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MINUTES OF THE EIGHTH ANNUAL MEETING OF 
THE CONTINUOUS MIXER AND EXTRUDER USERS' GROUP 

FOREWORD 

The Eighth Annual Continuous Mixer and Extruder Users' Group Meeting was held in 
Alexandria, Virginia, on September 20-22, 1995, This meeting was hosted by the 
Energetics Manufacturing Technology Center (EMTC) located at Indian Head Division, 
Naval Surface Warfare Center (IHDIV, NSWC) and attended by representatives of the 
Army, Navy, Industry, and Universities involved in the development of this emerging 
revolutionary processing technology for energetics, International participation included 
representatives from France, England, Sweden, Switzerland, and Finland, Two days of 
technical presentations were followed by a tour of the twin screw extruder process 
development facility at IHDIV, 

The Joint Ordnance Commanders Group (JOCG) chartered this technical interchange 
group in 1987 to promote the rapid development of the technology, I opened the 
meeting by reviewing the report authored by Mr. David Fair (Army, PBMA) which was 
the basis for establishing the Users' Group and which asked the group to consider 
whether the charter, in light of the current energetiCS manufacturing realities, remains 
valid and needed, By the end of the meeting, the consensus of the participants was 
that the Users' Group was beneficial and needed to continue, 

As usual, all of the presentations were very informative, but I would like to highlight a 
few, Mr. David Fair presented an overview of the Army Program emphasizing the need 
for the development of this technology for specific products versus pure technology 
development and the move away from the use of multiple feeds. He highlighted 
ongoing efforts at ARDEC, Longhorn Army Ammunition Plant, and Radford Army 
Ammunition Plant as well as funded university efforts. Thiokol, located at Longhorn 
Army Ammunition Plant, has the only extruder facility in the U,S, which is used for 
limited production purposes of ordnance. Dr, David Dillehay from Thiokol was present 
to speak about their past and current processing experiences in both development and 
production, As the technology has matured, the focus of the meeting has transitioned 
from a review of facility capabilities and processing conditions to a more basic 
understanding of the processing science, Presentations such as "Calibration of 
CAMES Sensors" by Dr. Dennis Shelly (Mach I), "Non-invasive Monitoring of 
Segregation Processes" by Dr. Masami Nakagawa (Sandia National Laboratory), and 
"Rheology of Highly Filled Materials" by Dr. Dilhan Kalyon (Stevens Institute of 
Technology) are examples of this trend, Also, new this year was the concept of open 
discussions on particular technology areas important to continuous processing to 
maximize technical interchange, Issue areas were processing safety, rheology, and 
feeder accuracy, The open discussions were well attended, the participation was 
excellent, and they seemed to benefit all involved. 



Additionally, the informal discussions during breaks and lunch were also very 
interesting and informative, Overall, the attendees seemed to be pleased with the 
scope and content of the meeting and the planning process for next year's meeting has 
begun, The host for the ninth annual meeting is the Highly Filled Materials Institute of 
Steven's Institute of Technology located in Hoboken, New Jersey, The time frame for 
the meeting is early summer of 1997, Any feedback, suggestions, or offers of help for 
organizing next year's meeting should be addressed to myself or Mr. David Fair at DSN 
880-2941 or commercial 201-724-2941 , 

~~~w 
~n ' r gh 
rector, E rgetics Manufacturing Technology Center 

Indian Head Division, Naval Surface Warfare Center 
DSN 354-4417 
Commercial: 301-743-4417 
Fax: 301-743-4187 



CfLA.R TER FOR JOCG EXTRUDER USERS GROUP 

The Joint Ordnance Commanders Group (JOCG) has sanctioned the meeting of technical 
managers, engineers, and scientists involved in the continuous mixing andior extrusion of 
energetic materials. This group of individuals from government, industry, and academia will 
meet forthe purpose of prov!ding a forum to discuss common problems with facility design, 
equipment, processing, quality, and safety. The goal of this group is to better understand how 
these problems can be resolved so that this technology can be fully implemented in the 
manufacture of propellants and explosives. This group shall be known as the "Continuous 
1vfixer and Extruder Users' Group," and will meet annually. 

There will be joint responsibility for chairmanship of the group shared by at least two service 
representatives (Le., Army and Navy co-chairs, or Navy and Air Force co-chairs, or Army and 
Air Force co-chairs). The responsibility for the meeting and its site may be delegated to one 
of the sitting co-chairs each year, and then alternated from year to year if desired. 

The material presented at the "Continuous l\.1ixer ane Extruder Users' Group" meeting will 
be unclassified. The meeting must be completeiy open to encourage as much dialogue as 
possible between participat!ng panies. Foreign nationals who have processing experience 
with automated continuous mixing or extrusion operations for energetic matellals are 
encouraged to attend. Guarding national security interests is the responsibility of the host 
activity and each presenter. 
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Contmuous Mixer and Extruder Users' Group 
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of010~1030 

1030· 1100 

1100·1130 
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Open Discussions 
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John Brough, EMTC, 
IHDIV, NSWC 

Kirk Newman, IHDIV, NSWC 
Yorktown Detachment 

David Fair, PBMA 

Richard Muscato, IHDIV, NSWC 

Steven Jones, IHDIV, NSWC 
Yorktown Detachment 

P.T. AsherlDr. David DBiehay, 
Thiokol Corporation 

Washington Room 

Jeff Wood, TRW 

Ronald Simmons, IHDIV, NSWC 
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Lee Estabrook, EstabrOOK 
and Assoc;ates 

Rodney Lucas, TRW 

Dr. David Biglo, University of 
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Connie Murphy, IHDIV, NSWC 

David Fair, PBMA 

Washington Room 

John Curry, Wemer & Pfleiderer 

Robert Thompson, AOT, Inc. 
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OVERVIEW OF NAVY PROGRAMS 

STRATEGIC THRUSTS: 

[11 Precision Strike with Multi-Mode Munitions 

[2} Ship Self Defense 

[31 Naval Surface Fire Support (NSFS) 

[41 Theater Ballistic Missile Defense (TBMD) 

[51 Air Superiority 



Air & Surface Weapons 
Explosives Technology Workshop 

Conventional Weapons Strategy I Needs 

+ 

Capability Gaps / Current Ordnance Technology Tasks 

ExplosiveslssueslNeeds 
J l' l 

Proposals 

Potential Tedhnology Solutions 

Ingredients Formulations Characterization 

UNCL.\SSIFIl':D 3 



iiiiiiOiiii Insensitive Munitions ~ 

Weapon System Requirements 

MIL-STD-210SB 

STIMULUS TEST PARAMETERS PASSING CRITERIA 

Fast Cook-off (FCQ) JP-5 Fuel Fire Burning 

Slow Cook-off (SCQ) Slow Heating, 6°F/HR Burning 

Bullet Impact (BI) Three 50 cal Bullets Burning 

Fragment Impact (FI) Steel Cubes Burning 

Sympathetic Detonation (SD) Detonation of Round No Propagation 
Adjacent to Like Round 

Wpus E-xpl TedL Wk1hp p, 4 



."" :'\ 
= Insensitive Munitions ...... \~J1 

1M Definition 

Munitions that reliably fulfill performance, readiness and 

operational requirements on demand, but which minimize 

the probability of inadvertent initiation and severity of 

subsequent collateral damage when subjected to unplanned 

stimuli such as heat, shock and impact. 

MIL-STD-210SB, 1994 (Hazard Assessment Tests for Non-Nuclear Munitions) 

Wpns: Exvt Ted. Wkshp p.3 



FU1-'URE GlJN SYSTEMS 
~~~~--~~ - --- --~~--

• HIGHER MUZZI--IE ENERGY 

• HIGHER MUZZLE VELOCITIES 

• HIGHER 'LAUNCH ACCEI.lEI{Al~IONS 

• HIGHER RATE OF }1-'IRE 

• GUIDED MUNITIONS 
SUBMUNIrrIONS 

• ELECTRONIC FUZING 



Scope of Project 

Develop Undersea Warhead and Explosive 
Technologies which will Provide New 
Capabilities to Undersea Weaponry 

III Explosive Ingredients 

~ Explosive Formulations 

~ Detonation Processes 

~ Target Interaction 

• Fuzing/Safe and Arm 

• Warhead Concepts & 
Performance Assessment 



-Insensitive Munitions .. \~j 
'f/il HO 

1M Technology Goals 

- Increased Perfor111ance 
-Reduced Cost 
- Maintain/Improve 1M Response 
- Green Energetics 

- Production 
- In Use/Test 
- Delnil 

Wpru [:xpl Tech Wkshp p_ 7 



OVERVIEW OF NAVY PROGRAMS 
&liIiAI~'lt.t 't"'ii'Y'"" ;SmrptUn. e ... IWWIVCI _ .. '-rrr ___ .tiiIIhUI~,lia~==,.'_q.::iII!(r" =v ...... 

CONCLUSIONS: 

ALL PROGRAM OFFICES WANT MORE "BANG FOR THE BUCK" AND ARE HELD TO THE "1M" 
CONSTRAINT OF A "WOODEN BULLET" AND NOBODY WANTS AN "ENVIRONMENTAL LIABILITY." 

ENERGETIC FORMULA TlONS WILL BE HIGHL Y FILLED THERMOSETTING (AND PREFERABL Y 
THERMOPLASTIC) ELASTOMERIC MA TERIALS WHOSE NITRAMINE HAS HIGH ENERGY DENSITY 
AND WHOSE BINDER PROVIDES SPECIFIC MECHANICAL PROPERTIES. THE APPARENT 
VISCOSITY OF SUCH MA TERIALS WILL BE HIGHER THAN TODA Y'S PBX (> 15 kp). 

THEREFORE, PROCESSING WILL REQUIRE HIGH SHEAR RATE MIXING OPERA TlONS. 
FURTHERMORE, THE MOMENTUM, MASS, AND HEA T TRANSFER CONSIDERA TlONS CAN NO 
LONGER BE ASSUMED BECAUSE FLOW IN MORE NARROW CHANNELS OR THROUGH MORE 
COMPLEX GEOMETRIES WILL BE REQUIRED. INTELLIGENT PROCESS CONTROL OF 
AUTOMA TED PROCESSES WILL EVENTUALL Y BE A NECESSITY. 

1i1. 
~Q;-~~ 



Overview of Army Program 

Continuous Mixer and Extruder 
User's 

Group Meeting 

20-22 September 1995 

David Fair 

Advanced System Integration 

Division 

1 





Army Program Directions 

Away From the Use of Multiple Feeds 

Away from Technology Development 

Towards Application 

to Specific product~ 



Product Lines 

Propellants 
- Highly Filled LOVA Type 

» M43 

- TPE Propellants for Tanks and Artillery 

- Solventless Propellants for Tanks and Rockets 

Explosives 
- PAX 

- Black Powder and Black Powder Substitute 

- TPE Explosives 

Pyrotechnics 
- Flares 

3 



Activities 

ARDEC 
- Inert Proveout Ini.ti.ated 

- Program to Process Bofors 

Feed Stock 

Longhorn Army Ammunition Plant 
- Fi.nal Equi.pment Desi.gn i.s Bei.ng Prepared 

- Processi.ng on Li.ve Formulati.ons Demonstrated 

Radford Army Ammunition Plant 
- Transfer of Shear Rolli.ng Mi.ll and Twi.n Screw 

Extruder to Radford AAP 

4 



Activities 
Goodness of Mixing 

- M43 Propellant 

-M30Al Propellant 

- TPE Propellant 

- Bofors M39 Propellant 

- Portable Goodness of Mixing Device 

Rheology 
- Zeren Research High Shear Rate Rheometer 

»Phase II funded 

- M43 Rheology Study -- NSWC Indian Head and 
Stevens Institute of Technology 

5 



Naval Sea Systems Command 

Eighth Annual Continuous Mixer and Extruder Users' Group Meeting 
20-22 September 1 BB5 

Continuous Processing 
of Lava Gun Propellant 

on a 
Twin Screw Extruder 

Richard S. Muscato 
Connie Murphy 

Sharperson Johnson 
William Newton 

Carlos J. Delgado 





· Agenda 
Naval Sea Systems Command 

.. Background 

• Objectives 

Ie Facility Description 

Ie Experimental Approach 

Ie Tests Performed/Results 

.. Conclusions 



Background Information 
Naval Sea Systems Command 

" Effort funded by IHDIV, NSWC 

.. Lova Grain Trials in 1991 

" Lova Slit Die Rheometer Trials in 1993 

.. Lova Grain Trials in 1993 



Naval Sea Systems Command 

• 

.. 

.. 

• 

• 

Objectives 

Process Lava in a Twin Screw Extruder 

Further define Lower and Upper Processing 

Parameters in a 40 mm Twin Screw Extruder 

Process IIQualityli Lava Grain 

Evaluate Quality of Lava Grains 

Compare Twin Screw Processed Lava to 
Batch Processed Lava using the same 
Analysis Techniques 



Facility Description 
Naval Sea Systems Command 

.. Pilot Scale Process Development Facility 

• 

• 

• 

.. 

Werner & Pfleiderer ZSK 40 mm Twin Screw 

Extruder 

Five Feed Stream Capability to the Extruder 

Three Liquid Feed Systems 

Two Solid Feeders 

Two Temperature Control Units for Controlling 

Extruder Barrel Temperature 

On-Line Infra-red Thermometer 

• Data Acquisition System 



Naval Sea Systems Command 

• 

II 

Experilllental Approach 
Preliminary Work 

Water Extraction Solid Preblending Process 

Lova Processed through an adjustable Slit 
DieRheometer using a Twin Screw Extruder 

Design of Experiments to evaluate six 
Processing Parameters: 

III Temperature Profile 

I!I Total Throughput 

III Solvent Concentration 

III Screw Configuration 

Devolatil ization 

Solid Preblending Method 



Nav<11 Sea Systems Command 

Barrel 
Configuration 

Lova Solid Preblend l S,]"nllni",Unn 

,--,- ~_ZT"' 
I 

Barrell Barrell Barre! 
#[ #2 iP, 

Ambient 
Temperature 

1 

DC 

Barre! 

#4 

'I'm 'I'm 

L 
Barrel I I Barrel 

#5 #6 

27 nml 18° C 

19 
Perforation 

Die 

Extrudate 

'I'm! and 



Experimental Approach 
Naval Sea Systems Command 

.. Design of Experiments (DOE) used to 

minimize cost and maximize results 

.. Six Processing Trials at Following 
Parameters 

Processing 
Parameter 

Temperature Profile: 

Lower 
Yfl I lie 

27/27°C 
(SO/SO OF) 

Upper 
Value -----

27/38°C 
(SOli 00 OF) 

Total throughput: 5.5 kg/hr S.2 kg/hr 
(12 Ib/hr) (1S Ib/hr) 

Solvent concentration: 12.0 % 13.0 % 
(by weight) 

, Screw configuration: Less intense More intense 
(4 pairs of (6 pairs of 
kneading kneading 
blocks) blocks) 



Naval Sea Syslems Commnnd 
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Effect of Temperature 
Naval Sea Systems Command 
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Naval Sea Systems Command 
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.. 
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.. 

.. 

Tests Performed 
Tests/Analysis Techniques Used 

Scanning Electron Microscope (SEM) 

Percent Composition(% Comp) 

Heat of Explosion (HOE) 

Density 

Dimensional Analysis 

200 cc Closed Bomb Test 



Naval Sea Systems Command 

Tests Performed 

Samples Taken: 

29 Samples for SEM 

4 Samples for % Camp, HOE, Density 

2 Samples for Dimensional and 
200 cc Closed Bomb Tests 



Tests Performed 
Naval Sea Systems Command Scanning Electron Microscope (SEM) 

SEM Ranking Factors No. of Regions Points 

RDX-rich Regions 0 0 
1-3 2 
>3 4 

Binder-rich Regions 0 1 

No Porosity 
Porosity Present 

1-3 2 
>3 3 

o 
2 



Naval Sea Systems Command 

Processing Parameters 
and SEM Values 

Time Total Solvent % Temp 
Thrghput (by weight) Profile 

11 :36 5.5 kg/hr 12 27/38°C 
(12 Ib/hr) (80/100 OF) 

11 :54 6.4 kg/hr 13 27/38°C 
(14 Ib/hr) (80/100 OF) 

12:25 8.2 kg/hr 13 27/38°C 
(18 Ib/hr) (80/100 OF) 

12:35 8.2 kg/hr 12 27/38°C 
(18 Ib/hr) (80/100 OF) 

12:59 8.2 kg/hr 12 27/27°C 
(18 Ib/hr) (80/80 OF) 

13:21 . 5.5 kg/hr 12 27/27°C 
(12Ib/hr) (80/80 OF) 

Screw SEM 
ConfIg Value 

6 KB 1 

6 KB 1 

6 KB 3 

6 KB 5 

6 KB 5 

6 KB 5 



Naval Sea Systems Command 

T'est Results 

SEM Values = 1 

Percent Compostion - Nominal 

HOE within Spec 

Density within Spec 

Dimensional Analysis within Spec 
except for Average Web 

Closed Bomb Testing: % RQ lower than 
Average Spec Values 

73 and 74 versus 79.0 - 83.5 % RQ 



Conclusions 
Naval Sea Systems Command 

• 

.. 

.. 

• 

Small Scale Water Extraction Process 
Developed 

Narrowed Processing Parameters for 
Processing Lova Nitramine Gun Propellant 
on a Twin Screw Extruder 

Lova grains produced in a Twin Screw 
Extrude had better SEM results (SEM = 1) 
as compared to Batch processd Lova 

Processed IIQualityll, well mixed Lova in a 
Twin Screw Extruder 



Acknowledgell1ents 
Naval Sea Systems Command 

Mitch Gallant - Experimental design input 

Ted Fillman - Manufacturing of solid preblend 

Suzanne Wolfe - SEM analysis 

Rich Nicol - SEM analysis 

Ashley Johnson - Input on closed bomb results 

Ron Simmons - Input on closed bomb results 



Eighth Annual Meetiing 
of the 

Continuous Mlixer 
and 

Extruder Users' Group 

INJECTION LOADING SMX-13 INTO 
DETONATION CORD 

STEVEN JONIES 
NSWCIIHIlJiV Yorktown 
20 SEPTEMBER 1995 





,---------, ,--- -----.--,------.-.------.".,,,.--.. ,, .... -.-.. ---.-·"'·''''1 
INTRODUCTIION . 

Surf Zone ATD learn included the following: 

NSWCJHDIV - Program management & Braiding Machine 

NSWCIHDIVat White Oak - Program Management &- Testing 

NAWC at China Lake - Formulator & Injection Loader 

NSWCJHDIV at Yorktown - Scale up & Injection Loader 

------.------- "--_ .. _----,. ------------- - -,--.---~~~-- .. ----".--------. 



OBJECTIVE 

Replace tlhe current SX-2 array with an SMX-13 array 

~ Scale-up the explosive from 25 grams to 250 Ibs 

. Perform Compatibifity and Safety Tests on Exp'losive 

Perform Mechanical Property Tesis on Explosive 

Perform Viscosity/Pot Ufe Studies 

" Modify Injection Loader Machine To Load Detonation Cord 

Investigate Altem8tive Load Methods 

~ injection Load 1600 Feet of Detonation' Cord 



; a 7 'I; n _________ n __ ."~ ______________ ' __ ' _______ " ______ "_ --_.--_ ••• ---------._--.----------

APPROACH 

Scale-up Explosive 
25 gram mix 

VTS, Frictio'n, Impact 

40'0 gram mix 
DSC. VTS, ARC,. Impact, Friction, ESD, Critical Temperature 

20 pound mix 
III Run, Meclt'lanicai Property Tests, Pot Life Studly 
(200 Fee~ of Detonatiolil Cord) 

250 pound mix 

IlL Run, Mechanical Property Tests, Pot !Life Study 
(1600 feet of Detonation COlI'd) 



APPROACH 

Modify Injiection Loader 

Install Platform for 30 Gallon B/P Mixer Bowl 

Fabricate Temperature' Control Chamber 

Fabricate Multi-Port Load Manifold 

Install Vibrating Table 

Modify PLC and Operator Interface Software Program 

Fabricate Methylene Chloride Stripping System 

Design and Fabricate RlTube in a Tube" 
Load Method Fittings 



--------.. ------~--------~---,----~----.--. --_._ .. _-----_.- --.. ---------- .. -~ ... -" .. -.. --- ..... ~~ .. ~-~ .. -.. --------. -------_._. 

