properly filtered data approaches a
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Gaussiancurve There arewo important parameters for performance that can be
gathered fronsteadyfeedrate signal data: spread of the data (standard devjatieal)ly

as narrow as possibland deviation of the average from the setpad#ally zero

In order to be able to ashe 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
averge and the standard deviatioMoreover, 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 fronKtfeon

KT35 with the coarse concave seléaning 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 lactosekay/70 Figure 2.9b shows
dataobtainedwhen the feeder was feeding Avicel 102 through a fine square discharge
screen at a rate of 106g/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 deai&tivisually

apparent and significant.

2.3.7 Experimental Conditions Examined
The parametric space for tie-Tron KT35 feederwas sampled using tweleoling

configurations three powdersand three feedrate setpointsFigure 2.10 provides a
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graphical representatiosf the experimental designsedfor the characterization of this
K-TronKT35 feeder. For the feeder tooling, there are four sets of twin screws (coarse
conave, 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 -sddfaning with the flights of the pair of screws
interspersedvery closelyto each other. The auger screws are not self cleaning, and
thereforeit is possible for a highly cohesive materialahere to the screws|ling part

of the flight with material that does not get dispensed and iregltice overall theoretical
throughput of the screw pair. At each of these configurations, the feeder performance
was characterized at three different setpoints (20, 50, 80% xifnma flowrate for a

given feeder tooling configuration) using the three pharmacegreak powder: 316

Fast Flo Lactose, Avicel PHI02, and Ceolus K@02. Thus,a total of 108 xperimental
combinations (4 screws * 3 screen configurations * 3 test speeds * 3 powders) were

tested for the characterization of this feeder.

2.4 Results and Discussion:

24.1 Determination of Volumetric Capacity:
The volumetric capacitwasobtainedfor each powder (FastFbactose, Avicel 102, and
Ceolus)and each tooling combinatiorA few of the resulting volumetric capacity plots
are displayedn Figure2.11. The volumetric speedetpoints were 10, 20, 50, 80, and
90% of the maximum speed of the screwBhese speeds were chosen to sample the
whole range of the feeder including those points that are outside of the typical operating

range of 2630%.
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An important observation from theolumetric capacity plots irfFigure 2.11 is the
relationship between the volumetric capacity and the volumetric setpbirdll of the

cases tested in this studyetkelationship was linear, which suggets powders fill the

flights of the screwgonsistentyy. This also signifies that the feed factor calibration for
volumetric operation can be calibrated or calculated from a linearly fitted volumetric
capacity chet. 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 setpdi@i%,

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 fghts at higher feedrates due to bridging over the screws. This can
cause phenomena such as hopper Ar at hol es
above the screws. Under such conditions no material would enter the screw, thereby
stopping the flow. Figure 212di splays an example of Ar at
PureFeedlossin-weight feeder. Other causes that couwébsult in inconsistent screw

filling include the screw becoming coated with powder or powder density changes.
Figure213s hows screw coati ng | @fantilmsgrews withear ( no |
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. AltRasgh
Flo Lactose ran for all tooling conditis and geed settingsAvicel 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 onlgauseda motor overload problem at the highest speed setting
(90%) when used in combination with the coarseeagin screw (CAS)which arethe
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 tegtimgCeolus, both
the coarse auger twin screw and the fineesuwin screw had a motor overload error
with the fine square screen and could not be, mmd thus were not tested in the
gravimetric performance testing with the fine square scréldw reason for these motor
overloads is that as the screws were puspimgder through the screens, and since the
screen added resistance, the powder was compreghedh greatly increased the torque
needed to continue pushing the powder through the holes of the s@irearmoid damage

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

becomes too high.

24.2 Gravimetric Performance:

A complete parametric set of characterization nwas performedor the K-TronKT35

twin screw feeder. This includesvery combination of 3 screamonditions(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 wdesl successfullythroudch their entire tested

range of speed setpoints for all combinations of feeder tadlieglus on the other hand,

did notrun for either of the auger twin screws with the fine square scleeno a motor

overload.

To test for reppducibility of resultsof the data, all of the rungith 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 performanceh as: screw, discharge screen, and screw speed.
A sampleANOVA for the Avicel 102 in theK-TronKT35 is shown inTable 2.3, with a
sampling of some of the standard deviation as a function of average feedfadere

2.14 and relative standard deviation as a function of feedrdtgure2.15.

The ANOVA showsthat for theK-Tron KT35 feeding Avicel 102, thepeedis the most
influential source for change in feeder performaacel has a statisticallgignificant
effect F > Ryticw O T @ .PThe<scrdl)is also found to be statistically significant.
Following this is the screen, which is nslhown as a statistically significant variable, but
would likely be found to bsignificantwith the colletion of moreextensivedata. These
effect on relative standard deviatiomay not apply universally to all powders torall
feeding equipment, as this is just descriptive of the dadh Was analyzed irthis
ANOVA. With some powders, the screen may baeoa very significant source of

performance change.

Figure2.14 shows the standard deviation as a function of average feedrate for the KT35
feeder when feedindvicel 102 for several combinations of screws and screefs.

speed increases the absolute standard deviation increases significantly as there is more
variability at the higher feedrateThis is important, but typically higher rates will have

higher accptable 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
thestandard 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 KTron KT35, this plot could be used to choose the best peirigr

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 woulth e niyed

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 th@edigte 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 (FSgS) would be appropriate, as the relative standardde\aati very

similar for both.

2.5 Conclusions:

A method for characterization of legsweight feeders was proposadd verified using
experimental results In this method, a catch scale was used to monitor the feedrate of
material dispensed from the lessweight 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 transformsere used to obtain power spegtor the feedrate databtained

during feeder characterization trials. Although for kh@ron 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 fluctuatioihshe feedrate. This
frequency data can be useful in determining characteristic times of the feeder that could

potentiallybe 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 ofAW4 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 islin@ar, 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 screwalsa 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 theTrn KT35 with
setpointst h a't woul d result i n screw speeds
recommended range of BD%. 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 datas 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 effest @ 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 utmogiortance. 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 magdl ghat feed tooling

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

trial and error.



2.6

Figures for Chapter 2

Figure 2.1: K-Tron KT35 feeder with Schenck Accurate
AccPro |l 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
screan (FSQS) and coarse square screen (CSgS). The
feeder can also be run without a screen (NoS).
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Figure 2.3: Lossin-weight feeder characterization setup
for monitoring feedrate and determining steadiate
performance. The catch scale is used to collect-igain
weight data from the outlet of the feeder.
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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 averagéeedrate from the
feedstream data. Backing up the initial filtering with
iterative +/3 0 rapidly causes standard
a limit.
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Figure 2.6: Using iterative filtering with bounds of -8
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.

43



Feedrate (kg/hr)

70 ~
69 -
68 -
67 x ] — :
0 20 40 60 80 100

Time (s)

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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Figure2.8: Sample filtered 1 second interval catch scale
data (Blug with its normal fitted distribution (Red). Also
marked with a horizontal line is the mean value (Light
Blue), the setpoint (Purple),
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Figure 2.9: Normal Gaussiardistributions and normal
probability plots for the KTron KT35 lossin-weight
The top plots (a.) are for
feeding FastFlo Lactose at 70 kg/hr with the coarse
concav-el diamrildgo
screen, aoh the bottom plots (b.) are for Avicel 102 with the

feeder characterization trials.

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 combinatiofigr the K-Tron KT35 feeder.
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