APPROACH 

load 1600 Feet of Detonation Cord 
Two four person creWe 16 hour shift 

Strip Methylene' Chloride from Butanetriol Trinitrate 

Mix 250 pounds SMX-13 

Transport and Install 30 gallon mixer bowl at IlL Site 

Injection Load SMX-13 into four 25 foot 
lengths of thin walled polye'thylene tubing 
supported by heavy walled polyethylene tubing 
at one time 

Cure SMX-13 Detonation Cord 

Remove Outer Polye'thylene Support Tubing 

Ship To' NISWCIHDIV For Braidimg 
--------



N > sa; -.. -~~------.-.-----------.------~-----------.-- ....... ---.~----.. -... ------,--~--.~ ,~-.-- ---··-----------~1 

TECHNICAL DATA 

Comparison of SX-2 and SMX-13 

Summary of Data From Scale-up Batches 

HMX Wash Procedure 

Modification to I/L Machine and Fabrication 
of Supporting Equipment/Components 

L-___ ~ ____________ .. ________ .. __________ _ ____________ . _. ____________________ _ 

~ 
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~X?l():)\ \j CDrf\pAIZ ISON 

SN\X- IJ VS sX-2 
SlIfX-I3 

SX-2 

Pfr),sic{1LQr artie teristics 
Jlfaximum High Rare Siress 

Maximum High Rare Elongatioll 
}.fain Chemical Composition 

Percentage Composition 

Density 
Weight 

llfanujacturillg Process 

Sensitivity Characteristics 
Impact (50% poillt) 

ESD 
Friction 

Detonation Velocity 

Plrvsical Characteristics 
. Maximum High Rate Stress 
Maximum High Rate Elongation 

Main Chemical Composition 

Percentage Composition 
Density 
Weight 

}.fanujacturillg Process 

Sensitivity Cllflracteristics' 
Impact (50% point) 

ESD 
Friction 

Detonation Velocity 

- ~ '-.-

> 70 psi 
>'100% 
HMX, BTTN, Aluminum, PAO 
55% HMX, 10% Aluminum, 29.2% BTTN, 
5.8% Binder 
1.752 gmlcc 
417 grIft 
350 grift 
Injected loaded into polyethylene, cured, 3000 
Denier over-braided with Kevlar 

3'lcm (Mtd;"",) 
10/10 no fires@0.25 Joules (""d;v",) 
2IY20 no fires @150 lbs. (\ ow) 
8,100 mlsec 

Approximately 30 psi 
<30% 
RDX, Polyisobutylene, Di-(2-ethylhexyl) 
sebacate, PTFE 
87-88%RDX',12-13%Binder 
1.60 gmlcc 
417 grift 
Extruded, Over-wrapped with Mylar, 3000 
Denier over-braided with Kevlar 

52.4 em (",«1;,,-) 
20/20 no fires@ 10 KV (red, vm) 
20/20 no fires @ >980 lbs. (I"",) 
8,110 mlsec 



THIN PLASTIC 
TUBING 

SMX·13 
EXPLOSIVE 

Sl\1X·13 DETONATING CORD 

SX-2 
EXPLOSIVE 

SX-2 DETONATING CORD 

'. 
" 



SCALE- uP 

ATE MIX TYPE MIX SIZE EOMVIS DENSiTY VTS VTS VTS MPACT FRleTIO~ SHORE A SHORE A STRESS ELONG 
glee ataOe .t lODe oj 100 e 50 %ht 20(.20 NF instant 15 • del psi % 

95 HAND 2S gram nO data no data 0.1 et:1gm 1.7S cclgl\ 0.44 ecJg~ 38.8 em 235 psig no data no data no data no dat 
!IlS 1 pint 400 g'=' no data 1.730 no data 0.99 eclg NJA 42.3 em 560 psig 9 9 145 41£ 
)5 2 gallon 20lb 14 kp 1.761 nO data no data no data no data 750 psig 12 12 79 315 
!il5 gallon 51b 4.8 kp 1.761 no data no data no data no data no data 9 7 79 423 
15 ~O gallon 200lb 4.2kp 1.741 no data no data no data no data no data 9 9 65 498 
'95 ~O gallon 200lb • 4.3 kp 1.751 no data no data no data no data no data 9 8 83 474 

iAND MIX· FRICTION STD IS PETN : 55 psig or 60 Newtons (BAM FRICTION) 
iAND MIX· VTS AT BOC TESTED 1130195; VTS AT 100 e TESTED ON 1119195 AND 1130195, RESP ; FOR IMPACT, RDX STD: 20.2 em 
1 PINT MIX- IMPACT RDX STD = 23.8 em 
PINT MIX. DSC ONSET OF EXOTHERM DEG 

Heating Rata 5 DeglMin 
Haating Rata 10 Degl'Mio 

1ST EXOTHERM 
180.5 
187.4 

2ND EXOTHERM 
269.9 
276.2 

PINT MIX· FR ICTION STD IS PETN = 55 pslg or 60 Newtons (BAM FRICTIOr-. ;BAM FRICTION = 128 Newtons 
PINT MIX • ACCELERATING RATE CALORIMETRY 

1 ST EXOTHERM 2ND EXOTHERM 
INITIATION TEMP, (C) 139.35 189.99 
INITIATION SELF·HEAT RATE (CIMIN) 0.014 0.026 
MAX SELF·HEAT RATE (CI'MIN) 0.159 747,4 
TEMP AT MAX RATE (C) 161.42 283.84 
FINAL TEMP (C) 166.81 2BV5 
ADIABATIC TEMP RISE (C) 27.46 99.77 
TIME TO MAX RATE (MINS) 1609.45 2022.84 
WEIGHT OF SAMPLE (GRAMS) 0.4149 
PRESSURE AT INITIAL TEMP (PSI) 18.3 29.9 
PRESSURE AT TEMP OF MAX RATE (PSI) 28.9 289.4 
ACTIVATION ENERGY (KCAlIMOl) 40,1 
WEIGHT OF FINAL RESIDUE (GRAM) 0.0707 --

GALLON MIX.FRICTION STD IS PETN = 55 psig 0,60 NavAons(BAM FRICTIIi;BAM FRICTION; 120 Newtons 

lI14195:>0 GALLON MIX- TEST PERFORMED 6 DAYS LATER Density 1.751 gltc 
Stress = 146 pSig 

Shore A = 9 0nstant); 6 (15 sec delay) 
% Songation = 522 



INJECTION LOADING DATA, 6/14/95 
SMX-13 INTO .3175 ID TUBE INSIDE .336 ID 

RAM VELOCI TY (MM/SEC) PRESSURE (PSI) 
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VISCOSITY VS TIME 
SMX -13 EXPLOSIV'E 
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1("50 

,JU 14 
alYO 

----------

0500 
JUN 14 
, "350 OAT 

JUN 15 

seosl TY (kp) 

6/14 200 LB MIX AND IlL RUN 
Sp"-,,Jle.. u..s<-~ u.J",s, HBT\C. <l< ::1.'5: cf'''"' 

All r."L,,~s ~k<-<\ @.. 5.Yc s"""rk -+"~""fe..rv.t..ce.. 

JUN 15 
OT30 

JUN 16 
0'1'\0 



Capillary tester 
for volumetric flow rate 

/ 

aPlsion 

I~ >C~; Rese1Voir 

Melt 
(at test tempera lure) 

Capillary 

I--r 

Calculating viscosity 
from flow-rate tests 

Q = "R2V(Eq. 1) 
. Q = Volumetric flow rate, 

In.3/sec 
, R = Plsion radius, In. 

V = Pision velocity, 
in.lsec 

P·r 
.... -' (Eq.3) 

. 2l 
.,. '" Shear stress, psi 
P = PreSsure applied, pal 
. f .. Capillary radius, In. 
il.. ... Capillary length,ln. 

40 
. 111 =-;:r (Eq.2) . 

ya E Apparent flhear rate, . 
sec- 1 

a .. Volumetric lIow rate, 
In.3/sec 

r '" Capillary radius, In. 

T ,,-
y 

(EQ.4) 

"a Villcoslly, 
l~seclln.2 

T '" Shear atreSS, pal 

r r" Apparent shear rate; 
8ec-1. '. 

" ,-,' 



JLm 14/95 LOAD FOOR .3175 I[ TUBES INTO .335 10 SUPPOR DATA 
; "9 ?'A~17 RAM '(AM CAVITY LIFT RAM VOL SliEAR APPARENT vise 
Va, A().I TRAVEL PRESS HlA PRESS PRESS VELOCITY FLOW STRESS SHEAR iI:p 
EU ",""" inCfle.s psi p.; pSi p$i inIsee RATE p$i RATE 

low 0 -12.71 ";500 ~i534.7 ·1490.9 -2551.9 inJ,'sec 5ee~1 
High 65535 12.77 3000 992.04 983.02 1598.78 
JUIl 14195 
OS;52;13 0 0151 10.313 -5.718 -0066 65958 
09;52:43 0 0.157 9375 ·7.298 ·3.467 65.968 
09:53:07 0 0.218 4S.875 ·7.929 .... 086 64.37. 
09:53;17 a I" 47.813 ·7.929 -3777 64.3N 
0953;26 0 1995 414.375 -5.718 139403 65 .• 37 
09;53;56 0 1 623 9.375 -8.561 10.139 1242.35 
095419 0 1.623 9.375 -8.561 7.SS5 1241.62 

Sll'W-T - 09:54:29 0 2.3S4 318.75 -6.245 85.595 1233.32 0.0761 0.956301 0.799300 304.3430S 0.181079 
'-"A D OS 54'39 0 3.248 473.438 -6.35 151.773 1233,32 00864 1085734 1.417292 345.53538 0.282804 

09;54;49 0 3952 568.125 -6.03-4 190428 123-4.38 0.0704 0.864672 1. 7782S1 28Ul"n5 0.436475 
OS;SOC;56 0 4627 585 -635 196822 1239. \7 0.0675 0.S4823 1.83B904 28S._2 0.489573 
09:55:09 0 5.10-5 59075 ·6.034 200.633 1239.1 00478 0.600573 1.873ssa 191.16425 0.S7574 
09;55;19 0 5.491 601.875 ·5.718 202.798 1240.76 0.0385 0.465062 1.693n5 lSoC.37113 0.845627 
09:55:29 0 5883 605.625 -6.034 2OS.50S 1240.23 0.0392 0.492602 1,92643 155.77068 O.e.ceI22 
03;55.39 0 6.23 609.375 ·5.716 2Oa.sS3 1240.76 0.0347 0.~36053 1.851532 138.n405 0.969587 
09:55:49 0 S.498 612.188 ·5.718 211.148 1240.76 0.0268 0.336nS 1.97175 107,17996 1.266403 
OS:55;58 • 0 6.766 614.OS3 -6.034 212.385 1241.29 0.029 0.36«25 1.983301 115.97831 1.179047 
09:55;0ll 0 7.017 815.838 -6.034 213.312 1240.76 0.0229 0.28m 1.991858 81.582873 1.499633 
OS;56;19 0 7.255 617.813 -6.034 214.24 1240.76 0.02480.311646 2.COOS24 99.181~52 1.300755 
09;56:29 0 7.463 617.613 -6.034 215.786 1239.7 0.0198 0,248814 2.01506 79.165191 1.75464 
09:56;39 0 7.686 620,525 -603-4 216.40-5 1240.76 0.0223 0.28023 2.020041 89.183322 1.562311 
OS:56:'9 0 7.864 621.563 ·6.034 216.714 12.0,76 0.0178 0.223681 2.023728 7U8SS87 1.960073 
09:56:59 0 8.005 622.5 -5.718 217.642 1240.76 0.0201 0.252564 2.032392 80.384967 1.7~3218 
00;57;00 a 8.214 623.438 ·5.718 217.081 1240.23 0.0158 0.19980-5 2.035278 63,5BB108 2.20682 
OS:57:19 0 MOS 624,375 ·5.718 21B.57 1240.23 0.01 B2 0.228700 2.041058 72.786388 1.933412 
OS:57:29 0 8.556 624.375 ·5.718 219188 1240.23 0.0153 0.192265 2.(,46629 61.188557 2,306378 
OS:57:39 0 8,709 625.313 -6.034 218879 1240.23 0.0150.16649<12.043944 59.888761 2.349188 
09;57:49 0 8.671 626.25 ·5,718 218.~97 1240.76 0.0162 0.203575 2.049715 64.787664 2.181317 
OS:57:56 0 9.011 625.313 -6.034 219.807 12.1.29 0,014 0.175629 2.052609 55.988529 2.52755 
09:56:00 0 9.145 626.25 -5718 220.116 1241.82 0.0134 O.I59:\ell 2.055<185 53.58.9978 2.6«551 
09:56:18 0 9.276 626.125 -S.402 220.~25 1242.35 0.0131 0.164619 2.056381 52.300202 2.708911 
09:58:28 0 9 .• 03 627.186 -6.034 220.116 1242,35 0.0127 0.159583 2.055<195 50.790502 2.790314 
OS:58;39 0 9.531 629.125 ·6.034 219.807 1241.29 0.0128 0,16085 2.0-52609 51.190427 2.754628 
OS:58;49 0 9.63ll 529.063 -5.718 220.11S 1241.82 0.0108 0,135717 2.056485 43.191923 3.261203 
09:58;56 0 9.757 629.063 ·5.718 220.11S 1241.26 0.01180.1482832.055<195 47.191175 3.003135 
09:59:09 0 9.875 628.125 ·5.718 220.734 1241.29 0.0118 0.1482B3 2.061268 47.191175 3.011566 
09:56;19 0 9.97 629.063 -6.034 219.497 1241.82 0.0095 0.119381 2.049715 37.992885 3.719719 
OB:59:29 0 10.096 , 630 -S.402 220.118 124182 0.01150.144513 2.06S485 45,991399 3.001477 
OS:58:39 0 10.17' 630 ·6.034 220.116 1241.82 0.0089 0.111941 2.0-55495 35.563344 3.9918.64 
09:58:49 0 10.28S 630.938 -5.402 220.73-4 1242.35 0.01150.144513 2.061255 ~5.991:\ell 3.000129 
OS:S9;58 0 10.381 630.938 -6.03-4 220.116 1241.82 0.0092 0.115611 2.055485 30.793119 3.651646 
10:00:00 0 \0,471 630.938 ·5.718 220.734 1242.35 0.009 0113097 2.061255 35.993269 3.949499 
10:00:19 0 10576 631875 ·S.718 220,734 1241.S2 0.010-50.131947 2.061266 41.992147 3.394427 
10:00:29 0 10.062 631.S75 ·5.~02 221.353 1242.35 0.0085 0.109071 2.007046 34.393568 '.143737 
10:00:3S 0 10.7~5 6:JG.938 .5.718 221.043 1241.82 0.0083 O.I04:JGl 2.064152 33.193792 '.287.c91 
10:00:49 0 10,64 631.875 .5.11S 221.353 1241.82 O.OOSS 0.119381 2.067046 37.992885 3.151172 
10:00:59 0 10.923 631.875 -5.718 221.043 1241,29 0.0083 0.104301 2.064152 33.193792 4.287497 
10:01:09 0 10.999 631875 -6.03-4 221.043 1241.82 0.0076 0.095504 2,064152 30.394316 4682398 
10:01;19 a 11.076 631.875 -5.718 220.425 1242.88 0.0077 0.0Il6161 2.008381 30.784241 '.800667 
10:01:29 0 11.152 631.875 ·5.718 220.425 1242.35 0.0076 0.0Il6504 2.0-58381 30.394316 4.55&307 
10:01 :39 0 11.228 632,813 -5,718 220.734 1241.B2 0,0006 0.108071 2.061255 34.393568 4.132149 
10:01 ;48 0 11.312 632.813 ·5,718 220,73-4 1241.82 0007~ 0.092991 2.061255 29.584465 ".802227 

lJ.. 10:01:58 0 11.382 632.813 ·6.034 220.734 1241.S2 0.007 0.087965 2.061266 27,994765 5.078.64 
0m.r - 10'02;08 0 11.~58 631.875 -5,718 220.116 1241.29 0.0076 0.095504 2.055485 30.394316 4.602762 

>-.oc.d 

~S"9 51! C.JS in I.J Sg I 



INJECTION LOADING DATA, 6/14/95 
SMX-13 INTO .3175 10 TUBE INSIDE .336 10 

SHEAR STRE:SS (psi) PARE~~T VISCOSITY (kp) 
,". 5 L_ 
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~/IY a. s 
TABLE 1 ~OV I b SfY\~-'1 iU\VJ DATA 

I:l",t.-l ... r/~ (W 0280 

SER GROUP ,OIA I LENGTH WTfFT 
# # ITUBE : (in) (grift) 

2 289.7958 
3 292.649 
4 5 296.3188 
5 5 301.7042 
6 5 311.2801 
7 5 298.4024 
8 5 297.6413 
9 5 290.7859 

10 5 292.3658 
11 6 293.6036 
12 6 O. 306.7404 
13 6 0.28 295.8891 
14 6 0.28 295.242 
15 0.28 286.3015 
16 6 0.28 298.7979 
17 6 0.28 292.3591 
18 6 0.28 297.737 
19 6 0.28 292.4792 
20 0.28 0.490302 294.7123 
21 0.28 0.526 303.5034 
22 7 0.28 0.548 303.7026 
23 7 0.28 0.52 295.7932 
24 7 0.28 3015052 
25 7 0.28 0.548 0.502874 306.1024 
26 7 0.28 0.S5 0.504424 304.0169 
27 7 0.28 0.542 0.497242 305.1618 
28 0.28 0.516 300.9007 
29 0.28 0.518 0.474918 302.7989 
30 0.28 0.54 0.495119 3030289 
31 0.28 0.542 0.496751 301.556 
32 0.28 0.528 0.483528 298.6547 
33 0.28 0.526 0.481814 299.5232 
34 0.28 0.542 0.49622 297.737 
35 0.28 0.536 0.491365 302.3632 
36 0.28 0.538 0.492465 297.0756 
37 0.28 0.546 0.500547 302.4939 
38 0.28 0.53 0.485855 302.3149 
39 0.28 0.52 0.476509 300.9581 
40 0.28 0.524 0.4801 300.403 
41 0.28 0.494547 298.868 
42 0.28 0.546 0.50067 303.3865 
43 0.28 0.51 0.466427 294.0379 
44 0.28 0.538 0.493365 303.614 

45 0.28 0.536 0.490384 295.2896 
46 0.28 0.528 0.483732 300.1603 
47 0.28 0.528 0.482833 293.6374 
48 0.28 0.544 0.497893 
49 9 0.28 0.55 0.503566 
50 \) 0.28 0.526 0.481692 



~II"I'W RAw DATA 
;).co ,,, ~ -II 

, ~ TABLE 2 
0,32 TAPED 

.. 

SER GROUP 'DIA LENGTH I wr IwrOF wr/FT 
# # I ruBE (in) WI WRA ' EXPL (grift) R~('\C.:, 

,Ibs fbs 

97 10 0,32 239,5 1.378 1,29673 454,8133 
98 10: 0,32 256,5 1.438 13500 442.4302 
91 11 0.32 123 116 0,683031 466.4678 T1-lIS PIECE CUT FO~ ytl..ffin 
91 11 0.32 11375 0,642 0,60340 445.5986 
92 11 0,32 239 1,374 1.29290 454.4186 
93 11 0,32 123 1152 0,675031 461,0042 THIS PIECE CUT FOF., ~K:!:. 
93 11 0.32 115.5 0,65 0,610811 444.2335 
94 .11 0.32 122 1.16 0,68690 472,9613 T1-lIS PIECE CUT FO It PI: t.~ICL 
94 11 0.32 109.75 0,632 0,594762 455,224 

100 12 032 241 1362 1280229 446,2283 
105 12 0.32 238.5 1,366 1.285077 452.6133 
107 12 0,32 236,5 1,378 1.297756 460,9442 
113 12 0,32 248 1.406 1.321854 447,7321 
104 13 0,32 239 1,324 1,242907 436.845 
106 13 0,32 237.5 1.312 1,231416 435,5398 
110 13 0,32 233,125 1,28 1200901 432.7179 
111 13 0,32 248,5 1,356 1,271684 429.8722 

95 14 032 243 1,374 1,29155 446.4693 
102 14 0.32 239 1,336 1,254907 441,0627 
103 14 0.32 239.125 1,318 1,236865 434,4941 
114 14 0.32 237.5 1.33 1.249416 441.9002 
101 15/6 0.32 75 0.428 0.402553 450.8654 LOAD PROBLEM 
101 1516 0,32 114,5 0,66 0,62115 455.6986 LOAD PROBLEM 
90 1516 0,32 121,5 0,702 0,860775 456.8398 LOAD PROBLEM 
90 1516 0.32 78.75 0.45 0.42328 451.5084 LOAD PROBLEM 

108 1516 0,32 141,75 0,824 0775904 4598028 LOAD PROBLEM 
108 15/6 0,32 70 0,398 0,374249 449.1063 LOAD PROBLEM 

99 15/6 0.32 84.25 0.48 0.451414 450,082 LOAD PROBLEM 

99 1516 0,32 143,875 0.834 0.785183 458.4292 LOAD PROBLEM 
115 17 0,32 233.5 1.312 1232773 443.4891 
116 17 0,32 233.5 1.302 1,222773 439.8916 
100 17 0.32 234 1.31 1,230604 441,7626 
112 17 0,32 229 1,264 11863 435,1568 
117 18 0,32 240 1.31 1,228568 430.006 
118 18 0.32 219,875 1,29 1,215396 464,3321 
119 18 0.32 233,625 1,304 1.224731 440,3601 
120 18 0.32. 23~75. ' 1278. 1.202082 451,2918 



PROJECT WORK ORDER 

WORK ORDER NO.; DATE: 4/21/95 

PROJECT TITLE: SURF ZONE 

PROJECT ENGINEER: ~§__ JOB ORDER: 1663350 

QA __ DATA__ SAMPLE __ PFlOTO_ XRAY __ BOXES~_ SFlIP_ 

Reference (a): Y46-013, Laboratory Batching Pressed Explosive Molding 

WORK: 

Powders 
Y46-0l6, Laboratory Steam-Heated Oven Operations 
Y46-029, Procedure for Drying CXM, a~ and RDX 
Y46-011, Explosive Transportation 

Goal: To prepare 120 lbs of Class 5 HMX for an SHX-13 Batch on May 9 
utilizing the slurry mixer in 1752 

1. Obtain the class 5 HMX from building 1753 or the magazine if there 
isn't enough in accordance with Y46-011. The lot to use is FlOL Lot 
86A200-031. 

2. Place water/alcohol wet HMX in the slurry mixer with 75% by weight 
of water. To determine the %water to use with the mix refer to this 
example: 

A w weight of water/alcohol wet HMX = 5 lbs 

A is 25% of total weight or 5 lbs = .25X 
X = 20 lbs 

where X= total weight of water/alcohol wet ID1X plus water 
B = weight of water or 75% of total weight 
A + B = X 

Therefore 5 + B " 20 

or B = 15 lbs 

3. Mix each batch at 450 rpm for 15 minutes with no heat or vacuum. 
Stop mixing and let sit for 2 hours. Remove bottom layer of water from 
slurry mixer. Pour top layer into aluminum drying pans and place them 
in the lab ovens or the 1248 ovens at 52 - 60 C. After drying transfer 
dried HMX to ice cream containers. Label the containers as "SMX-~?:~;~D 
HMX" . 

Please complete no later than 5 May 95. 

THANK YOU! 



B r ~ n k m _ n n 

Al.,a 1 yzer 

'SAMPLE NAME HMX, CLASS 5, LOT 86A200-031 (#2.) 

FILE NAME I AIGONZ2B 1 _________________________________________________________________________ _ 

DATE 
TIME 
CONFIG. 
CELL TYPE 
SAMPLE TYPE 

15/04/1994 I ACQ. RANGE 
09:27 I ACQ. MODE 

I 1 (0.7 S1) I ACQ. TIME 
: MAGNETIC (2)1 SAMPLE SIZE 
I REGULAR I REQ. CONF. 

I 0.5-150 
I SAMPLE 
I 35 SEC 
I e 
I NO\;2 

COUNTS ; 14749 
S. N.F. 0.64 

I S.D.U. : 6478 
I CONCENTR.: 8.5E+06 
I SOLIDS e.3E-O 

------~-------------------------------------------------------------------

1 

!'diall : S.B7P1 
Ibnhlllll: & .8SPI 
S.I.(wd: l.Z7JlI 
Coo!'(IIIII): 93.62 i( 

~ J~+'rY-LL.-" Lr-II ~"""""'-T'"T"""""-"" I I I I III I 
18 ze se lee 159 

Size (h .icroDS) 
U. Selle 



SizE.' 

SAMPLE NAME : HMX 8/5 HOL86A200-031 F/SMX-13 
FILE NAME JONES1 
-----------------~------------------------------------------------------------
DATE 09/06/1995 I ACQ. RANGE 
TIME : 08:58 I ACQ. MODE 
CONF I G . : 1 ( (J • 7 S 1 ) I ACQ. TI ME 
CELL TYPE : MAGNETIC (2)1 SAMPLE SIZE 
SAMPLE TYPE.:' REGULAR I REQ. CONF. 

0 .. 5-150 
SAMPLE 

: 91 SEC 
: 2 
: None 

I COUNTS 34846 
I SuN.F. 0.50 
I S.D.U. : 9117 
I CONCENTR.: 2.4E+06 !tIm 
I SOLIDS 1.2E-02 Y. 

------------~-----------------------------------------------------~-----------

PRIlBflBILln oo\W DOOm GAAPH 
lidJIe: ft1X llI.i 1IDJ..ll6A29H31 F 1SIlX-13 

LZE-&l CClftH199 .9'/.1 ~n(nu): 4.51J111 
!lode at 7Sl.. VI 3.D.(nu): 3.Z1P11 

« SCALE RAIiGE lPii): AR.IUSITD )} 
9.9'1. -, 

I 
B.t: -; 

I 
7.2% -; 

I 
OJI.-1 

I 

5.17. ...j 
I 

1.57. ...j 
I 

3.!it. ...j 
I 

2 :(I...J 
I 

LIli:..J 
I 

1 J a.9'1. ..J 
I 

a .9'1. i 
I 

0.5 1 Z 5 18 

tied ian : UIPII 
~n(\III): 1Z.OSPII 
S.D. (\III): 9.HPIi 
tAlnf (1IlI): 18.a I. 

sa 199 158 
Size (in Microns) 

Log Scale 
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- .. ---~--~~ 

METHY EN CH 01:\10 . STI\ IP~-:JING SYSTf:: 
rtANT Am 

, SCFM 

AIR 
BLEED 

~FlER I F~H 1"51 GA<ll 0 
S><iT ~F L~ ~ __ ~_J ~ 
"IN.. vE V/IC CAGE 

, EXHAUST 

TO ATM 

COSTS, 

ABSOLUTE 

T-25 T 

30 GAllON 

MIXeR BOWL 

SCFM 
~-

PNEUMA TICAll Y 
DRIVEN 

-lESS 

r~o I ARY VAN[ 
VAC PUMP 

B T T N/MEI HYL 

CHLO[,!Dl::: SOLUTION 

OIL LESS ROTARY VANE VACUUM rUMP 

-CARtHROl ACTIVATED 
CARBON HllTR 

(:. 7 [BS MCl ADSORBlD 
PER 100 lBS MIX) 
100 % EFF IC[[NCY 

2 CARBTROL CARBON CANISTER DRUM FIL H::RS 

PLUMBING, VALVES, GAUGES 8. FITTINGS 

CARBON DISPOSAL 

$1000 
$1'100 

$500 
$500 

$3000 lABOR 

TOIAl $6400 

• 4 
.J 
)'. 
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1!E1<OVA5I.E CUAAO C!il<IH ALL AROU>O 

'1:' 

LOA!: ~1~ .INJECr ClI.iIOOI 

L~=CJ _ 
-I 

REF IN~CTlON ilOADER 

" 

" -
I' SC>£IlU.E ~0 fl/'E 

CUAIID CHAllIS 

9Er X "3" X .58' 

31~' MILG STEEL 
ALL AROt.f() 

35' SCHElJlU 16 STEEL· PIPE 

• 
~

I\' X I\' X .50' MILO STEEL 

: iB8 el&.lilllCLE 

"h2 FOIl AIOIOII rou 

{ 

6' X 6' x 50' fAIl AICHOItEll 
WIlK 2 e. ,50' 60L 15 .. , 

" '. 
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ACCOMPL.ISHIMENTS 

Successfully Scaled Up SMX-13 Explosive 

Successfully Demonstrated "Tube in a Tube" 
Load Method 

(old method involved stripping support tubing 
then wrapp·ing with Saran Wrap) 

Successfully Loaded Over 1800 Feet Of SMX-1 
Detonation Cord 

Assisted NSWC WO in setting up SX-2 
and SMX -13 arrays for Lethality Tests at 
Eglin, AFB 

L. ______ ........ _ __ 
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ISS,UES 

RAW MATERIALS 

HMX 
Cost $$$ 
Washing versus Grinding 

PAO 

BTTN 
Limited Suppliers 
Cost $$$ 
Shipped in MeCL2 

Melt PAD into Plasticizer to Form Laque'f 

BATCH & LOAD 

Time to Balch and Load is Excessive 

,. __ ._- -----~-----.. -~ ,-~~---------



LESSONS LEARNED 
1. No ingredient weight % changes were required during 

scale-up 

2. Polymer s-hould be broken Int.o s'fnall pieces and 
melted overnight 

3. Ensure all liquid ingredients are stored under nitrogen 

4. Use nitrogen when breaking vacuum in the mixer bowl 

5. 60 Ibe of BTTN requires a minimum of 4 hours at 52 F 
and 6< mm HG vacuum to remove MeCI2 

6. Always dry and screen solids prior to addition 

7. Cool QA sample to 40 C prior to cutting dog boone 

8. Blade speeds of 24 to 35 rpm are required to ensure 
p-roper mixing 

9. Vibration and Heat are required to decrease-load times 

10. HMX should have an average particle size of 10 micron 
with no particles below 1 micron to obtain EOM viscosity 
suitable lor processing 

1t: SMX-13 behaves favorably in our injection loader when 
subjected to pressures up to 300 psig 



CONICLUSIONS. 

Our detachment has successfully batched SMX-13 from 
25 grams to 200 Ibs 

Our SMX-13 mechanical property and senstivity data is 
comparable to NAWC China Lake's development data 

Batching SMX-13 can be accomplished jf "lessons 
le'arned" precautions are followed 

Injection lo'ading into polyethylene tubing is a 
viable way to load detonation cord if the '"tube in a tube" 
method is used along with heat and vibration 

Preliminary data from Lethality Tests indicate that 
the SMX-13 array out performed the' SX-2 array by a 
significant margin suggesting SMX-13 will replace SX-

-------~-------~-~~~~-~---~~~ 
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FUITUIRE 

Investigate reducing batch and load times 

Investigate other means of loading to suit 
production 

Load 2000' feet of SMX-13 detonation cord 
to support ongoing tests 
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Status Review of Twin Screw Extruder Facility at LHAAP 
by 

Dr. David R Dillehay, Thiokol Corporation 
Marshall, TX 75670 

ABSTRACT 

Thiokol Corporation has been working on continuous processing of energetic materials 
for many years. Ordnance Operations has developed a pilot facility for processing 
energetic materials based on a Werner & Pfleiderer ZSK-58E twin-screw extruder. The 
facility has produced a variety of compositions, including infrared decoy flare 
compositions, CABINC LOV A gun propellant, TPE gun propellant, and CAB explosive 
compositions with HMX. 

This paper will describe the latest work in processing explosives based on CAB binder 
with an energetic plasticizer and HMX as the nitramine oxidizer. The process utilizes a 
lacquer of all ingredients except the nitramine. The lacquer is pumped as a liquid into a 
twin-screw extruder/compounder with the nitramine being fed from a loss-in-weight 
feeder as a dry powder. The ingredients are compounded, granulated and dried to a free
flowing powder. This process has proven to be effective and low cost. All of the process 
steps, including granulation, are continuous. 

This process is proposed for the Flexible Manufacturing Plant for Energetics now being 
designed by Thiokol at the Longhorn Army Ammunition Plant. Both RDX and HMX 
compositions have been successfully produced in the facility. 

INTRODUCTION 

Processing of energetic materials in conventional production is based on batch processing 
of compositions which has several disadvantages. Batch processing requires considerable 
time in mixing to reach a state of homogeneity in the composition. In addition, batch 
processing means that a large quantity of material is suddenly available at the end of the 
mix cycle. Tllis requires close attention to pot life and material handling to avoid 
overloading bays with quantities in excess of quantity-distance criteria. Other batch 
processing problems include generation of considerable quantities of waste material from 
cleaning operations at the end of the mix cycle. Safety is a big concern in batch processing 
because of the quantities of material that must be handled during the process. Safety of 
personnel and protection of the equipment investment are both very important in the 
manufacturing of energetic materials. Most batch mixing equipment is limited in the 
degree of flexibility that can be used in the manufacture of energetic materials. Some 
products have been shown to be beyond the capability of specific batch mixers, thereby 
limiting the products that can be produced in a facility. 



Continuous processing offers solutions to many of the problems that are inherent in batch 
processing, In continuous processing, the material is available immediately after mixing at 
a rate commensurate with processing into items, The operations are remote, lending 
safety to personnel, and the operations have minimal product in process at any given time 
so that equipment is subjected to reduced hazard in the event of an unplanned ignition, 
Since clean-up only occurs at the end of the run and the amount of material in process is 
minimal, there is considerably less waste product to dispose of at the end of processing, 
By working with only small amounts of composition in the compounding step, it is 
possible to increase the amount of work done to the composition and to mix materials 
that are not processable in normal batch equipment 

Thiokol has had an !R&D project for continuous mixing since 1984, In 1988, a twin
screw extruder was received at the Thiokol Longhorn Division in Marshall, Texas to 
continue work on continuous processing, Thiokol is the operating contractor of 
Longhorn Army Ammunition Plant near Marshall, and the twin-screw extruder was used 
to establish a pilot facility using !R&D and Thiokol capital funds, With this facility, 
preliminary process development was demonstrated to show the flexibility of the system 
for processing energetic materials, Live demonstrations with solid rocket propellant were 
conducted in August, 1989. The propellant produced was tested for physical and ballistic 
properties and found to meet or exceed all batch performance criteria, After this work, 
the twin-screw facility produced infrared decoy flare composition to demonstrate 
flexibility and safety by providing remote operation of the entire process, The use of the 
twin-screw facility to produce live Low Vulnerability Ammunition (LOVA) gun propellant 
using a thermoplastic elastomer binder further showed the versatility of the process 
system, As a result of the !R&D project demonstrations, Thiokol was able to offer the 
Army Production Base Modernization Activity (PBMA) a proven system on which to 
design and build a Flexible Manufacturing Plant for Energetics, 

Using proven technology approaches, Thiokol has started the design of a Prototype 
Flexible Manufacturing Plant for Energetics at the Longhorn Army Ammunition Plant. 
This facility has the advantage of limited production capability of many different energetic 
items, including solid propellant rocket motors, plastic bonded explosive (PBX) 
compositions, infrared decoy flares, LOV A gun propellants, CABIHMX explosives and a 
variety of pyrotechnic formulations, The application of the Thiokol pilot facility to 
demonstrate the technology before committing the design of the system is a distinct 
advantage and lowers the risk to the Army, 

Thiokol has continued to apply !R&D and capital funds to continuous process 
development, including the addition of a continuous dryer and a continuous granulator for 
some products, 

EXPLOSIVE COMPOSITION PROCESSING 

ficatinny Arsenal eXplosives (P AX) have been based on use of a cellulose acetate (CAB) 
binder system with a plasticizer and HMX as the primary oxidizer. Different energetic 



plasticizers have been used in these formulations, including DEGDN, TEGDN and 
BDNPNF. The current process being developed on the Longhorn Division Pilot Plant 
utilizes a continuous compounding of ingredients in a totally remote operation. The 
process produces a PAX type explosive composition in a granulated form suitable for 
feeding to dies and pressing into warheads. The product is analogous to LX-14 but is less 
sensitive to external stimuli. 

The basis of the system is a Werner & Pfleiderer 58mm twin-screw extruder with the 
required ancillary support equipment. This is a split barrel design with numerous safety 
features. The initial system has been reported on in papers presented at the 15th 
International Pyrotechnic Seminar in 1990, the 24th DoD Explosives Safety Board 
Seminar in 1991 and the JANNAF Propulsion Meeting in 1993. 

The twin-screw extruder in the pilot facility was designed by Werner & Pfleiderer to 
Thiokol's requirements. Since those papers were presented, processing demonstrations 
have produced some major improvements. 

One of the major advances in continuous processing of these explosives involves the 
development of a process for the production of a granular composition. The original 
batch manufacturing process involved using a horizontal sigma-blade mixer to compound 
the explosive, followed by blocking, billeting and extrusion with chopping to give a 
granular material. The granules were then dried and used as feedstock in the pressing of 
warheads. This batch operation is very time consuming and labor intensive, in addition to 
producing bulk quantities of the material to be handled at one time. 

The continuous process involves producing a lacquer of all of the ingredients except the 
HMX and pumping this lacquer to the extruder while adding the required HMX After 
compounding the lacquer and HMX, the excess solvent is stripped in the barrel section 
with temperature and vacuum down to the 15± 5% range and the product exits the 
compounder in a coarse granular form. In this case, the twin-screw extruder is operated in 
a compounding mode without a die. The compounded product can then be conveyed to a 
continuous granulator for reduction to a uniform particle size and dried to less than 0.1 % 
solvent. The resulting granular material is very free-flowing and homogeneous. The 
granular feedstock can then be fed to the press for consolidation into warheads. 

The granulator used for this process is a Prater Granulator. The granulator uses a 
cylindrical screen with a non-contact rotor that slings the material through the screen in a 
continuous stream. The lower discharge port feeds the granulated product to a conveyor 
that takes it away for drying. In a production mode, the granulated material will be fed to 
a continuous plate dryer, such as a Krauss Maffei dryer. The Krauss Maffei in use at 
Longhorn has been tested and shown to be effective in drying solvents from products by 
conductive heating under mild vacuum as the product moves from tray to tray. The 
output from the dryer will be sent to a packaging station for packout for shipment to 
producers. If desirable, the feedstock can be blended to improve homogeneity of a 
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production lot It would be feasible to pre-test the composition to assure compositional 
validity prior to fmal packout 

The bulk density of the explosive was found to 0.8 gm/cc. The pressed density was 1.78 
gmlcc. Both densities were within the desired range for production. As noted in other 
compounded products, the materials are so uniformly coated that it is difficult to analyze 
the composition by extraction. An NMR technique was developed to determine the 
percent of nitramine present in the composition. The analysis confirmed the fonnulation 
was within specification. Impact test at Longhorn gave a value of 9 in. for 10% fire with a 
4 Ib ball. The Thiokol Friction Test for Steel on Steel showed that the product explodes 
at 43 lb. ESD testing gave a value of 1.0 joules before ignition. These values compare 
with 5 in. impact, 20 Ib friction and 19.4 joules (no fire) for ESD on WC-140 (single base) 
ball powder. 

Product was sent to Iowa AAP for consolidation into warheads for performance testing. 
The product fed to the dies and consolidated without difficulty. Test data are not 
currently available on performance but the explosive composition processed well. 

CONCLUSIONS 

The continuous process has proven very reliable for continuous manufacture of PAX type 
explosives. Using this approach, the design of a flexible manufacturing plant for energetic 
materials is progressing with significant improvements in safety and cost of products. 
The processing cost per pound of explosive is reduced significantly and the quality is 
improved. The system operates in a closed-loop mode to allow recovery of solvents from 
the process, thereby making it more environmentally acceptable than batch mixing and tray 
drying in ovens. 

The versatility of the system to produce a variety of energetic materials assures that the 
plant can be used to manufacture a broad range of products. The environmental aspects 
being addressed by this project will make the new facility totally compliant with current 
and future anticipated requirements, Minimization of waste and elimination of emissions 
are key features in the design. The elimination of obsolescence in the facility results from 
the broad range of materials that can be produced, including propellants, explosives and 
pyrotechnics. This approach protects the investment in a manufacturing facility and makes 
good sense in these days of uncertainty where item viability can change dramatically, 
almost overnight. 



~ CORPORATION 

ORONANCEOPERAnONS 

Propellant and Pyrotechnic Formulations Demonstrated 

• Composite Rocket Propellant 

• Ammonium perchlorate, aluminum, HTPS, (POI 

• Loaded ballistic test motors and 70 Ib SATES motor 

• Good physical properties aUld ballistic tests 

• Infrared Decoy Flares 

• PTFE, magnesium, Hycar binder - MJV-7, ALA-17, M-206 

• PTFE, magnesium, fhlOroeiastomer binder - M.JU-8 

• Excellent homogeneity and reproducibility of composition 

• Production implementation for M206 



~ CORPORATION 

ORDNANCE OPERATIONS 

• TPE LOVA 

Gun Propellant Formulations Demonstrated 

• TPE, RDX, NC, energetic plasticizer, ethyl centralite 

• 110 Ibs extruded, chopped and reprocessed three (3) times 

• Final extrusion and testing at Elkton - excellent quality 

• Solvent Processed LOV A - M43 

• CAB, NC, RDX, energetic plasticizer, ethyl centralite, UCA-12 

• Compounded and dried feedstock 

• Re-solvated and extruded in 19 perf configuration continuously 

• Good homogeneity (no ballistic firings) 



~ CORPORATION 

ORDNANCE OPERATIONS 

Fomulation: 
PAX EXPLOSIVE PROCESSING 

• Cellulose acetate butyrate(CAB) binder 
• Plasticizers (fEGDN, DEGDN, BDNPAIF) 
• HMX (nominal 5 micron) 

Compounding: 

• 5 micron HMX received from Holston and tray dried 

• All other ingredients dissolved in ethyl acetate solvent 

• HMX fed with Control & Metering twin-screw loss-in-weight feeder 

• Lacquer pumped with gear pump controlled by mass flow meter 

• Compounding and solvent reduction in twin-screw extruder 

• Coarse granules conveyed to Prater Continuous Granulator for particle size control 

• Product dried and packed in fiber drums for shipping 



~ CORPORATION 

ORDNANCEOPERAnONS 

PAX EXPLOSIVE PROCESSING 

Other process advantages: 

• Remote, continuous drying for production 

• Product may be surged, allowing verification of performance before further processing 



~ CORPORATION 

ORDNANCEOPERAITONS 

CONCLUSIONS 

• The continuous process has been demonstrated for continuous manufacture of PAX explosives. 

• The design of a flexible manufacturing plant for energetic materials is progressing with signilicant 
improvements in safety and cost of products. 

• The versatility of the system to produce a variety of energetic materials has been demonstrated. 

• The process will be totally compliant with current and future anticipated environmental 
requirements. Minimization of waste and elimination of emissions are key features in the design. 

• Flexibility of processing results in elimination of obsolescence of the facility. 





Gun Propellants of the Future 
Processable via 1'SE ?? 

Ronald L. Simmons 
Naval Smface Warfare Center - Indian Head Division 

Indian Head, MD 20640 

Continuous Mixer & Extruder Users Group Meeting 
Indian Head, MD 

20-22 September 1995 





Selected Ingredients of Interest 

Polymers Plasticizers Solids 

NC - various %N ATEC RDX 
CAB DOA HMX 
CA DOS TAGN 
ETCEL BDNPA/F DATIl 
HTPB GAP DADNH 
HTPE DANPE CL-20 
GAP DDDD TNAZ 
AMMO MeNENA NTO 
BAMO EtNENA ADN 
NIMMO BuNENA AN 
PVN TMETN 
PGN TEGDN 

BTIN 
NG 



TSE Propellants of the Future 

- May be dramatically different than current ones 
- higher plasticizer/polymer ratios 
- drastically different rheologies 
- zero to very high volumetric solids loading 

- Some will use volatile solvent ... some will not 
- Shear roll mill ---> homogeneous input 

- Some may be minor variations of current single- and double-base 
- Essentially aU polymeric binder ... very little plasticizer 

- Some may be more like solventless double-base JA-2 
- Exceedingly tough "viscous" binder 

- Some plasticizers are better than others 
- Unpredictable swell at die face 

- TPE binders require higher temperature than conventional 



TSE Propellants of the Future 
( continued) 

- Solid loadings may be higher than 70-75% volume 

- Bimodal ... or trimodal packings are likely 
- 211 + 2011 + 20011 (or wider) 

- Coarse solids> 10011 likely to be broken into smaller fragments 
- Need to prevent breakage to retain proper packing sizes 

- Coarse solids> 10011 difficult to retain in extruded strands 
- Will be ejected from the surface ... leaving pits + voids 



XM .. 39 vs M43 Gun Propellant 

- Differ only in ATEC vs BDNPA/F plasticizer 

- Batch process + ram extrusion ... no difference 

- TSE process ... substantial difference in rheology 

- Problem = If this subtle change caused such a dramatic effect 

- What will major changes do ?? 

- Need to anticipate rheology changes .0. especially dramatic ones 



Potential of 21st Century Propellants 

10% GAP 
15% MeNENA 30% DANPE 16% BAMO 
75% RDX 70% DATI-I 84% CL-20 

Impetus - joules/g 1355 1460 1417 
Tv - oK 3635 3641 4200 

GasMW 22.3 20.7 24.7 

Gamma 1.245 1.268 1.245 

Qex - cal/g 1173 1576 1248 

, , 



Impetus - joulcs/g 
Tv - OK 
GasMW 
Gamma 
Qex - cal/g 

Potential of 21st Century Propellants 
(Continued) 

50% MeNENA 30% DANPE 16% BAMO 
50% DANPE 70% TNAZ 84% RDX 

1313 1487 1377 
2978 4086 3639 
18.9 22.8 22.0 
1.274 1.246 1.252 
909 1287 1137 
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• When developing some industrial process, initial testing must be done on euipment of 
smaller scale than that for the production. 

• Once the process is developed, it must be scaled up to be at production sized machines (e.g. 
tests may be done on 2" diameter extruders and then run on 6" diameter extruders). 

• In order to do scale-up - must know the processes occuring which as we have studied before 
are: 

[Melting Pumping & Mixing •• ] 

• These processes do not have the same scale-up rule. 

w 
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Important Parameters (cont..) 

Operating Parameters 

.. Screw Speed (N) 

.. Melt Output Rate (0 = 0 0 I- 0 p) 

.. Shear Rate y = nDN/H 

.. Circumferential Speed (Vb) 

.. Residence Time t = UVo ~ UnDN 

w 
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Important Variables 

... Solids Conveying Rate =pHpWVb 
sin$ 

$- tan(S+$) 

I . (p K Y sin(jlLlT F lk8)i r--... Melt Conveying Rate M p = . m .... ~LJJ LlH b I LlZ-y W, 

... Screw Power Z = keY b (shear stress on the barrel A to move fluid Y b) 

... Specific Energy Consumption (z) 

-·c· ,\. 



Scal(:!-up forSpecific Processes 
.. Shear Rate (Pumping) 

r "" cons tan t 

1 
by H '" D, N "" .y'5 

.. Heat Transfer (to keep same temperature profile) 

Graetz Number YH
2 

flow rale 
aL heat transfer rate 

Brinkman Number ll
y2 

= viscous heat 
kll.T conduction 

<II Mixing 

• 

r constant - nDN 
H 

"d" L L t reSl ence tIme constant ~ .. -
V nDN 

\:;,: 



Let's see what each approach gives and how it is developed: 

Constant Shear Rate: 

Here, (jl '" constant, W '" 0, H '" -JI), 

I D· 
nON' '" DO 

'" r-. '{ -H -yO 

Drag Flow - QD 

( 4 n) QD = . 10 pWHnDN cos(jl 
\ , 

where, p - number of flights 

1 
- ~J5 

(4+n) QD '" WHDN as 10 cos(jl == constant 

~:: (~:J(~:l'(~:n:~ll "(~:r 
W' 

'-~. '\ 



Mp7::::: Vb2 I I1Z 2 WS2 
. ( \ 0.5 ( )0.5 

Mp, V bl J AZ, \ WS! 

1 r-
V b ~ nND "" ::]0 0 "" \I D 

( 1
°; 

I1Z2 "" D.2 and W ~ 0 
I1Z 0 52 

I I ) 

:. ~:~ "" (~~ (6~r(b: rs 

z(E~ f5 
But, 

Q D2 '" ( D2)2 
QD1 \D, 

Hence, it does not keep up with the increase 

in the flow rate . 

• .. ~. , 
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Scale-up for Mixing 

'.<-

2 ~ Rules 

1l:DN 
y = . = cons tan t 

L 
t = = cons tan t 

1l:DN 
if LID is constant, 

N must be constant from (2) 

:. H '"" D from (1) 

Disadvantages 

• Output higher than melt capacity 



Scale up for Heat Transfer 
VH2 

Graetz Number = (1) 
aL 

V2 

Brinkman Number ~. (2) 
kAT 

Considering V =: nDN and L / D = constant, 

Equation (1) becomes, 

NH2 cons tan t 

Equation (2) becomes, 

V = Circumferential Speed =: constant 

:. N z 1 / D 

Putting this into equation (1) gives, 

II '" Jt5 
Good agreement - fit for pump, melt, conveying 

rates & spec. energy consumption . ., 
".-:"-. 

.. 
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Scale--up Factors 

Pump HT - X Mix 

• Diameter (D) 

• Channel Width (W) 

• Channel Depth (H) 

• Screw Speed (N) 

• Melt Output Rate (QI" Qu) 

. nDN 
• Shear Rate (r = --) 

H 

w 
.' 

... ~. 
-:".,/ : •.. 

..~.: 

D 

D 
DOS 

D05 

D2 

DO 

D D 

D D 

D05 D 

D DO 

DL5 D3 

DOS DO 



Scale-up Factors (cont .. ) 

Pumping HT-X Mixing 

• Circumferential Speed (Vh = reNO b ) 
Dos D° D 

• Residence Time (t =_L_I 0°5 0 D° 
reND) 

( . (P K V sin<jJSr F K yo ..J-_.) • Melt Capacity Mp = m m b AH b I 2 AZ Ws 01.75 01.5 0 2 

• Solids Conveying ( Ms ( sin<jJ I) pHp WV cos<jJ--
b tan(8 <jJ)) 

0 2 DIS D' 

• Screw Power (Z = ArVl!) 0 25 015 D) 

C Z) D05 D° D° • Specific Energy Consumption Z - -
QT 

\-

.. ~. ~-.' 





Objective 

Determine appropriate scale-up rules for 
distributive mixing in partially-filled channels. 
By using the experimental method to find out how the 

factors below effect mixing length: 
* screw angular velocity - rpm 
* Percentage of channel filled 
* Diameter of screw 
* Stagger 
* Interactions of these main factors 

"(:- .:-, 



TRADITIONAL SCALE UP METHODS 
FOR MIXING 

It is assumed that the two most important 
parameter in mixing are: 

STRAIN RATE: 
iI& 

Y = 
nND 

H 
l 

RESIDENCE 
TIME: 

t= 
'It NDcos e sin e 

the scale-up rule is derived by keeping these two 
parameters constant that is, if UD is constant, the factors 
for mixing: 

• ,~. 

N = constant 
~ D 



RESULTS PREDICTED BY STANDARD 
SCALE -UP RULES I 

Small large Extruder 

Extruder 
H-S H-VS 

value equation value equation value 

Diameter d=0,8 D=d*S 2.0 D=d*S 2.0 

Channel depth h=0.1 H=h*S 0.25 H=h'S 0.158 
N=n'S 0 

0 

Screw speed n=20 20 N=n'S 20 
3 

Output rate(1 min) q=1.533 Q=q*S 3 23.95 Q=q*S 15.15 

Shear rate y = 8.378 Y=Y*So 
05 

8.378 y=y* S 13.25 
Circumferential v=0.837 V=v*S 1 2.094 V=v*S 1 2.094 speed 
Residence time t= 31.2 T=t'S 0 31.2 T=t*S 0 31.2 

• D/d=S 

• ,--



RESULTS PREDICTED BY STANDARD 
SCALE -UP RULES II 

Small large Extruder 

Extruder H-S at 40% fill 

value equation value value value 

Diameter d=0.8 D=d'S 2.0 2.0 2.0 

Channel depth h=0.1 H=h'S 0.158 0.25 0.25 

Screw speed n=20 N=n'S 0 10 15 20 

Output rate{/min) q=1.533 Q=q'S 3 11.98 17.96 23.95 

Shear rate "I =8.378 "I="I*So 4.19 6.28 8.378 
Circumferential v= 0.837 V=v'S 1 1.05 1.57 2.094 speed 
Residence time t= 31.2 T=t'S 0 62.4 46.8 31.2 

• D/d=S 

*Screw angular velocity will effect mixing length 

w 
, .:.", :- .. 
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* Considering: 

** Main factors: 

** Interaction of main factors: 

* Do the experiments 

* Analysis data, set up experic mixing equation. 

* Replicate the experiments 

* Compare the results with standard methods. 
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Improvements have been made in the shear stress calibration of CAlibrated .'v1icrof,ncapsulated 
,:?ensors, CAlviES™ A thorough pelformance evaluation of the calibration instrument, a Sieglaff
McKelvey capillary rheometer, has yielded greater accuracy and reproducibility of on-line shear 
stress and shear rate data. Anomalous shear rate readings for the calibrating fluid have resulted in 
original observations of dilatancy in this fluid, a more accurate model of viscous flow in the 
capillary and improved shear stress calibrations. The development of a new single particle 
counting technique, using digital signal processing, has validated our percent ruprure calibration 
method by classifying the types of events seen by the on-line microphotometer. Finally, rhe 
cumulative effect of these improvements has resulted in confirming previous calibration data and 
developing a more powerful set of calibration parameters that we now use to specify these 
materials . 
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Calibration of CAMEsnl Sensors· Technical Update 

Introduction 

The concept of sensing shcanng forces using microcapsules was patented nearly three decades 

ago. Here, m:crocapsules were proposed for measuring "distributed forces" [1] or simply a means 

for obtaining a copy or record of a pressure event such as writing or typing [2]. A definitive, 

ahsolute calibration using fundamental concepts was not performed in either case. Instead, relative 

calibration of large collections of particles was attempted. Consequently, only rough quantitation 

was permitted, i.e. low, medium and high pressures. 

The use of microencapsulated dye panicles. freely supported in a fluid matrix, to detect shear 

stresses associated with fluid processing techniques was recently demonstrated [3]. Marketed as 

CA,\1ES'!Yl (CAlibrated 'vlicroEncapsulated Sensors), 40 to 150 Ilm diameter polymeric 

microcapsules, with an organic dye-containing core liquid, were shown to rupture in a shear stress 

field. If the CAMESTM lVere unifonnly distributed in a tluid matrix the pattern of mpture was an 

indication of the shear stress profile. Thus, CAMES1-:v1 were an optomechanical sensor for 

shearing stress. Mixing phenomena generate slearing stress, Recall that viscosity IS the ratio of 

shear stress to rate of shear. so, at constant viscosity and known rate of shear, extent of 

microcapsule mpture should be proportional to shear stress. The ability to measure shearing stress 

in industrial mixers and extruders wa, the impetus to continued research and development of 

CAMESnl optomechanicaJ sensors [4, 5]. 

The rupture of microencapsulated dye partic'es was monitored in a capillary rheometer, which 

produced a known shear stress field in the capillary [5]. Poiseuilie tlow in a cylindrical capillary 

produces a laminar flow profile with maximum shear rate and maximum shear stress at the wall

fluid interface. Dye-filled microcapsules experience this shear stress field and may rupture, 
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depending on the field or stress gradient that IS superimposed across the particle's diameter. On

line microphotometry records optical absorbance of the capillary contents as a function of time. 

The dye concentration is measured using optical absoroance. Fluid containing intact microcapsules 

generates a srnailer absorbance signal than the same fluid that contains IUptured microcapsules 

because the highly localized dye in intact microcapsules attenuate only a small fraction of the light 

beam. Distinguishing between rupture and nonrupture events allowed computation of rupture 

extent (%). Plots of % rupture versus shear stress served to calibrate the microcapsule rupture 

response, thus enabling the CAMESTM designation. 

Experimen tal 

Microcapsule Pre;;aration and Characterization 

Microcapsules containing a 10 % (wfw) Automate Red B (10 % (wfw) methyl red in xylene)

xylene core liquid were prepared via oil-in-water emulsion polymerization [5]. The polymer wall 

consisted of an extensively crosslinked urea-formaldehyde-melamine condensation polymer. The 

microcapsules were classified into the following size ranges: 44-53, 53-63, 63-74, 74-90 and 90-

106 11m diameter, using wire mesh sieves (Gilson Co., Inc., Worthington, OH). A proprietary 

wet sieving technique allowed continuous sieving without microcapsule lupture or sieve blinding. 

Fine particle analysis techniques were used to characterize the microcapsules. Wall thickness was 

measured by scanning electron microscopy of microtomed, epoxy-cast microcapsules. Particle 

size distributions of each of the classified fractions was obtained by a Microtrac light scattering 

apparatus. Periodic light microscopy was performed on the classified microcapsules to verify wall 

integrity and maintenance of the core liquid. 

RuplUre Rcsyonsc Calibration Instrumentation 

A model R-64 Sieglaff-McKelvey capillary rheometer (Tinius Olsen, Willow Grove, PAl was used 

to generate Poiseuille flow in a capillary that had been fitted with a unique microphotometer. 
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Figure 1 shows a schematic of the on-line microphotometer. A 6.8 em long stainless steel capillary 

with an inner diameter of 0.65 mm was fastened into a standard rheometer die. A pair of ball 

lenses (Edmund Scientific. Barrington, NJ) were attached to matched and aligned milled openings 

in the tube wall, approximately 3 em from the inlet end. Both the capillary/die and ball 

lens/capillary bonds were made with 353ND epoxy (Epo Tech. Billerica, MA). A physical 

separation of not Jess than 0.6 mm, or 8090 of the lumen diameter, was maintamed between the 

ball lenses in the observation region of the capillary. This distance. 0.6 mm. was the effective 

optical pathlength of the transmission phorometric confjguration. Much of the remaining 

components and design were based on an LED photometer reported by Dasgupta and co-workers 

[6]. r\ silicon photocell (Electronic Goldmine. Phoenix. AZ) was coupled to one hall lens and a 

high output. green LED (light emitting diode) (Stanley. Dallas, TX).was coupled to the other ball 

lens. An identical silicon photocell was attached ro the ba,e of the green LED using optical epoxy 

(302. Epo Tech, Billerica, MA). The sample and source photocells were electrically connected to a 

log ratio amplifier (757N, Analog Devices, Norwood, MA). operated in the current mode. 

Heavily shielded. long (> 1m) cables were required for this connection. The source LED was 

driven with 50 rnA at 5 V. The output from the log ratio amplifier was buffered with a voltage 

follower amplifier (ECG 858M, Sylvania Electronic Products, Williamsport, PAl. The 

conditioned output was displayed on a digital panel meter (DPM-65, Acculex. Taunton, MA) and a 

strip chart recorder. The microphotometer output calibration was 1.0 AU (absorbance units) per 

volt. The capillary rheometer outputs of load and velocity were monitored on the provided two

channel chart recorder. 

Rupture Response Calihrating Fluid 

An optically-transparent, viscous fluid was used to generate a shear stress field in the capillary. 

This proprietary fluid (CF 232, MACH T. King of Prussia. PAl was carefully chosen for its high 

viscosity (- 100.000 mPa·s (cP) at 30 C), excellent optical transparency and extremely high tack 

(adhesion) to the microcapsules. These features enabled high shear stress to be generated at the 
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depending on the field or stress gradient that is superimposed across the particle's diameter. On

line microphotometry records optical absorbance of the capillary contents as a function of time. 

The dye concentration is measured using optical absorbance. Fluid containing intact microcapsules 

gcnerates a smaller absorbance signal than the same fluid that contains ruptured microcapsules 

because the highly localized dye in intact microcapsules attenuate only a small fraction of the light 

beam. Distinguishing between rupture and nonrupture events allowed computation of rupture 

extent (%). Plots of % rupture versus shear stress served to calibrate the microcapsule rupture 

response, thus enabling the CAMESTM designation. 

Experimental 

Microcapsule Preparation and Characterization 

Microcapsules containing a 10 % (w/w) Automate Red B (10 % (w/w) methyl red in xylene)

xylene core liquid were prepared via oil-in-water emulsion polymerization [5]. The polymer wall 

consisted of an extensively crosslinked urea-formaldehyde-melamine condensation polymer. The 

microcapsules were classified into the following size ranges: 44-53, 53-63, 63-74, 74-90 and 90-

106 11m diameter, using wire mesh sieves (Gilson Co., Inc., Worthington, OH). A proprietary 

wet sieving technique allowed continuous sieving without microcapsule rupture or sieve blinding. 

Fine particle analysis techniques were used to characterize the microcapsules. Wall thickness was 

measured by scanning electron microscopy of microtomed, epoxy-cast microcapsules. Particle 

size distributions of each of the classified fractions was obtained by a Microtrac light scattering 

apparatus. Periodic light microscopy was performed on the classified microcapsules to verify wall 

integrity and maintenance of the core liquid. 

Rupture Response Calibration Instrumentation 

A model R-64 Sieglaff-McKelvey capillary rheometer (Tinius Olsen, Willow Grove, PAl was used 

to generate Poiseuille flow in a capillary that had been fitted with a unique microphotometer. 
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Figure I shows a schematic of the on~iine micropho!ometer. A 6.8 cm long stainless steel capi!lary 

wilh an inner diameter of 0.65 :nm was fastened into a standard rheometer die. A pair of ball 

lenses (Edmund Scientific. Barrington, :lJ) were attached to matched and aligned milled openings 

in the tube wall, approximately 3 cm from the inlet end. Both the capillary/die and ball 

lens/capillary bonds were made witl1 353ND epoxy (Epo Tech, Billerica, :V1A). A physical 

separation of not less than 0.6 mm, or 80% of the lumen diameter, was maintained between the 

ball lenses in the observation region of the capillary. This distance, 0.6 mm, was the effective 

optical pathlength of the transmission photometric configuration. Much of the remaining 

components and design were based on an LED phmometer reported by Dasgupta and co-workers 

[6]. A silicon photocell (Electronic Goldmine, Phoenix, AZ) was coupled to one ball lens and a 

high output, green LED (light emitting diode) (Stanley, Dallas, TX).was coupled to the other ball 

lens. An identical silicon photocell was attached to the base of the green LED using optical epoxy 

(302, Epo Tech, Billerica, MA). The sample and source photocells were electrically connected to a 

log ratio amplif1er (757N, Analog Devices, Norwood, MA), operated in the current mode, 

Heavily shielded, long (> 1 m) cables were required for this connection, The source LED was 

driven with 50 mA at 5 V. The Output from the log ratio amplifier was buffered with a voltage 

follower amplifier (ECG 858M, Sylvania Electronic Products, Williamsport, PAl. The 

conditioned output was displayed on a digital panel meter (DPM~65. Acculex, Taunton, MAl and a 

strip chart recorder. The microphotometer output calibration was 1.0 AU (absorbance units) per 

volt. The capillary rheometer outputs of load and velocity were monitored on the provided two

channel chart recorder. 

Rupture Response Calibrating Fluid 

An optically-transparent, viscous fluid was used to generate a shear stress field in the capillary. 

This proprietary fluid (CF 232, MACH J, King of Prussia, PAl was carefully chosen for its high 

viscosity (- 100,000 mPa's (cP) at 30 C), excellent optical transparency and extremely high tack 

(adhesion) to the microcapsules. These features enabled high shear stress to be generated at the 
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capillary wall and, thereby, on the microcapsules. Csing the calibrated load channel output, the 

capillary dimensions and the calibrating fluid viscosity. shear stress from 20 to 600 kPa could be 

generated. The shear stress dependent viscosity and the temperature coefficient of viscosity were 

determined with the Sieglaff-McKelvey capillary rheometer and a Brookfield M81 cone and plate 

viscometer (Brookfield Instruments. Raritan. NJ), respectively. 

Particle Counting and Analvsis InstfUme.Dlation 

Strip chart recordings were scanned with a hand-held scanner (Scanman, Logitcch, Los Angeles, 

CAl using the supplied FotoTouch software. Occasionally, the captured grid was removed with 

the image editing software. Next, the scanned images were converted to X-Y data files with 

Unscanit software (Silk Scientific, Inc., Orem, UT). Great care Vias taken in order to assure 

correct calibration of the abscissa (time) and ordinate (Absorbance) scales. finaiJy, the X-Y data 

files were imported to DADiSP (DSP Development, Cambridge. MA) digital signal processing 

software. 

Calibration Procedure 

The Sieglaff-McKelvey rheometer was operated in the constant .shear stress mode by adjusting and 

main taming constant applied pressure to the load frame [7]. Applied nitrogen pressures of 20, 40, 

60,80 and 100 psi were routinely selected for each lot and class of Automate Red B microcapsule. 

The calibrating fluid was heated to 80 C, microcapsules were added to approximately the 0.05% 

(w/w) level and the hot fluid was carefully swirled to disperse the microcapsules. The fluid was 

poured into the barrel/die assembly and left to cool before engaging the piston to achieve constant 

loading for each of the applied pressures. noted above. A chart recording of the microphotometer 

output was obtained along with load and piston velocity. The microphotometer chart recording 

typically showed small peaks (intact particles) and large peaks (lUplUred microcapsules). Peak 

height analysis, either manually or with D.WiSP software enabled calculation of rupture extent 

(%). The load channel recording allowed calculation of shear Slress at the capillary wall. The 
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velocity signal was not routinely used for calculations or calibration. Ideally, the velocity channel 

gives shear rate which combInes with the load channel (shear stress) information to yield viscosity. 

Periodically the load and velocity channel signals were combined to verify microcapsule-calibrating 

fluid mixture viscosity, especially at high shear stress. At each of the shear stress levels, 10 to 20 

minutes of extrusion were permitted and the extrudate was collected on a microscope slide. 

Examination of the extrudate by light microscopy allowed determination of rupture extent by 

manual counting of ruptured and intact microcapsules. 

Results and Discussion 

Calibrating Fluid Characterization 

MACH I calibrating fluid (part number CF 232) was observed to exhIbit dilatant behavior as well 

as a significant temperature coefficient of viscosity. Dilatancy wa, confirmed by constant shear 

stress experiments (at 295 K) between 56 and 361 kPa with the Sieglaff-McKel vey capillary 

rheometer. No microcapsules were added to the calibrating fluid during this study. The log of 

shear ratc was plotted against log shear stress, revealing a linear relationship (r = 0.95) with slope 

= 0.72 and intercept 1.7 kPa. Thus, the viscosity was calculated to increase from 1.44 kPa's at 

26.6 kPa to 2.4 kPa's at 165 kPa. The temperature dependence of viscosity was determined with 

a Brookfield cone and plate viscometer which was fitted with a thermostated sample cup and 

chiller/circulator. A plot of log shear viscosity (in cP) versus IlT revealed a linear relationship (I' = 
0.991) with slope = 4505 10g(cP)'K and intercept = -10.13 log cPo Thus the activation energy for 

viscous flow was 16.3 kJ/mol at 298 K, room temperature. 

Despite the possibility that these effects might cancel during a calibration experiment, it is doubtful 

that there is any influence of viscous heating in the capillary rheometer calibration. This conclusion 

is supported by three facts. First, dilatancy was observed with capillary rheometry. Second, the 

capillary/die/barrei assembly had a huge heat capacity because these metal pieces are in intimate 

contact with a large heating mantle. Third, heat dissipation within the capillary is relatively 
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efficient due to the small lumen diameter (0.65 mm), making localized heating highly unlikely. So, 

the significant temperature coefficient of viscosity necessitated a constant temperature for maximum 

calibration reproducibility. Dilatancy of the calibrating fluid contributed to a small bias in the 

estimation of shear stress at the capillary wall. It is highly likely that there was not a linear stress 

profile from the capillary center to tile wall because viscosity of the fluid at the wall was higher due 

to shear thickening. Therefore, ali shear stress values, as calculated from the load channel 

response, should be also corrected for shear th ickening using the correction factor and equation 

cited above. 

Microphotometer Instrumentation 

The microphotometer was evaluated i:1 two respects. Peak-to-peak noise with flowing calibrating 

fluid was approximately 0.0012 AU and did not change at either lower or higher flow rates. This 

rather high noise figure was due to capacitive loading from the long cables connecting the 

photocells with the log ratio amplifier. Detector drift was approximately 0.0003 ACIhr. The 

response time was not altered by electronic filtering of the amplifier output. We wanted the 

electronics to accurately follow the optical density within the narrow cone of light passing between 

the ball lenses. The residence time of a microcapsule in this region varied from several hundred 

milliseconds to just tens of milliseconds, depending on the flow rate. Peak heights approaching 

0.08 AU were recorded for the largest microcapsules and amplitudes of about 0.02 AU were 

obtained for the smallest microcapsules. LED emission at 555 nm [8] was well matched to the 514 

nm absorption maximum of Automate Red B [9]. The optical background absorbance signal from 

the calibrating fluid was negligible. 

Quite a bit of time was spent improving the microphotometer design. A dual channel 

reflection/transmittance instrument has been constructed. A detailed treatment of the optics and 

electronics of this instrument are beyond the scope of this presentation. Multifiber bundles were 

arranged to enable both transmittance and reflection sensing of the capillary contents. Intact 
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microcapsules that are close to the capillary wall are detected by the reflection sensor while the 

transmission sensor detects near and far ruptured microcapsules. This should yield a more 

accurate counting of panicles that experience shear stress at the capillary walL There was not 

sufficient time to prepare an evaluation of (Ilis new instrumentation. Look for this in a future 

publication. 

Automated Peak Height Analysis 

The basic premise to microcapsule counting and rupture event discrimination by peak height 

analysis is consistent with photon counting '10]. Intact microcapsules. irrespective of size. should 

yield small peaks because the dye minimally interacts with the light beam while it is contained in 

the core, Upon rupture. the core liquid will experience significant shear and velocity gradients 

which will transport the dye away from the microcapsule,resulting in much larger absorption 

peaks. Randomized radial positioning of the microcapsules in the observation region was not 

taken into account. 

A complete calibration sequence was used for the peak height analysis, Le. recordings at 20, 40, 

60, 80 and 100 psi. Each of the microphotorneter traces was imported into DADiSP and the 

baselines were normalized to zero absorbance. Next, peaks were located using the GETPEAK 

function. Three parameters must be specified to enable this function: the minimum amplitude of a 

peak, the minimum number of points in a peak and the minimum valley to peak distance. Figure 2 

shows the located peaks from a typical recording. The GETPEAK parameters were optimized for 

individual recordings to ensure accurate registration of peaks. Then, the peak amplitudes were 

sorted and ordered, in decreasing amplitude. using the SORT command as shown in Figure 3. 

The abscissa axis is arbitrary, here. The peak height distribution shows three plateaus. The first 

plateau extends from ° to about 4.4, the second plateau goes from 4.4 to about 9.6 and the last 

plateau extends beyond 9,4, Use of tile ZOOM and CURSOR commands reveals that ordinate 

values of zero begin at 9.7, or peak number 79. Therefore, 79 "true" peaks were located in the 
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signal. The GETPEAK function effectively eliminates detector electronic noise, provided the 

execution parameters are properly chosen. Three types of peaks are possible: peaks from 

unruptured microcapsules, from ruptured microcapsules and from various combinations (broken 

and intact) of multiple microcapsules. The feature at 4.4 (peak # 36) represents a relatively 

significant increase in peak amplitude which we have assigned to the transition between broken and 

intact microcapsules. There is roughly a three-fold increase in peak amplitude to the left of peak # 

36. Following the amplitude distribution to the left in Figure 3. there is a fairly smooth increase in 

peak amplitude until 0.4. The very large peaks. approaching 0.07 AU, probably indicate multiple 

peaks of some type. Due to an inability to confine microcapsules infinitesimally close to the 

capillary wall. we can only designate these as single rupture events. The transition from ruptured 

to intact microcapsules was carefully evaluated for each of the five recordings in a complete 

calibration run. The length of the plateau representing intact microcapsules increased with 

decrea. .. \ing shear stress. The signal level of the largest amplitude peak in this segment was 

compared for each of the five recordings. At the lowest shear stress the fewest number of 

microcapsules ruptured. so it was often difficult to clearly identify this transition. In this situation. 

the largest amplitude intact peak values were pooled and an average value was used to locate the 

transition region with more confidence. After identifying the number of peaks in each of the 

segments, the rupture % was directly calculated, as in Figure 3, 36 rupture events divided by 79 

non rupture events is equivalent to 45,6 % rupture. Identical calculations were performed for each 

of the applied pressure levels. 

Optomechanical Response Characteristics 

Plots of % rupture versus corrected shear stress indicate the optomechanical response 

characteristics for a given CAMESTM sample. In the past, both optical microscopy and a manual 

version of peak height analysis were performed for rupture response calibration. Figure 4 shows 

data for the two calibration techniques for the 63-74 flm fraction of production lot 19-67 A. Figure 

5 shows a rupture response plot for a similar CAMESTM sample (production lot 19-67 A. 74·90 
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,urn) using the automated peak height anaiysis procedure, described above, There are distinct 

differences, The calibration results from Figures 4 and 5 can be quantitatively compared using 

linear regression results, Optical microscopy and manual peak height analysis yield a regression 

slope of 0,80 %/kPa, as shown in Figure 4, The regression slope for the calibration results in 

Figure 5 is 0,14 %IkPa. This is inconsistent with theory since a larger particle should be more 

susceptible [0 IUpture, hence, will have a larger slope in such a piaL It is quite likely that error 

were introduced when the stripchart recording was converted to a digital data set. The automated 

peak height analysis is a viable approach but needs to be optimized and validated before the results 

are accepted for calibration purposes, Manual counting of peaks from the stripchart 

microphotomcter recording and of particles in the rheometcr extrudate is routinely used to generate 

S\; IUpture data, 

A closer examination of Figure 4 reveals details of microcapsule rupture that can be used to specify 

the microsensors, Since the plots are linear, the slope is an indication of rupture sensitivity, i.e. 

the change in % rupture with incremental change in shear stress. The greater the slope the greater 

the tendency for IUpture, implying that small differences in shear stress can be morc casily seen 

with microcapsules that display high rupture sensitivity, compared to lower rupture sensitivity. If 

the lower limit for optical detection can be somewhat Jrbitranly assigned to the :0 % rupmre level, 

this represents the rupture threshold (in shear stress) for a particular microcapsule. Conversely, 

the upper limit for detection would correspond to nearly complete rupture of tbe microcapsule 

ensemble at, say, 90 % IUpture. This represents the shear strength of the microsensors, These 

three parameters, rupture threShold, rupture sensitivity and shear strength can be used to specify 

the calibrated microcapsules or CA.'v1ES™, Both the shear stress range and sensitivity are 

specified by these three parameters, Note the calibration data of Figures 6 and 7. Figure 6 

represents a relati vely low rupture sensitivity (0.17 O/OlkPa) microcapsule « 44 !lm) and Figure 7 

shows even less rupture sensitivity (0.08 %/kPa) for this microcapSUle (44-53 !lm). Lot 9-13-56 J 

was determined to have a 0.4 !lm wall thickness and lot 9-13-512 had a 0.87 !lm wall. Therefore, 

10 



smaller diameter particles and thicker walls result in less rupture sensitivity. These resuits are 

consistent with theory. 

Conclusions 

Improved sensor calibration methods have been developed which have enabled a better 

understanding of microcapsule response to shear stress during calibration by capillary rheometry. 

Original observations of dilatancy of the calibrating fluid will require corrections in the computation 

of true wall shear stress. Advances have been made in the calibration instrumentation and the 

particle counting procedures. Less than satisfactory improvements have resulted, but work is 

continuing and we are confident that the tinal outcome will be positive. Three parameters have 

been selected for specifying microcapsule calibration, rupture sensitivity, shear threshold and shear 

strength. The practical significance of these parameters is now much clearer than in the past. 
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Figure 1. Microphotometer Flow Cel! Assembly 
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Figure 3. Peak Height Distribution of Fig. 2 Data 
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Figure 4. Rupture Response Calibration Using 

Manual Peak Height Analysis and 
Optical Microscopy, Lot 9-13-565 
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Figure 5. Rupture Response Calibration Using 
Automated Peak Height Analysis, 
Lot 9-13-566 
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Figure 6. Rupture Response Calibration Using 

Manual Peak Height Analysis and 

Optical Microscopy, Lot 9-13-561 
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CONCLUSION 

Evaluation on the factors which may 
effect mixing length 

* Screw angular velocity-rpm 

* Percentage of channel filled 

* Screw stagger 

After evaluating these factors, we can tell that 
the distributive mixing is independent of screw 
velocity which violates the standard scale-up 
rules 
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Figure 7. Rupture Response Calibration Using 

Manual Peak Height Analysis and 

Optical Microscopy, Lot 9-13-512 
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STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

OUTLINE OF TALK: 

[1J MA TERIAL BALANCE VA TA FOR LIFE CYCLE POLLUTION ASSESSMENT 

[2J DISCUSSION OF LEVERAGING OPPORTUNITIES 

[3J APPLICATION OF COMPUTA TlONAL TOOLS FOR BLU-97 SUBMUNITION REJECTION RATE 

[4J APPLICA TION OF COMPUTA TlONAL TOOLS FOR TPE PBX DEMONSTRA TlON 

[5J CONCLUSIONS 
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Life Cycle Data Collection 
Mat'l Bal for GBU-24B1B Penetrator Bomb 
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Life Cycle Data Projection for TNAZIAL 
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STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP: TECHNOLOGY ASSESSMENT 

[1] HOW CAN PROCESSING BE RESPONSIBLE FOR A LARGE PORTION OF LIFE CYCLE 
WASTES? 

[2] WHAT ARE THE ENERGETIC MATERIAL CHARACTERISTICS THAT ADVERSELY 
AFFECT PRODUCT QUALITY ? 

[3] WHAT PROCESS CONTROL PARAMETERS NEED IMPROVEMENT TO ACHIEVE 
A REDUCED SCRAP RATE ? 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

• 

CAMPEP: TECHNOLOGY ASSESSMENT 

[4] WHAT KIND OF FUNDAMENTAL DATA NEEDS TO BE COLLECTED? WHO WILL 
COLLECT IT ? WHICH MATERIALS ARE CHOSEN ? 

[5] HOW WILL THIS DATA BE USED? WHO WILL USE IT 7 

(6] IS THE SERDP/CAMPEP GOAL OF POLLUTION REDUCTION ACHIEVED 7 

[7] HAVE WE DELIVERED SOMETHING OF VALUE TO LEVERAGED PROGRAMS? 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP: TECHNOLOGY ASSESSMENT 

LEVERAGED PROGRAMS 

JOINT STAND OFF WEAPON (JSOW) & TOMAHAWK (CEM) 

RHEOLOGY SUPPORT 

PROCESS IDENTIFICATION & DEVELOPMENT 

PROCESS CONTROL 
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STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP PROCESSING TECHNOL.OGY ASSESSMENT 

INJECTION LOADING OF 8LU-97 SU8MUNIVONS 

.:. Joint Stand-Off Weapon (JSOW) has loaded 
2,448 8LU-97 submunitions with PBXN-107 
having an average reject rate of about 24% using 
a volumetric loader. The problems are due to 
particle jamming and binder filtration, as well as 
the geometry of the volumetric loader . 

• :! TOMAHAWK Combined Effects Munition (CEM) 
is also planning to procure PBXN-10710aded 
BLU-97 submunitions . 

• :. Selection of an injection loading process with 
model-based and rule-based process control can 
resolve these processing problems. Resources 
include NSWC, NAWC, LANL, SNL, MIT, SIT, and 
Cal Tech. 

NSWC Injection Loading Apparatus 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP PROCESSING TECHNOLOGY ASSESSMENT 

JSOW and thefr EM&D contractor recognfzed that the fow vfscoslty of the 
polyacrylate bInder In PBXN-107 was causing particle lamming and binder 
filtration problems. Their approach was to pre-polymerize the binder to 
Increase the viscosity. However, the chemical reaction kinetics of the free· 
radical polymerization do not yIeld a reproducible viscosity. 

AccordIng to the DCMO and ISEA, the processing problems associated with 
loading PBXN-107 Into BLU·97 submunltlons Include raj voids, [bJ fill height, 
and [c] densIty and RDX gradients. 

The SERDPICAMPEP review of BLU-97 loading data for Indicates the following 
causes: 

[a] The quad-modal partfcle slze distribution of RDX In PBXN-107 Is not well 
controffed. PBXN-107 has four classes of RDX having average particle sizes 
of 25, 200, 300, and 900 mlcrons. Momentum and mass transport problems 
such as flow InstabilitIes, shear Induced partfcle migration, particle Jamming, 
and bInder filtration occur when flowlng through narrow channels and corner 
turnIng. 

[b] The EM&D contractor uses process geometry having five 90 degree turns, 
and Is too long (causIng OBIOD of 140 Ibs of PBXN-107 after each run). 

[cJ The EM&D contractor uses Inadequate process control for momentum and 
heat transfer (can't control the binder viscosity, and can't prevent the reject 
from beIng made). 

LWI LOI.' 

Relstlve magnitude of density snd 
RDX grlJdll1nts In P8XN·r0710sded 
BLU·97 submunltlons 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP: TECHNOLOGY ASSESSMENT 

[3] WHAT PROCESS CONTROL PARAMETERS NEED IMPROVEMENT TO ACHIEVE 
A REDUCED SCRAP RATE ? 

If we are to demonstrate processing and reprocessing of thermoplastic elastomers as 
legitimate clean binders for explosives and propel/ants, we need better understanding of 
what we're measuring so that we can use the data in appropriate control alogoritms. We 
can measure tlP, tl T, 1], and p. We need to control momentum transport (Q = f(tlP, n, mY), 
heat transfer (as it relates to viscosity (I] = f(T, </J)) and viscous heating (dT/dr and dT/dt)), 
and mass transfer (as it relates to air removal (p) and particle migration (</J)). We also need 
to incorporate new control strategies that anticipate when undesired transport phenomena 
(e.g., momentum, heat, mass) may occur and take preemptive corrective action. 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP: TECHNOLOGY ASSESSMENT 

PROCESS CONTROL ELEMENTS - JSOW & TOMAHAWK (PBXN-107) 

[a] The viscosity of PBXN-1 07 behaves in a predictable manner when the thermal load 
is decreased so that the temperature dependency of the binder is dominant over 
the chemical reaction kinetics. The viscosity increases as temperature decreases. 

1] = A exp(ElRT) 

[b] Priority of process control strategy is for (1) Arrhenius heat transfer model, 
(2) Phillips mass transfer model from computational fluid dynamics, and then 
(3) momentum transport rules derived from (i) Power Law equation (or Herschel
Bulkley equation) using rheological data, and (N) expert operator experience. 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CAMPEP PROCESSING TECHNOLOGY ASSESSMENT 

The mock InjectIon loadIng NMRI experIments performed at SNL and LMSC are based upon the NSWCIHD 
Injection loader geometry to determine where flow Instabffftfes occur when processing PBXN·107. ThIs pilot 
plant apparatus represents simplified process geometry. There are no 90 degree turns, no long length of 
plumbing, and the smallest flow channel Is In the 1/2 Inch dlaphram valve. 
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MRI of Injection Loading Reveals Flow-Induced Inhomogeneities 

A piston pushes a concentrated suspension at a slow steady rate through a contraction, a straight ~ection of piping, and an expansion to 
simulate the performance of the injection loading of bomblets. 

Results indicate the need to do follow-up experiments in a more detailed model of the injection loader and with better simulants 
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Particles migrate toward the small pipe axis creating a rone 
of higher binder content near the walls (high particle content 
along axis). 

Particles are swept out of 'comers" of the expansion creating 
zones of high binder content here, too. 

A binder-rich region appears at the face of the piston and 
along the axis of the larger pipe. 
This region is convected into the contraction as the piston moves. 

Potential for inhomogeneities in final product 

The Lov( ! Institutes 
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STREAKLINES OF SHEARED FLUID 

EiigliiHiliij!<i~ c.n.... _______ _ 

MARK INITIAL FLUID POSmON WITH VARYING 

CONCENTRATIONS OF TRACER SPECIES 

(WHICH DOES NOT DIFFUSE) 

~ 
tt 
Ii! 
I:l: 

!1i 
~ 
).. 
....I 
Q 
....I 

:i 
13 .... 
~ 
Ci 
~ 
~ 
~ 

~ 
~ 
Q 

~ 

i 
).. 
..J 
:x: 
~ 

~ 

'NeW FLUID ENTERS . 

WITH SAME COLORS 

ORIGINATES NEAR 
NOZZLE WALL, ALL 

BLUE FLUID 
ORIGINATES NEAR 
NOZZLE CENTER 

~ 
~ 
ex: 
~ 
~ 

~
Sooda 
Natk.ni rI1 llixrattJies 

ROLLING MOT/ON OVER DIMPLE TRAPS A LAYER 

OF HIGHLY SHEARED FlUID 

CORE OF MILDLY SHEARED FLUID WITH 

OUTER LAYER OF HIGHLY SHEARED FLUID, 

CORNER FILLED WITH HIGHLY SHEARED 

ql7~ 
1!1o"'HV'1tC:1WTVdOO'flilloq,rflll v 



Variolls models exist to predict 
particle migration 

• Phillips et al. 
- migration is shear rate induced, particles migrate away from 

regions of high shear rate . 

• McTigue and Jenkins I Nott and Brady 
migration is induced by particle velocity fluctuations, or 
'temperature', with particles migrating towards regions of lower 
temperature. 

los Alamos National laboratory, ESA-EPE 



We aim to rind the optimal monel 
for particle migration . 

• Our intent: 
to predict the evolution of ¢ and v profiles in a number of 
viscometric flows, using these theories. In this study, we focus on 
the Phillips modeL 

- to compare these predictions to rheological and NMR data . 

• Our objective: 
to provide a rational basis to referee between competing models 
and establish an experimental basis for testing future 
modifications of existing theories, and new theories. 

los Alamos National laboratory, ESA-EPE 



The Phillips model balances collision 
and viscosity gradient driven migration. 

• Collision term 
a particle in a sbear field 
experiences collisions proportional 
to tbe relative velocity and to tbe 
number of particles, leading to the 
particle flux expression: 

Nc . -Kca2 [ epV( r~~ 
• Viscosity term 

- particles experience more difficulty 
in moving towards a higher 
viscosity region, leading to: 

2 ! 
. 2 a dry . 

N =-K rep ------Vep 
1] 11 ry dep 

~~.. -------- ---

los Alamos National laboratory, ESA-EPE 
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Three coupled equations must be solved 
simultaneously to predict ¢ and v. 

• Particle conservation 

D</J ==a2KcV'[</JV(Y</J)]+a2K
17
V. 

Dt 

• mass conservation 

IV· v == 01 

• momentum conservation 

V· T+Vp == qj 

los Alamos National laboratory, ESA-EPE 
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Transient and steady state analysis 
of viscometric flows: 

+Couette 

+ Parallel plate 

+Pipe flow (Poiseuille) 
F.::\:;:"t·i~7m>:r;.~:r!:t;,~~!:i:~>\'7,·;r ,~~.:--::~ ~~t'1 "'':''''':. ·'t~'n·7""~ ~'"" .'''''~ :_w ',:~'~' ~ .. - ,. m'4 '." ¥. ~'~ •• '''-::-~'-; - • .,. -,. ... " ... "; ":'" -r , .... ~ .. ",~'"'~~- :"<"""" .', :" ".-.'~ .. ~ ,~,~- , 

'--~~~;seeK to observe the evolution of concentration and 
v~lo~ityprofiles, and the associated torque:i~ressure 
" " r ':, ' - ~ , • ' ' • 

ctions .. . 
,,~E;'" A,relon'a.g uantitative.measureofJlo\v<'· .. 'i... '. 

',~,: ~,~",;. '" ........... ; .; · '?: '\;( ':;1 ;'v;" r: . 'F" :tc·'!,~,:{::::;i~?1;r:: . 

Los Alamos National Laboratory, ESA-EPE 



PIPE FLOW ... a blunt velocity 
profile develops very quickly. 
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We have developed a'scalar 
measure of the extent of demixing . 

• A parameter which is indicative of the evolution of 
a profile from with respect to a reference profile, 
and which is independent of geometry and average 
particle fraction, can be defined as: 

I 
D = ~ f lfI- 'tfIref dA i 

A A lfIave 

• the quantity lfI can represent any parameter of 
interest (concentration, velocity, etc.). 

los Alamos National laboratory, ESA .. EPE 
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NSWC INDIAN HEAD Calculation Methodology for Shear Behavior of PBX'. 
In the Code 930 Injection Loader Apparatus 

The injection cylinder has an inside diameter of 4 inches and is nominally 12 inches from top to bottom. The nomenclature 
for spreadsheet data is the top of the cylinder is defined as a inch, while the bottom is 12 inches. For simplicity, we define 
R = 2,0 inches, L = 8.5 inches. and r = 0.25 inch, 

Capillary tester 
for volumetric flow rate 

,/0' Piston 

:,::S:~~~ 

I~I ;'~~! Reservoir 

Mell 
(at tast temperature) 

Capillary 

I-r 

Calculating viscosity 
from flow-rate tests 

0= nR2V(Eq. 1) 
0= Volumetric flow rate, 

In.3/sec 
R = Piston radius, In. 
V = Piston velocity, 

In.lsec 

P'r 
T'" . 2L (Eq. 3) 

T" Shear stress, psi 
P = Pressure applied, psi 
r .. Capillary radlus,in. 
l ... Capillary length, In. 

40 
ya: ~ (Eq.2) 

Ta '" Apparent shear rate, 
sac-I 

o :: Volumetric flow rate, 
In.3/sec 

r = Capillary radIus, In. 

T 
1'= 

Y 
(Eq.4) 

I' ~ Viscosity, 
Ib-seclln.~ 

u= Shear strellll, psi 

r" Apparent _hear ratl!, 
_110- 1 



PBXN-107 (loading BlU-97 submunitions) 
Ram Displacement and Velocity vs Time 

------~ ---- ------------~- -----~---

Fiam iJisplacemE:mt (in) Rarn Velocity (in/s) 
9, 0.4 
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----- "------ -- -_.--- ----- --~-.-.. -
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Fiarn Velocity (in/s) 

",~li:I •• 0 
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Time (sec) 

Inlection Loading Run 1/22/93 (Increment #3) 



PBXN-107 (loading.BLU-97 submunitions) 
Shear Rate and Shear Stress vs Time 

Shear Rate (s-1) ShoaJ Stress (psi) 
350~"""'" . 6 

'<'<"::::.'::"'" ····1 

OJ 0 N '¢ <0 OJ 0 C\I '¢O 
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'me (sec) 

Inject!' I_oadlng Run 1 (Incremenl #3) 
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SERDP/CAME 

Control Objectives for Neural Net Algorithm 

The influence of process geometry upon the flow of PBXs can be evaluated using a 50 mCu 
Cesium 137 gamma ray source densitometer: 

[1 J To determine specific PBX momentum characteristics (Q = f(LlP)) in various geometries 

[2J To determine specific PBX mass transport characteristics (dm/dt = f(dp/dt, Q)) in various 
geometries 

N \y,tf Smf.lce W.",rf,\re (enter 
INDIAN HEAD DIVISION los Alamos 

.... "a .. u j l'~ •. H*"1 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CONCLUSIONS for BLU·97 submunlUon: 

{1l Phillips model and LANL experiments indicate demixing can occur quickly, as soon as 12 pipe 
diameters (or 12 UD) for t/J about 0.45 or O. 50. NMRI results from SNL also indicate demixing of 
PBXN-107 simulant. SNL "GOMA" code suggests that all shear is upstream of bomblet filling, and 
streaklines compare well with NSWC density gradient analysis. 

(a) replace 112" plumbing and diaphram valve with 1" plumbing and diaphram valve. This changes 
the conical contraction from 8:1 to 4:1. 

(b) install a static mixer downstream of the injection piston, in the 1" plumbing. 

{2] Process engineering data suggests that compression of PBXN-107 can collapse voids: 

(a) install gamma ray densitometer to quantify lip as a function of Q and P. 

(b) use LANL nneural net" code to match process data for x and v versus time, and/or 
rand r: versus time. 

[3] Demonstrate process control for thermosetting and thermoplastic PBX materials. Perform material 
balances to assess pollution reduction. Transition to JSOW and Tomahawk Program Offices. 



STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM 

CONCLUSIONS: 

HA VING DEMONSTRATED A SOLUTION FOR AN EXAMPLE PROBLEM, WE WILL DEMONSTRA TE 
THE APPLfCA TlON OF COMPUTA TlONAL TOOLS TO THE PROCESS CONTROL OF TWIN SCREW 
EXTRUSION OF PROPELLANT FOR LEVERAGED PROGRAMS WHICH INCLUDE CPOCP (2.75 
ROCKET), STANDARD MISSILE (MK 104 MOTOR), AND OTHERS. 





~SNPE 
PROPULSION 

n Continuous Processing of 
Composite Propellant II 

(CPOCP) 
a joint project between 

mSNPE 
J.M Tauzia 

E.Giraud 

and 

C.Murphy 

Continuous mixers and extruders User's Group Meeting 

Alexandria. September 20·22, 1995 





~SNPE 
PROPULSION 

Summary 

. Presentation of the CPOCP Project 

SNPE facilities and achievements 

Conclusion 

Continuous mixers and extruders User's Group Meeting 
Alexandria, September 20.22, 1995 
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~SNPE 
PROPULSION 

Objectives of the CPOCP Project: 

1°) Develop the technology for the production of 
composite propellant in a safe and efficient manner 
utilizing continuous processing equipment 

2°) Arrive at a common methodology for the 
design of continuous processing equipment for 
composite propellants 

Continuous mixers and extruders User's Group Meeting 

Alexandria, September 20-22, 1995 



~6NPE 
PROPULSION 

Participants of the CPCOP Project: 

-

! ~~ 

,-"1~~ 
) " / . 

~1iI'-L/J7 

i 
~ 

/ 
/ 
/ 

/ 
\ 

\ , 
\ , 
\ 

~ 

mSNPE 
Naval Sea Systems Command 

U.S.A 

Continuous mixers and ex1ruders User's Group Meeting 

Alexandria, SepterPber 20-22, 1995 

--_ ... _ ... _-

France 



~SNPE 
PROPULSION 

Share of the major tasks 
as listed in the M.O.A 

• U,S Tasks: Continuous EXTRUSION of Composite Propellant 

• French Tasks: Continuous CASTING of Composite Propellant 

, Enhance existing feeder 
, systems and techniques , ... _--

'\ 
\ 

. Develop improved technology 

. for extruding composite propellant 
~""-----".,------"- "j' 

r Develop new quality control 
I, equipment and processes 

\ 

rDevelop improved technology 
I for mixing castiextruded composite, / 
I propellant .~ 

Develop improved technology 
for casting composite propellant 

l 
I 

Enhance existing quality control I , 
equipment and processes ' 

Continuous mixers and extruders User's Group Meeting 

Alexandria, September 2Q..22,:.....1:.....9 __ 95.:.....-_____ ~ _____ ~ 



~S.PE 
PROPULSION 

Joint Project on CPOCP Organisation 

M.O.A 

[ 
___ .~=r._._~~._, 
Steering Group 
.,_ .... ---_.. ---.-., -.. - -----.. ~-.-. 

c::,>J1fJ~ 
) " {.. )' 

. "f,j 
Q 

i-echnical Manager Project Manager Project Manager II [TeChnical Manager] -_. --_ ..... ---.~ ..... __ .- ~--~- ...... ~ 

I / Joint Project \ II 

f\i1inuteJof plan Minute\\ of i 

t~e fo~ri,~1 review the form~1 review 
tfei6 months every 6 mont~s 

/ Safety instruction 

t/__ _._ Formal reviews 
CPOCP Team '1:-.. ----~~-- -- ~ CPOCP Team 
--.~-~ ..•.......... -..... ...! Quaterly Status ' ,- .-----. ~.-.. -... 

,' ........ m'_. __ _ 

report (every month) 

Continuous mixers and extruders User's Group Meeting 
Alexandria, September 20·22, 1995 

_____ w_~ __ ___ ~ __ ~ ___ _ J 



~SNPE 
PROPULSION CPOCP French Organisation 

Steering Group Member: 
P.Lusseyran 

DOD France 
~ ...... ~ ...... ~-.-~--...... ~ ..... ---~ 

Project Manager: • 
J.Y Kermarrec 

DOD France 

Continuous Processing Technology: 
E.Giraud 

SNPE St-Mecard 

St·Medard plant Facility: 

S.Martegoute 
P.Legoff 

:T~chnical Manag~~ 
: J.M Tauzia I 
. SNPE St-Medard i 
~------- ~~~~ 

Continuous Processing Formulation: 

G.Chounet 
L.Minguet 

SNPE St-Medard 
....... -~ ..... ~ ...... --... ~.-----) ! 

._ ....... __ ..... ~L ___ ~ 

Research Center Facility : 

B.Mahe 
P.Ragon 

Continuous mixers and extruders User's Group Meeting 
Alexandria, September 20-22, 1995 



~SNPE 
PROPULSION Saint-Medard plant facility 

Facility upgraded in January 1994 

Live start up on May 10 I 94 

Energetic materials handled: 

'I< Ether! alcohol single base 

-I< Acetone single base 

-I< Solvent double base 

-I< Solventless double base 

'I< Multi-base 

'I< Lova propellant 

'I< PBX 

'It Composite propellant 

Continuous mixers and extruders User's Group Meeting 

Alexandria, September 20-22, 1995 



~SIlPE Saint-Medard Plant Facility Configuration 
PROPULSION 

Refill Room 

Solid 
feeder 

Solids refill m 
Twin screw 
extruder 

Reception; [f. 
.<:' ----." 

( -, 

-'{C~) 

room 
.).. 

Propellant 
, conveyor / 

"Lazy suzan" 
filling system 

\ •• , _, ...•..• _,~ .... "'"'_,,~"' __ ."m .' __ ' ___ ._. _____ ._" •.• _ ..• 

,/ 

Curing agent feeder Binder feeder 
Continuous mixers and extru.ders Users Group Meeting 

Alexandria, September 20-22, 1995 
--- "."~----.. -

Control 
room 

Machine 
room 

Tools room I 
• I 

Binder refill 
system 

i 



~SNPE 
PROPULSION Saint-medard plant facility 

Achievements: 

- 6 tons (12000 pounds) of live composite 
propellant manufactured. 

- Live extended runs: 8 hours with 
Ariane V launcher propellant. 

- St-Medard facility configuration ready 
for live M.Q,A tests. 

Continuous mixers and extruders User's Group Meeting 

Alexandria, September 20-22, 1995 
.. _-_ .. _ .. _--





Naval Sea Systems Commalld , 
u.s. Project Team 

Continuous Processing Team 
Connie Murphy 
Rich Muscato 
Bill Newton 

Mitch Ganant 
Mark Michienzi 
Sharp Johnson 

Partners 
The Highly Filled Materials Institute 

at Stevens Institute of Technology (HfMIISIT) 

University of Maryland at College Park (UMCP) 

Applied Ordnance Technology, Inc. (A 01') 





Naval Sea Systems Commalld 

Accomplishments 

• Identified extruded composite rocket motor 
system 

• Completed facility upgrade construction/start up 

• Brought a new data acquisition system on-line 

• Validated a new feeder calibration technique 

• Finalized the feed stream scenario and 
conducted feeder testing 



Naval Sea Systems Commalld 

Accomplishments 

• Identified on-line quality control 
technologies 

• Demonstrated solventless processing 
of inert extruded composite propellant 

• Characterized rheological properties 

• Employed mathematical models for die 
designs 



Naval Sea Systems Command 
, ,Z Z J Extruded Composite 

Propellant Grain 

~ R.045 
02.420 /1 / /" ~.090 

/./ 11\ / /. /11 5" 
.501 ~// - \L_~.~\. 
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Naval Sea Systems Comma//d 

Data Acquisition 
System 

, 

• Previous System (FY 93-94) 

-Data recording was too slow 
-Data retrieval was labor intensive 
-Very difficult to use 

• New System (FY 95) 

-Data recording optimized 
-Data retrieval simplified and real time 
-Easy to use 
-Program user alarms 
-View status of ladder logic 



Naval Sea Systems Command , New Calibration 
Technique 

• Automated technique for measuring and analyzing 
feeder performance 

• Many advantages over previous 
technique 



Naval Sea Systems Command 

HyTelllp Feeding 

• HyTemp (as received) has a tendency to self-
agglomerate 

-Particles are somewhat tacky 

-Particle elongation will seed agglomeration 

-Long term storage greatly increases the degree 
of agglomeration '" 

• Solutions Attempted 

-Cryogenic grinding 

-Anti-stick agents 

-Feeder modifications 



Naval Sea Systems Commalld 
, 3 

K-Tron T-20 Feeder 

• Features 

-Twin screw 

-Horizontally agitated 

-Maximum feed rate of 
10lb/hr 

• Limitations 

-Bridging at hopper 
capacities above - 4 Ibs 

-Can not agitate 

-Screw threading (-25% 

of screw in the hopper) 



Naval Sea Systems Commalld 

5 

K-Troll S-200 Feeder 

• Configuration 
Screw (15 mm)/feed tube 
(27 mm) 
Screw threading is -90% 

- No agitator 
No hopper extension 

• Initial test results 
- Will function at higher hopper 

volumes - 14 Ibs 
- Agitation does not seem 

necessary 
- Material feeds from the back of 

the hopper 
Accuracy is no better than T -20 





Naval Sea Systems Command 

, . z z; Inert Processing 
Results 

• Successfully processed without any 
solvent 

• Monitored pressure and temperatures 
along extruder 

• Developed a purging technique 



Naval Sea Systems COllllllalUi 

Rheological 
Characterization Results 

• Material is a viscoplastic fluid with a high 
yield stress: 'tw = 'to + morf 

• Solid like behavior is shown by: 

-the lack of extrudate swell 

-plug like flow in channels 

• Viscoplasticity gives rise to high wall slip 
velocities 



Na.'ai Sea Systems Command 
, ,Z S, 

Capillary Dies 

• Designed and fabricated 
7 capillary dies 

• Unique capability 

• Inert testing completed 

• Live testing scheduled 
for Sept-Oct 95 

Diameter 

Length 



Naval Sea Systems Command 

$ ,Z Z 5 

61 mm 

Mathematical 'Modeling 

110 mm 

FEM-MESH 

• Conducted weld line 
healing experiments 

• Developed FEM 
meshes 

-Small scale 
extrusion dies 

-Full scale 
extrusion die 



Naval Sea Systems Command 

On-Line Quality 
Control Approach 

$ 

• Determine propellant chemistry 

• Techniques to collect process data 

• Determine propellant physical 
properties 



Naml Sea Systems Command 

2" Ram 
Extrusion 
Press 

NIR Developlllent 
Phase 1: Initial Calibration 

Phase 2: Testing and Validation 

Phase 3: Process Control Strategies 

Control Room 

NIR Instrument 



Naval Sea Systems Command , 
Second Year Plans 

• SNPE 

-First live testing 

-Extended run 

-Man ufactu re rocket motors 

• IHDIV, NSWC 

-First live testing 

-First extrusion of a rocket motor 

-QC system on-line 
~ ~ ~tll!rul ~ 
~ ~ IfN'lj I::f2lI tiim 

PROPULSION 



Lessons Learned 
Feeders and Material 
Handling When Feeding a 
Twin Screw Processor 

1 





• Segregation of Materia! (Stevens 
Institute of Techno!ogy) 

- Different Particle Sizes 

- Different Densities 

- Elutriation 

• Loss in Weight Feeders (Contro! and 
Metering) 

- Listing of customer preferences 

2 



• Material Handling (Thiokol) 
-Metal Powder Handling 

- Twin-Screw Feeder Gear Box 

- Conveyor Monitor 

~ Material Handling (Aerojet) 
- Handling AP 

- Equipment Requirements 

3 



Format 

• Title 

• Program or Product 

• Keywords 

~ Background 
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David Fair 

Advanced System Integration Division 

ATTN: AMSIO-lRA-W 

Picatinny Arsenal, NJ 07806 
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Feed Variance Limitations for Co-Rotating 
Intermeshing Twin Screw Extruders 

John Curry - Manager, Process Development 
Arash Kiani,Ph.D.- ~enior Development Engineer· 

Adam Dreiblat1:""1Vl'anage'r~Food Technology t 

February 13, 1991 

• Werner & Pfleiderer Corp., R.3.rmey, NJ. 
1 Current Address ~ Warner Lambert Co., Morris Plains, NJ. 



Dedicated to the memory of our colleague, Dipl. lng. Heinz 
Herrmann, who through determined persistence,btought order 

to the art of Twin Scr:ew Compounding. 
~--'";:; -"- ' 



RTD ExperIment 

Abstract 

The extent of feeder error to surttiue a pia.sticating compounding extruder i~ ad~ 
dre~ud in this theoretical and experImental study. Re8ults of unit step and cyclic 
variation of tracer concentration were tued to define the transfer /unction and damp
tng ratio re8pectifJeiy_ The frequency dependent damping mtio of cyclically varying 
tracer content in the feed8tream u:as predicted for three screw configuration4 with fair 
agreement to experiment. 

Introduction 
... ,-" • .,j"':.:." """ . ...-

Twin screw extruders are utilized as continuous mixers j reactors, and devolatilizers for 
viscous fluids and slurries. An important class of twin screw devices is the co-rotating 
intermeshing extruder j prized for its self wiping characteristic and ability to generate 
high shear stresses upon smail process volumes, Because these continuous mixers can be 
operated in a starve fed mode, ingredients a.re often separa.tely metered into the process. 
This practice has significant operating advantages such as reduced material handling, quick 
transition between products, reduced in~process storage! and enhanced possibilities for 
process control. Where accurate constituent concentrations are required in the product! 
the feeder errors are constrained by the limited backmixing capability of the mixer. 

To be able to specify feeder a.ccuracy criteria based upon product constituent variance 
limita.tions, one must understand the transport characteristics of the components through 
the mixing system. This is done either as a. modelling exercise Or through reduc tion of 
experimental residence time distribution (RTD) data. 

A few analytical expressions for residence time in extruders have been developed [1, 2) 
but their application is limited to simple geometries, fluids, and without consideration of 
pressure Hows. Flow simulation of complex mixer geometries by numerical techniques has 
been reported [3] but the analysis requires significant geometry simplification. Techniques 
for experimentally determining RTD for extruders and interpretation of results has seen 
substantial treatment in the literature. Golba [4} successfully measured the RTD of a 
twin screw compounder on line by measuring the relative dielectic constant of the tracer 
in the die. Many authors have used off line colorimetric techniques and some have used 
jow grade isotope tra.cers, 

Among others, Herrmann [5J has reported the effeel of mixer geometry upon RTD for 
eo-rotating intermesbing extruders. Todd [6) correlated his results to the single param
eter Taylor diffusion model. Altomare and Ghozzi [7] used the two para.meter fractional 
tubularity model. Potente [8) finds even better representation with a four parameter 
Gauss- \Veibull function. Mixer response to transients in the feed streams for extrusion 
systems has not been widely reported, Balke [9] showed a methodology for predicting 
product concentration in extruded composites. He developed explicit predictions for first 
order mixers 1 with high frequency norma.lly distributed feeder error. 

This paper reports analysis of an experimental study in which three screw designs 
were characterized for their RTD's by the unit step technique. Only one fluid, one RPM, 

l First order mixer. A mixer whose residence time follows Ii first order differential equation Le., 
rn~ + ny(t) = x(t) where m and n are coefficients, r{t} is (,he input. (feeder) funct.ion And yet) is the 
output (product) function. 
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rate, and die pressure was analyzed, The melt mixing (MM) zone of each design was 
characterized in a separate experiment. The die RTD was numerically simulated. The 
feed system. extruder, and die are modelled as a serial network. The feed system was 
driven in a regular cycle at two periods for each screw and product tracer content was 
monitored. The experimenta.lly observed damping is compared to theory. 

Theory 

The traditional method for predicting output from a composite system (e.g feeder, ex
truder, die) is to apply the principl~.near.:.2 .S!lPeIPosition and convolution. Linearity 
is generally assumed for a iimited range of tracer fluctuation around the operating point. 
Continuous mixer systems can be analyzed by convolution techniques when their transfer 
functions are e.xperimentaliy determined. In this paper, the data is collected and reduced 
for the following extruder subsystems. 

• The feeder output signal is taken as the system input function. 

• The RTD for the solids pumping and melting section of the extruder is found by 
deconvolution. 

• The RTD for the melt mixing and pumping section is experimentally determined. 

• The die fiow is numerically modelled and an lITD is calculated from the simulation. 

The RTD for the die can be approximated numerically. The velocity profile wa.s 
calculated using a Galerkin FEM analysis of the die momentum balance for a plug flow 
inlet. The RTD results from dividing a. streamline lengths by a streamline velocities and 
a transfer function is calculated for the die. Now, the experimental melt mixing transfer 
function can be separated from the die by deconvolution. This system dissection makes 
the contribution of each extruder element to backmixing clear, and separates die effects 
from mixer effects. 

A network representation of tbe exprirnentai system is shown in figure lA along with 
the appropriate convolution expressions. A block diagram of conducted experiments is 
shown as figure lB. As explained later, the experimentally determined cumulative resi
dence time functions, F(t)! are converted to transfer functions 3, From the experiments, 
transfer functions for the extruder and for the melt mixing section with die can be ca!cu
lated. 

Finally, the product composition variance can be predicted by solving the convolution 
of feeder input with extruder transfer function as shown in figure L 

superposition require~ thAt each :mb system is cle!lmbecl by 4 linear differential equAt.ion, i.e 
product. com~jtion is a function of time and inlet condition but not a. function of ihelf nor deverivati~ 
of ituli. 

:3Trans!er funcdon • ratio of the Laplace transforIn5 of the produ<:1 corn::entratJon function t.o the 
feed concentration function. The product. concentration is the inw:~e t.rllUl.Sform of th<: proouct of feed 
concentration transfunn and tnlnsfer function. 
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Experimental and Data Analysis 

The experimental arrangement is described in figure 2. Two compounding extruders are 
coupled in a cross head fashion. The sidestream .xtruder is configured identica.lly to the 
main extruder's feed and melting section, The sidestream extruder is coupled at a three
way valve. Ease resin and tracer compound are fed from separate gravimetric feeders, 
The die is fitted with an AC excited parallel plate capacitance ceil. RTD characterization 
is based upon sensing tracer content in the flowing produc t at the die. The feed tracer 
content is resolved from the mass flow signals of the feeders. 'l'he product tracer content 
is related to the strong dielectric response of tracer compared to base resin. 

The base resin is a low density p.ol;A!ithyleile (.BP33 Lot SZ772) with an MI of 2. The 
tracer is a precompounded peUet of 5% (vol) conductive carhon (Cabot XC72) in the same 
base resin. Tbe shear viscosity difference between base resin and tracer is less than 5% 
over the 10 - 1000 sec- 1 sbear rate range at 240'C. 

The base resin feeder is a K-Tron GF06 gravimetric helt feeder and the tracer feeder 
is a K-Tron T-20 loss in weight 'crew feeder. 

The plasticating mixers are both Werner & Pfleiderer ZSK-30 co-rotating intermeshing 
extruders. To execute a unit step of tracer concentration to the test extruder, the resin 
feeder Was stopped and tracer reeder was started. To execute a unit step of tracer con
centration to the melt mixing and die of the test extruder, a more complicated procedure 
is required. 

Both extruders were run at identical rate with the side stream extruder melting tracer 
and dumping to the floor ~ia the 3-wa.y valve. To effect a unit step, the base resin feeder 
was stopped a.nd the 3-way valve was tripped by a low level pressure alarm of the pressure 
trigger. This action puts the diverted tracer melt stream on line, To execute a cyclic 
variation of tracer content in the feed stream, the tracer feeder setpoint was driven by a 
sine function signal generator. 

The geometry of the melt mixing section of the test extruder WI!.' configured as .crews 
1, 2, and 3 hy choice and sequence of the modular elements. Screw 1 contain. screw 
elements, screw 2 contain. kneading discs of both right and left handed helix and screw 
3 contains kneading discs with neutral stagger between successive disc. RPM (250) and 
throughput (22.5 pph mean) were fixed so that pressure and melt temperature were steady 
1000 psi and 250'C respectively. For the cyclic feed experiments, the tracer feeder was 
run steadily at 3.5 pph and cycled between 6.1 pph and 0.9 pph. This paper then concerns 
the effects of screw configuration upon back- mixing. The die Was provided by General 
Electric and is described by [4]. 

The cumulative exit age distribution and screw designs for screws 11 2 and 3 are shown 
as figures 3. 4, 5. The cumulant fUnction, F(t), W!l8 calculated as: 

(1) 

where C is the concentration of tracer detected by the dielectric measurement. In or
der to compare distributions on their relative backmixing characteristic. the cumulative 
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distributions were replotted against normalized time, where: 

0 t (2) 

and 

1= {'[I F(t)Jdt (3) 

Comparative plots of the composite data and the melt section data are shown as figure 
6a and 6b. The data is fit to a 3 parameter Wei bull function after Potente [8]. 

F(e) = 1 - •• "p(-C,[(O - p )c,]) 
. • 1 P 

~.:- .... -. 
(4) 

P represents the normalized transport dead time, C, is related to the initial cumulant 
rate and C, is related to the curvature of the RID taiL The Wei bull is a higher order 
fractional tubularity model. When C, = 1, the Weibull function is a solution for a first 
order system. 

A table of coefficients which fit the Weibull function to the experimental data are 
presented in figure 7a and a function is plotted far the melt mixing section af screw 2 with 
die as figure 7b. 

The calculated velocity distribution for the die and derived RID for a plug flow input 
is shown as figures 8a and 8b. The die residence time function shows significant dead time 
and moderate backmixing behavior (slope). 

System Synthesis 

Admittedly plasticating extruders are not linear systems. In addition to the variables 
of time and the feed tracer concentration fUnctioll\ the local tra<::er concentration is also 
sensitive to subtle changes in degree of fill which amplify the non linear flow properties 
of the melt and contribute to channelling and stagnation. Differential rates of melting 
between tracer and base, and local pressure fields also add to nonlinear behavior. Fig 7a 
shows that a reasonable representation of the cumulative residence time data can be made 
as a linear first order system. A network for the extruder system (Fig I) was synthesized 
under the following assumptions: 

lit Superposition of the system element responses 

• Linear response over a modest range of feeder input (i.e. feeder cycle) 

The transfer function H(s), is a density RID function which is related to a cumulative 
age function the unit step input transform, 

1 
F(s) == ;H(s) (5) 

The solid transport and melting transfer function can easily be decanvaluted from the 
experimental models (fig I) as follows: 

His) = Cp(s) 
'S HMM(S)HD(S) 

(6) 
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The melt mixing transfer function H MM is approximated by deconvoluting the calculated 
die model and the melt mixing experimental model. This analysis is contrived since 
as an assumed unit step, input was applied to the die instead of the distribution which 
naturally results from the extruder. However, Fig 6b indicates a plug flow-like tendency for 
extruders with dies and the plug flow assumption for tbe screw itself should be reasonable. 
The dee:onvolution is as follows: 

H () _ HMM(S)HD(S) 
MM S - HD(S) (7) 

The cumulative exit age distribution functions for the extruder components: solids tra.ns
port and melting, melt mixing and ~'f!iz~i?~ ru::d die flow are shown in table 9a and 
figure 9b (for screw 4). . 

Tbe extrusion system was also fed a regularly cycling feed signal. The feed signal was 
convoluted with the experimental extruder model to predict a product concentration as 
follows: 

(8) 

For linear first order systems fed by a sine feed concentration funCtinn, the ratio of the 
amplitude of product tracer content (around a mean) to the amplitude of the fed tracer 
content is: 

(9) 

wbere w is the frequecy of tracer variation. The time constant, T ! for the normalized 
cumulative exit age distribution is, 

(1 - P)t 
r= 

C1 
(10) 

Tbe predicted and experimental amplitude and transport dead time are tabulated in figure 
10, 

Results 

The <umulant distributions of Fig 6 reveal interesting characteristics of kneading disc 
mixers. 

41 The cumulative distributions for the test screws are easily differentiable in the tail 
but not otherwise. Werner [10) sbowed that disc width of a mixing element has effects 
upon both initial cumulant rate and curvature during melt m.ixing. The similarities 
in initial cumuiant rate are especially strong for the melt mixing experiments . 

• Tbe neutral kneading configuration (Strew 4) of Fig 6b has the narrowest cumulant 
distribution. IntuitivelYl this is surprising since the "mixingH perform ance of a 
configuration improves with increasing kneading disc width and stagger angle, The 
distribution is narrow because the kneading disc ca.n cause only a radlal component of 
motion because a neutral stagger causes no cascading action from disc to successive 
disc. This type of mixer is pressure driven, Therefore, radial diffusion of tracer 
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is enhanced and the mixing section wipes out radial tracer gradient. This type of 
configuration has been shown [6] to fit a diffusion model with only long itudinal 
tracer gradient. The relatively high radial tracer gradients of the other test screws 
contribute to their diffuse residence time distribution as the tracer spreads in the die. 
Of course, the average residence time of a neutral mixing section is comparatively 
long . 

• The dynamics of melt mixing in the test geometry are responsible for experimental 
discontinuities in the RTD tail distribution and the discontinuities are not repre
sented by the model. Admittedly, the cumulant can neve~ decrease as it sometimes 
does in Figs 4 and 5. This is an experimental artifact due to stagnancy in the sys
tem, a local condition which a~· .. only:ra.dial circulation while other fluid particles 
are passing to the exit. The condition of stagnancy is expected according to Noar 
and Shinnar [11]. 

8F 

11 = ..ll. 
W 

(11 ) 

for any situation where the intensity function is negative as in the case of a negative 
cumulant rate. 

The action caused by disc kneaders on the melt phase depends upon melt fluidity, oper~ 
ating conditions and disc geometry. Low viscosity fluids are more susceptable to pressure 
driven flow. Processes with low viscosity fluids exhibit more backmixing than those with 
high viscous fluids. Degree of fill is affected by the throughput/RPM ratio. At low de
gree of fill, the fluid volume will have a free surface and can back flow without fluid 
counterpressure. 

For a given ZSK compounder, the centerline and cross- sectional geometry are fixed and 
disc width and stagger angle between successive discs describes kneading block geometry. 
Typical flow fields for disc geometries of different stagger angles are shown as Fig lla. 
Werner [10] modelled the mixing problem in a stack of mixing discs as a parallel network 
of ideal mixers. The network representation is shown as Fig llb. The resulting RTD 
depends upon reflux ratio as shown in Fig llc. In contrast to the reflux model of Werner, 
the melt mixing data of Fig 6b show a longer process dead time and scattering of the tail 
distribution. This scattering is reminiscent of the cleanout characteristic of the blocks 
observed in screw pulling experiments. Screw 1, the design containing screw elements, 
has a very regular tail distribution due to the continuous helix of this design. Screw 2, 
the variably staggered disc design, has a very irregular distribution due to filtering effect 
of restrictively staggered discs. Screw 3, the neutral staggered disc design, has a damped 
regularly oscillating tail distribution due to the regular discontinuities of the disc design. 
The tail distribution has a large influence upon the choice of curvature parameter, C2 , of 
the Weibull distribution. 

The discretized extruder data of Fig 9 show that the backmix.ing is a much stronger 
function of solids transport and melting than melt mixing under pressure in a plasticating 
extruder. The solids transport and melting cumulant function for all three screws should 
nominally be the same since only changes to the melt mixing section differentiate the 
screws. The discrepancies in Fig 9a result from experimental error and from the relative 
non repeatability of solids transport and melting compared to fully molten flow. In any 
case, the solids transport and melting mechanisms of any screw tested has a more diffuse 



RTD Experiment 7 

RTD than the corresponding meit mixing section. Product compositions are therefore 
heavily iniiuenced by feeder variances and solids transport and melting mecha.nisms. 

The transient system data. of Fig 10 show that long cyde feeder errors are persistent in 
the product and that the feeder error da.mping i. affected by the screw configura.tion. The 
improved experimental damping performa.nce as compa.red to the model prediction at long 
feed cycle interval for the kneading block configurations, is due to the diffuse ltrD tail 
cha.ra.cteristic of these configurations in real time. As discussed! these tail distributions 
are not represented by a first order model. However, at the faster feed cycle frequency, 
even the knea.ding block da.mping performance is accurately predicted as shown in Fig 10 
and Ref 9. 

Feeder errors ca.n be random o~ema(jc. -Random errors are high frequency and 
normally distributed and will be effectively damped by extruders. Systematic errors result 
from feeder cyding about a set point) usuallYI as a consequence of poor controller tuning or 
poor material feed behavior. These errors have typical periods as shown in this experiment. 
The amplitude da.mping of the feeder by the compounding extruder can only be 50% of the 
long cycle feeder swings with modest deviation amplitude. Wildly cycling feed composition 
is probably not damped at all. 

Summary 

Linea.r system analysis was applied to a plasticating compounding extruder in order to 
analyze the system component contrihutions to mixing in time, and to predict a. feeder 
variance effect upon product composition. The effect of screw geometry at one process 
operating condition and for a pellet fed LDPE with LDPE based tracers was studied, The 
linear system assumption was possible because for this experiement, the RTD was a high 
curvature ft\lletion and could be approximated by a first order model. The solids transport 
and mel~g section of the extruder is responsible for the bulk of backmixing. Except 
for the behavior of the residence time tail distribution and 1 of course, the average residence 
time of each screw, the normalized RTD's of the melt mixing sections of three mixing 
geometries are practically indistinguishable, Analysis of the residual tracer concentration 
in the product shows that high frequency feeder disturbances are more easily damped by 
the compounder and that kneading blocks are useful in damping feeder cycles. 
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Glossary 

Q F cumula!.ive residence time function 

.. H ff residence time density function = ~ 

• t· ,ime (sec) 

• t· average residence time = r:[l - F(tl]dt 

.. B ~ normalized time f 
• s ~ Laplace transform param~,.~,:-

• H(s) == Laplace Transform of H(t) 

• L-'H(s) - (Inverse transform) = H(t) 

• H(t)"", . COIlYoloutioIl Integral == r: Ht(t t'}H2(t')dt' = H, • H2 

• Wit) . washout functioll == 1 • F(t) 

• net) - Residence time intensity function 

• w- frequency (cycles/sec) 

• u reflux ratio Qr/Q 

• Q - local volumetric throughput (ee/sec) 

• Qr - local volumetric reverse flow (ee/sec) 

• AR - amplitude ratio e,g Product cm'H!'l!ntra/ian amplitude 
Feed eMcentra;iun ampli(ud.:: 

Subscripts 

• p . product 

• S· wlids transport and melting section of extruder 

" MM - melt mixing and pressurization section of extruder 

• D - die 

411- E - composite extruder with die 

• All other terms are defined in the text 

8 
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Figures 

Analysis Structure for Residence :'ime Experiments. 
a) Network representation of test equipment 
b) Representation of conducted experiments 

Flow Diagram - Residence Time Experiment 

Experimental Cumulative Exit Age Distribution of :'otal 
Screw with Die - Screw 1 

Experimental Cumulative Exit Age Distribution of Total 
Screw with Die - Screw 2 

Experimental Cumulative Exit Age Distribution of Total 
Screw with Die - Screw 3 

Experimental Cumulant Data ~> -"-
a) Composite Screws 1. 2. 3 with Die 
b) Melt Section Screws 1. 2, 3 with Die 

a) Coefficients for best Weibull Function Fit to Data 
b) Weibull Function fit of Screw 2 Melt Section Incl Die 

a) Die Analysis (From FEM analysis of Capacitance Die) 
b) Model fit of the Calculated Residence Time Dis 

tribution for the Die 

a) Model Coefficients for Cumulative Exit Age Dis 
tributions for Extruder parts 

b) Deconvolution of Cumulative Residence Time Function 
for Screw 3 

Calculated and Experimental Damping of a Cyclic Feed 
Composi tion 

Flow in Kneading Blocks 



ANALYSIS STRUCTURE POR RESIDENCE 
TIME EXPERIMENTS 

Fig 1 

a) Network representation of test equipment 

b} 

Extruder 

I Feeder I Solids Transport 
~ Melting 

'----
Mel t I Die-!-~ 

Mixing i 

Convolution Integrals 

Product 

The time dependent product composition Cp(t) depends upon 
input from the feeders. U(~~xin~_du7ing solids conveying 
and melting. H (t). mixing of tne melt, H (t) and mixing 
in the die. HnTt). mm 

In the time domain 

Cp(t} = UF(t) • HS(t) " IIMM (t) " HD(t) = UF(t) • IIE(t) 

or in the Laplace Domain 

opts) = Up(s) HS(s) HMM(s) Hn(s) = UF(s) HE(s) 

Deconvolutis~ is performed by the inverse Laplace 
operator L (0 (s)) = C (t) 

p p 

HE(s) is a transfer function for the composite extruder. 

Representation of conducted experiments 

Unit step il'" I Extruder i .. Product 

-. 
: Melt Die +-- Product i ___ J Mixing 

t Unit Step 

Cyclic .. Extruder .. PI'oduc t 
Transient 
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Pig 7a 

Coefficients for best Weibull Function Pit to Data 

F = l-Exp (-C 1 ~8-P)/(1-P0 ** C2 ) 

Screw C P C • t, e = t/t 

1 melt 1.1 ( .9) 0.45 1 (1.3) 58 

1 composite 0.9 0.7 1 67.45 

2 melt 1.1 0.5 1 63.29 
------'--..'-:- -'. -

2 composite 1.0 ( ·9) 0.7 1 ( .9) 70 

3 melt 1.2 (1. 2) 0.7 1 ( .7) 77 .89 

3 composite 1.3 (1.2) 0.64 1 ( .6) 88.92 

Die 0.8 ( .7) 0.55 1 (1.1 ) 35 

Note all data was fit to best first order model (i.e. C2=1) 
in order to facilitate subsequent mathematics. 

( ) Numbers in parenthesis represent best data fit regardless of 
model order. 
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Fig Sa 

DIE ANALYSIS 

(From FEM analysis of Capacitance Die) 

Lines represent boundaries of f:uid elements with 
mean residence times as marked 
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Fig 9a 

Model Coefficients for 
Cumulative Exit Age Distributions 

for Extruder Parts 

T P 

1 solids 9.45 .223 

1 melt 23 .298 

2 solids 6.71 .259 

2 melt 28 .443 
--":c. 

3 solids 11.03 .217 

3 melt 43 .82 

Die 35 

F (e) = 1- Exp [c ( e -P ) ] 
- 1 1- P 

F (t) = F (8) t 

C. 

.517 

.557 

.508 

,542 _. ~.-
.351 

.398 

.8 
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---, i-EXP (-.7* ( (X-. 55) /.45) **1. 1) 
········"'i i-EXP (-.398* (X-. 82) /. 18) 
.-.. -.-.. -. 1-EXP {-. 351 * (X- . 21 7J / • 783) 

s - S61ids transport and melting 

MM Mel t mixing and pressuri zation 

D - Die 
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Screw Feed Feed 
Period Amplitude 

(Sec/Cyc) (%F) 

1 144 11. 6 

2 144 11.9 

3 72 8.1 

3 150 11.0 

CALCULATED AND EXPERIMENTAL DAMPING OF 
A CYCLIC FEED COMPOSITION 

Product Product Amplitude Calculated 
Period Amplitude Ratio Amplitude 

Ratio 
(Sec/Cye) (%F) 

130 7:1 .612 .97 .711 

125 5.79 .487 1. 50 .734 

68 3.5 .432 3.6 .423 

122 5.06 .460 2.06 .698 

. i 

,. 

'\ 

Fig 10 

Calculated 
Transport 
dead time 

3.14 

1.04 

1.134 

.802 
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Flow in Kneading Blocks 

Lett handed .tAggered kneading diaka (KB 111 

a) Flow Representation 
in kneading qlocks 

-,~".- ... -,....,--

bY Cascade Heoresentation 
'of flow in kneading blocks 
(for a 3-lobe ZSK after 
Werner) 

• 
0 

= 0 

2 

Q 

<il:o 1:0 2.0 

El 

c) Cumulative Residence Ti~e 
Characteristic depending 
upon Reflux Ratio 0; (for 
13, 2 lobed kneading discs, 
like the Mel t ~lixing Stack 
of Screw 3). 



TWIN SCREW EXTRUSION © Hanser Publishers, Munich 1991 

1. Curr.v*, A. Kiani 
iJ/erner and Pfleiderer Corporatton. Ram.!ie)". U.S.A, 

A. Dreiblau 
lVarner Lambert CorporaIion, Morris Platns, [/,S,A, 

Feed Variance Limitations for Co-rotating 
Intermeshing Twin Screw Extruders 
Dedicated to the memory of our colleague, Dipl.-Ing. Heinz Herrmann, who through 
determined persistence, brought order to the art of twin screw compounding 

The exrenl of feeder error 10 sur ville a plasticaling COn1 n 

pounding extruder is addressed in this theoretical and experi~ 
memal study. Results of unit step and cyclic variation of 
tracer concenrrarion were used to define rhe Iransler function 
and damping ratio respective!.v, The frequency dependent 
damping ralia of cyclically varying tracer con/em in (he 
/eeds!ream was predicted for three screw configurations wirh 
fair agreement 10 experimenL 

1 Introduetion 

Twin screw extruders are utilized as continuous mixers, 
reactors, and devolatilizers for viscous fluids and slurries, 
An important class of twin screw devices is the co~rotating 
intenneshing extruder. prized for its self wiping characteris¥ 
tic and ability to generate high shear stresses upon small 
process volumes. Because these continuous mixers can be 
operated in a starve fed mode, ingredients are often sepa
rarely metered into the process, This practice has significam 
operating advantages such as reduced material handling, 
quick transition between products, reduced in~process stor~ 
age, and enhanced possibilities for process control, Where 
accurate constituent concentrations are required in the 
product. the feeder errors are constrained by lhe limited 
backmixing capability of the mixer. 

To be able to specify feeder accuracy criteria based upon 
product constituem variance limitations. one must under
stand the transport characteristics of the components 
through :he mixing system. This is done either as a mod
elling exerclse or through reduction of experimen!ai resi· 
dence time distribution (RTD) data. 

A few analytical expressions for residence time in extrud~ 
ers have been deveioped r l. 2) but their application is 
limited to simple geometries. fluids. and without consider .. 
ation of pressure flows. Flow simulation of complex mixer 
geometries by numerical techniques has been reponed (3] 
but the analysis requires significant geometry simplification, 
Techniques for experimentally determining RTD for ex
truders and interpretation of results has seen substantial 

\1ail aodress; Mc J. Curry, Werner and Pfleiderer Corporation, 
663 E. Crescent Ave.. Ramsey. ;-..1107446, C.S.A. 
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treatment in the literature. Golba (4] successfully measured 
the R TD of a twin screw compounder on line by measuring 
the relative dielectric constant of the tracer in the die. Many 
authors have used off line colorimetric techniques and some 
have used low grade isotope tracers. 

Among others. Herrmann [5) has reported the e!fect of 
mixer geometry upon R TD for COw rotating intermeshing 
extruders. Todd [6) correlated his results to the single 
parameter Taylor diffusion model. Altomare and Gh022i 
[71 used the two parameter fractional lubu[arity modeL 
Poteme [8) finds even better representation with a four 
parameter Gauss~Weibull function. Mixer response to tran~ 
sients in the feed streams for extrusion systems has not been 
widely reported. Balke [9) showed a methodology for pre
dicting product concentration in extruded composites, He 
develoDed explicit predictions for first order mixers! with 
high ft~equency nonnally distributed feeder error, 

This paper reports anaiysis of an experimental study In 
which three screw designs were characterized for their 
RTD's by ~be unit step technique. Only one fluid, one 
RPM, rate. and die pressure was anaiyzed" The mett mixing 
(MM) zone of each design was characterized in a separate 
experiment. The die RTD was numerically simulated. The 
feed svstem. extruder. and die are modelled as a serial 
netwo;k. The feed system was driven in a regular cycle at 
two periods for each screw and product tracer content was 
monitored. The experimentally observed damping is com" 
pared to theory. 

2 Theory 

The traditional method for predicting OUtput from a com
posite system {e,g. feeder. extruder, die 'I is to apply the 
principles of linear: superposition and convolution. Linear· 

1 First order mixer - A mixer whose re!ildencc ome follows a first 
order differennal equation H! , 

dv d m . . I· . :n -=- -r ny{ 0 = Xi l) where m an n are COCIllClems:. X{ I IS u:.e 
d. . 

l:iput (feeder) function and yi tl is: (he OUtput (product) functIOn, 

Linear superposition requires that each sub system is describe<' 
bv a linear differential eouation, i.e. product composition is a 
f~nction of time and inlet' condmon bUI not a function of itself 
nor deflvalives 01' llself 

Intern. Polymer Processing VI (1991) 2 
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Feed Accuracy in Continuous Mixing Applications 

Composite or blend performance depends above all upon form
ulation. The compost ion variance is a function of error of continuous 
feeder and backmix capability of the continuous mixer. For instance, if 
the continuous mixer has a plug flow characteristic, the feeder cycle 
will survive the process undamped. If the continuous mixer tends 
towards an ideal mixer (batchlike), then the feed cycle is 
inconsequential as long as the feeder is capable of long-term averaged 
accuracy. 

Real continuous mixers have a behavior intermediate between ideal 
mixer and plug flow. Figure 1 shQwS toa~r~bability function of 
cumulative exit age for step change in the feed signal for various 
pieces of equipment. Suppose the mean residence time of the single 
screw extruder is 1 minute. At 0 seconds a feeder disturbance happens. 
The effect is not sensed at discharge until 45 seconds later. The total 
disturbance is sensed at discharge according to the schedule in table 1 
in the absence of additional disturbances in the same. time frame. A feed 
disturbance of 2 seconds duration will show up at 35% of original 
intensity at discharge; 4 seconds at 48%, and so on. A 15 second feed 
disturbance will show 77% of the feed disturbance at discharge as shown 
later. 

Loss in weight feeders try to operate at constant flow rate. 
Because of the cyclic behavior of flow rate from a screw discharge, and 
the motor speed cycles resulting from controller action, the loss in 
weight screw feeder displays an accuracy which is a function of samp
ling duration. Specifically, the accuracy is worse at short sampling 
times and low rates. 

The error of an individual feeder is generally published as the 
2S% error of the mean with a 30 or 60 second sampling time. For the 
sake of discreet extrusion feed, it has been shown above that the 
sampling time should be 15 seconds (or less) to avoid significant feed 
errors from affecting product formulation. If a loss-in-weight feeder 
runs long enough, the sample errors will be normally distributed about 
the mean. In this case it is more correct to calculate % error at a 
specified confidence level. An example of the procedure is included as 
Table 2. 

If several feeders are operating independently on an extrusion 
line, each with normally distributed errors, then the sample variance of 
the composite system can be predicted according to the theory of 
propagation of error. A sample calculation is inCluded as Table 3. As 
expected, the variance of any species in the product is greater than the 
indiVidual Variance of that species' feeder. 

The discharge concentration of any species is a result of the 
convolution of feeder rate function and extruder residence time. 
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WAtt) = jotWA(d-) E (t -:J-) dd: 

where - WAC t) = Discharge concentration function of component A 
w.r.t. time. 

WA(C£) ; Feeder concentration function of A component w.r.t 
w.r.t time. 

t - ~ = Non dispersing time delay between feed and dis 
charge time until first tracer show. 

In the lucky event that extruder mixing is 
feed cycle is sinusoidal, the extruder discharge 
species can be determined from a Bodie plot. 

;4;f' ::- (Ii- W'-;2) l..i ..... ....... ' 

first orderl and the 
concentration of any 

where: AR = amplitude ratio of discharge signal/input signal 

W = feeder cycle, 

[; ; characteristic time for extruder2 

Figure 2 shows the superimposed input and output variance for a 
ZSK extruder at 2 feeder cycle frequencies. The fast cycle trace is 
slightly better damped than the slow feed cycle but the screw had a low 
backmix characteistic. 

Feeder Evaluation (screw loss-in-weight type) 

Feeder performance depends upon: 

a) Hopper discharge characteristics (shape, finish, 
agitators, stirrers, intrometers). 

b) Screw delivery system (single, twin, solid, hollow, 
tube finish, clearance, tip shape, tube pins). 

c) Scale sensitivity. 
d) Upset logic (reload, vibration). 
el Controller update. 
f) Controller logic. 
g) Feeder sizing for application. 

The characteristics of tested feeders are included as Table 4. 

2 Characteristic time, for a cumulant expression of the type 

( I 8 -p \) 
F = 1- exp,oCli 1_::>'(= 

\ \ .. ).)'-..1 
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There are two basic scale types: 

a) Damped vibrated string with frequency based output signal. 
These scales are digital and have update and resolution 
limitations. The mechanism is compact, rugged, and reliable. 

b) LVDT with amplified output signal for low flexure. Analogue 
scale with practically infinite resolution. 

From the data in Table 5, several conclusions can be drawn: 

1) A successful feeder candidate can be operated to good 
accuracy in vOlumetric mode provided incompressible well 
mixed feeds and free flowing behavior .. 

2) Single screw feeders c~'pe:t;::f'9;j:m, as well as twin screws, 
unless: 

or, 

a) Hopper flow conditions require the larger feed opening 
of a twin screw,. 

b) The feeder is required to operate at low speed, where 
the twin screw is less prone to slugging than the single 
screw. 

3) Belt feeders are not superior feed devices especially at low 
sampling times. 

4) Feeder sizing is critical for accuracy. 
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Table 1 

Schedule of discharge effect caused by 
charge feeder disturbance according to figure 1 

"2rk:: Sc o'U/ L",jN~"" 1(1 ,r~ 1""((,,'1 ~dt!lCtr17,1'Yt(. 
Time (sec) % of Disturbance sensed 

o 
45 
47 
49 
51 
53 
56 
58 
60 
75 
90 

o 
o 

35 
48 
58 
62 
64 
72 
77 
87 
91 

From: Tadmor, Klein, Eng Principles of Plasticating Extrusion 

1 
Van Nostrand (1970) p 347 Fig 1 - Ref 4 

.8 

.6 
III PERFECT MIXING 

12 ) LAMINAR FLOW 

.4 IN A PIPE 

()) SINGLE-SCREW 
EXTRUDERS 

.2 I 4 ) ( 4 ) PLUG FLOW 

00 .5 1 1.5 2 2.5 
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Table 2 

Sample Error Calculation for loss-in-weight feeders: 

Feeder 'fype: 
Feed 'Material: 
Screw: 
Setpoint: 
Sampling time: 
PID: 
% motor speed: 
Sample rates, 

(10) g/sec. 

Average 

Sample deviation 

Error at 95% C.L. 

28 of mean .. ............ " .. ~ .... " & 

of setpoint ••.•..... 

95% C .. L .. error of mean .. 
of setpoint .... ~~ .... 

Brabender DBW H2A DDSR 40-120 
Ammonium Sulfate, coarse 75 pcf 
Twin pigtail, 45mm pitch 
200 pph. 
5 sec. 
5,3,0 
10.3 

25.36 
24.00 
26.47 
24.89 
23.95 
24.40 
22.84 
25.26 
24.67 
26.57 
24.84 

L15 

1:. 0.82 

Ii-
Z tfi. 

= ro=- (; I ~ 
S 

[ I'- (it:. - jj.. ) z.. 
= L r-- I ...i 

t at 9 degrees of freedom 

v ~ ts 
-="1('-

95% C.L. ~ L96 0 

= 2.26 

U = standard deviation of parent 
population. 

9.3% 
9.1 

3.3 'I, 
4.8 



Table 3 

Error Propagation of Individually Fed Extrusion System 

Solid 1 A 

~ 
SOlid 2 B 

Liquid 1 
D , , E _Liquid 2 

~ Solid 3 C 

~~ 

Net comP9nent errors 

Backmix Extruder 
"'-1 . ..-.:palllPsd 
~ Product 

J ..... _______________ ... __________ i Component Errors 

The weight fraction of component A in the feed is 

WA = weight fractioQ A 
FA = mass feedrate of A 

The fluctuation of A in the feed stream depends upon the error in 
each of the feeders and can be expressed by propagation of error, 

~IA2 = (~;~)2 SpA2 ~i)2 SpS2 +~~2 Spc2 + ~~2 SpD
2 

+ ~~~2 SpE2 

where SWA is the standard deviation ":ff'r~n"mt. ;fQGd"", ~! !,.. / 
Of C.,'1"'''~-rA~'/ ,"<c Jt/~", 

from math tables 
(

...lL \ ~ cL 'a v ~~ fA f. t f.fr:, 
Reducing OX v) = v a x[ . ] 6 X I 7;c ~~{t);j<J~ k/:!:ft 

rS'iAJ2 (l-WA) 2 [SPA] 2 + [SPs l2 W
S
2 + Spc 2 Wc2 + I SPD]2 WD2 J Sn:l

2 WE2 
L WA FA ps~ PC ~ FD L piJ 

For a formulation with randomly cycling independent feeders whose 
deviation has been measured by a method of table 2, component error 
propagation as follows. 

Component 
Set Point 
Rate (pph) 

Feeder Deviation (pph) 
l.!() Sec Sample, 95,% CL 

Component Error r{ 

in Feeedstream ~~ ~~L 

Solid 1 
Solid 2 
Solid 3 
Liquid 1 
Liquid 2 

25 
25 
38 
10 

2 
10-0 

Sample Calculation: 
IS]2 .. S '2 
:WA = WA! 

WA 
(1-.25) 2 

,0189 + = 
1.89% 

.±. 2.3 ±. 
± 2.3 ±. 
+ 2.0 ± 
+ 0.3 ±. 
+ 0.1 ±. 

1.89 
1.89 
1. 76 
0.475 
0.120 

\~ 
; • .L , 

(2) 



Table 4 

Characteristics of loss-in-weight feeders 

1. Brabender DBW H2 A DDSR 40-120 

a) Hopper - Polished steep stainless. 2 or 4 blade agitator 7 cuft. 
b) Twin screw delivery 40 0. Hollow or trapezoidal pitch screws. 

Stainless tube. Optional pin barrel discharge. Self emptying 
hopper designs. 4.24 cuft/hr. maximum. 

c) Scale capacity adjustable by lever arm. 30 and 60Kg. Resolution 
120 K counts. Minimal weighment 0.25g. Scale type: damped 
vibrating wire. Dashpot paralleled. Hanging cantilevered 
suspension. 

d) Controller Congrav 
e) Control logic PID accessable, -program controlled. Full electronic 

controller faceplate progr~le~--- , 
f) Full range screw RPM. 
g) Number of apparent discharging channels - 3. 
h) Operator available tuning: 

1) Scale sensitivity 
2) PID settings 
3) Scan time 
4) Deviation tolerance 
5) Vibration/overload protection 
6) Max/min screw speeds 

K-Tron LWF T-35-B 

a) Hopper - polished, steep or conical, stainless. 2 or 4 blade 
agitator. 

b) Twin or single screw discharge (interchangeable hoppers). Hollow 
or whirled screws, various pitches. Also hollow auger with 
tapered root. 150 or 300mm tube length. Self emptying hopper 
design (0.2 - 40 cuft/hr). 

c) Damped vibrating wire weigh mechanism. Scale resolution l20K 
counts. Capacity: 30 Kg. Minimum weightment: .054g. Direct 
scale mount suspension. 

d) Controller 7100 cMos controller with Backboard pin adjustable 
programming. (Alternate: K-IO PID auto tuning controller). 

e) Full motor speed 1800 RPM. Three interchanq~le gear boxes, (A 
fast, B mid 6.742:1, C slow) 

f) Operator available tuning: 
1) Mass flow span and zero (S4) 
2) Gain (JBl) 3 position 
3) Motor speed span (JB3) 
4) Deviation tolerance (JB4), 1-10 (1 sensitive) 
5) Mass flow signal damping (JB2) 
6) Ramp speed (JBl) 



Table 4 (continued) 

3. Acrison #403-105 Z 

a) Hopper - vertical walled, pOlished stainless 

b) Single screw delivery. Square channel 
~, 75mm pitch hOllow). 6" intromitter 
clips. Intromitter §PM 0.5 of screw. 
changeagle .4-14 ft Ihr. 

or hollow auger (1 3/8" 
with reversing and 

Screw diameter inter-

cJ Six point hopper suspension via cruciform flexures from frame. 
Linear variable differential transformer weight resolver. 
Dashpot paralleled. Scale capacity 150 Ibs:, resolution minimal 
weightment .065g. 

d) Controller Microdata 403. 

e) Screw speed 104 RPM max. 

f) Operator available tuning: 
l) Gain 
2) Motor speed span 
3) Scale span 
4) Deviation mode timer 
5) Deviation tolerance 

g). Scale sensitivity 1048000 counts. 
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7S pc! L'ulk (i('nSlty, incol""rrC'8~liblC', frc(' fJO .... )(1'l 

rfOC-(jC'r .. ::('troint ~l\mple , ~.otor i\Vtlr,1QC Error 
(Pph) Time 

(sec) 
Speed rotC' !pph) , S 

)\~1'ron T-J5 Volurn~tric 10 5 C , 1 )65,95 2,0 
2Sm."1l pitch 365 10 4 9. 9 3G J • 8'.' 1.4 
2 flight JOS 5 49,8 )(>S,OO 7. " 
50l id 75 10 9, ~ is, 4 1 1,1 

" aeiJr 75 5 9. , 7(;. 52 5, , 

)\-Tron 5-200 volum(!tric 10 10, ;; 204.99 3.1 
GOOmrn pl.tch 200 10 lC,2 205,45 1.6 
pi?tail , 
50"", ~ 
B 9f'ar 

Brabender voluml1tric 5 50 R40. !7 '.5 
DB .... lilA OOSR 200 10 10. ':I 19R.9S 6. , 
40/120 2GO 5 10.S 196.97 9.3 
(pigtail " 10 2.0 44 .58 14 ,5 
scr ies) " 5 2.Q 45.99 .0.4 

<S JO 3:.iL'~ 4':1,;;~ 3.5 ...... -
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250 10 46.6 .24 1.9 
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45 5 , . 7 47. Q2 11.5 
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3/4 ,. ho 110101 
screw 
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8 ")'ear 
10li'Jll pitch, 
1 !l iQht solid 
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feed H.'lIl;.eria1 ; 

screw 

1(-1''1;0:; L~r 
5-20-7110 
t.".'\,n $cre:'ooI 
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1(-1'ron LI,\"V-3 
n~ 130. )" 
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L' 
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8.0 
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1.7 
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1.. 

bulk densi tj.' 
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A Comparison of Continuous 
and Batch Processed Double 

Base Propellant 

Presented in Cooperation with CELERG and 
SNPE, St. Medard France 
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Background AO 
T 

• Manufacture of Double Base Propellant in the 
US has Changed Little in the Last Three 
Decades 

Developments in Propellant Technology 
Have Focused on Composite Propellants 

• Not True of European Propellant Industry 
Significant Improvements Made in 
Formulating, Processing and Inspection of 
Double Base Propellants 



Background cont. 
AO 

T 

• AOT Tasked With Identifying Technologies 
that Could Provide Indian Head With 
Improved Production Capabilities 

Working With CELERG and SNPE, 
Several Technologies Demonstrated 

• Compared Propellants Produced in 
Continuous and Batch Process 



Test Plan 

• Objective 

Direct Comparison of DB Propellant 
Produced in Batch and Continuous 
Processes 

• Approach 

Produce 20 Grains By Each pfOcess 
• Identical Raw Materials 
• Propellant- Similar to AA2 
• Grains- Similar to MK90 

AO 
T 



Test Plan cant. 

• Test: 
Physical, Chemical 
Properties 

• Fire 

and Mechanical 

4 Grains From Each Process 

o 2 Hot and 2 Cold 

AO 
T 
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Continuous Process Advantages 

• Cost 

Less Capital Equipment 
Requires Less Space 
Fewer Operators 
Reduced Waste 

• Safety 

Reduced Quantities of Propellant in 
Machinery 
Reduced Personnel Exposure 

""~~>'r, 
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Results 

.HoE 

Continuous 1.0%< Batch 

AO 
T 

o Possibly Due to Higher Moisture of 
Continuous Propellant 

• Burning Rate 

No Significant Difference~'~~tween 
Carpet Roll, Batch or Continuous Grains 
o Continuous Propellant is Slightly More 

Temperature Sensitive 
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Burning Rate 

+68 Deg. F 
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Results cant. 

• Mechanical Properties 
Measured in Longitudinal and Transverse 
Directions 

• No Significant Differences Between Batch or 
Continuous Grains 

AO 
T 

• Longitudinal and Transverse Samples Exhibited 
Some Bias 

Bias Most Pronounced in Strain 

,."";j}'\-",,. 



Mechanical Properties 
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Mechanical Properties 
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Mechanical Properties 

Strain @ Break, 0/0 
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Results cont. 

• Ballistics 

AO 
T 

Batch and Contir,uous Data Very Similar 

o Small Differences in Total Impulse and 
Hot Action Times are Probably Due to 
Differences in Propellant Weight and 
HoE 



Motor Firing Data 

Batch and Continuous Grains 

Proce!lll -50 Deg f -<150 Deg. f 

Proce!l!l Ballch IJllltch Coot Con!. Balch Balch 

Qmini! 2.1 28 6 9 2.2 :115 

Prop. Weigh 1.211 1.32 '1.19 1.20 7.29 l.33 

Lb 

T oIallmpu!. 1038 1051 1S20 1533 1592 109b 

Flltvooc 

Aclioo rime 1.18 1.:'1 1.2 1.22 1.02 1.04 

Gee 

AYg. Pressu 1421 13/5 1346 1330 1614 1648 

psi 

Speciliclmp ?1'./ 711.8 212 211.5 218.5 21(6 

sec 

AO 
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Cool. Coot 

13 16 

1.25 1.25 

1513 1513 

OJl6 0.96 

1(30 1 f4b 

:nl 216.9 



Conclusion AO 
T 

• Continuous and Batch Processed Double Base 
Propellants Are Equivalent 

Properties & Performance 

• Continuous Processing Offers Cost and Safety 
Advantages Over the Traditional Batch Process 

For High Volume Production Requirements 

o Example 2.75" Rocket 
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September 21, 1995 

AOTMEETING 

USA O!'f,ce: 
6110 Execur;.lve Boulevard 
qockvllie, Marylanc 20852 

Te: (301 J 468-6777 
Fax: [30 'I J 468-2230 

The following is summary of LT Industries slide presentation, It is intended to convey LTs 
overall capabilities in a variety of fields. LT has experience with numerous types of polymer 
applications (including explosives) in addition to applications touched on in this 
presentation. 

1. LT Industries Rockville, MD 

2. A picture of the Quantum 1200 bench top/laboratory instrument. A full range scanning 
spectrophotometer. 

3. A graphic demonstration of the versatile of the Q1200. Configurations, ranges, types of 
materials it is able to measure. closed loop operations, etc ... 

4. Detail of Quantum series spectral range(s). (from 400 to 2400 nm) 

5. Detail on various modes or measuring techniques. (Transmissio~ Reflectance, 
Transflectance) 

6. Math programs/techniques available through LT Industries. (MLR, PLS. PCR, 
Descrim.) 

7. A listing of the major markets LT currently participates. (Petro/Chemical, 
Pharmaceutical. Textile. Food, Dairy, etc ... ) 

8. A description/breakdown of applications in a market. One of the examples in the drug 
or pharmaceutical industry. 

9. A description/breakdown of applications in a market. One of the examples in the textile 
industry. 

10. Details a Q1200/2000 and it's industrial capability. (EX: Class 1, Div 1, group C-G) 

11. A picture of the Quantum 2000. A full range scan spectrophotometer. One of LTs 
series/product offerings for online applications. 

12. A picture of the PowerScan. A non.mllft p.il{t system capable of up to 200 full range 
. IJ ~r " 
..lU\J 

AWARD WINNER 



scans per second (900·1800 run), A fiber optic based, multiplexed system (6 measuring 
points). 

13. A description of some of the measuring probe parameters and issues when designing and 
fabricating. 

14. Various types of Transflectance probes. 

15. Various probes mounted in a display pipe. 

16, A Transflectance probe, with flange, in a pipe. 

17. A Transmission pair (probe) mounted in pipe. 

18. A retractable Transflectance probe. (Designed to eliminate referencing and cleaning 
issues) 

19. An AR (Absolute Reference) measuring cell. (Designed to eliminate referencing issues.) 

20. An instrument used by the State of New Mexico to verify octane in gasoline. 

21. An employee at a processing plant collecting a polyol sample for determination of 
Hydroxyl Number. 

22. A Quantum 1200 configured for lab analysis of hydroxyl number in polyols. 

23. A DIP probe (Transflectance) measuring a polyol. 

24. Textile application. Spools of thread with coatings. 

25. A plant QC inspector using a Quantum 1200, with fiber optic assembly, to measure 
thread surface coatings. 

26. 1l1e 'face' of fiber optic probe used for measuring surface coating on thread. 

27, 1lle LT Carpet Analyzer. Designed and used to identify various carpet fiber type 
(Nylon 6, Nylon 66. PET, etc".) for recycling purposes. A turn key system, precalibrated. 

28. A close-up view of the Carpet Analyzers' probe with single button operation. 

29. Indicator lights on the Carpet Analyzer for indicating material type, 

30, Sample interface for a polymer melt/extrusion application. 

31. Closer view of the polymer melt/extrusion measuring point. 



32. An online measuring system utilizing a 'slip-stream' approach. 

33. A Quantum 2000 in use a large refinery in the United States. This multiplexed system 
is currently monltoring eight points from the same system. 

34. A close-up view of the Quantum 2000's multiplexing system (Capable of measuring up 
to 20 points). 

35. The multiplexer utilized by the PowerScan series instruments (6 point system). 

36. An example of a long fiber optic cable run (this one is for a 250 foot run, in each 
direction). 

37. The measuring points used for the eight point system at the US refinery. These 
measuring points are all taking advantage of the AR cell. 





RHEOLOGICAL BEHAVIOR OF 
HIGHLY FILLED MATERIALS: 

A Case Study 
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OBJECTIVES 

1. To character;ize the rheological behavior of a model 
suspension employing multiple techniques: 

• Steady torsional flow 
• Small-amplitude oscillatory ~hear 
.. Capillary flow 1 

• Rectangular slit flow 
.. Stress Relaxation data 

2. To verify the rheological characterization results with 
actual residence time data collected using tracer based . " ImagIng. 

3. To mathematically model the twin screw extrusion 
process with the collected rheology data and to compare 
against collected processability data. 



1e+05 1e+05 • v Tl laT 
1e+04 '" Capillary 

1e+04 1e+03 Data 
"! Steady <II 1e+02 &! .. 
a.. Shear 
!=' 1e+03 1e+01 c;- Data 
.... G' 0 1e+00 5 0 

til C G" 
<Ii 1 e"()1 IV 

T= 40C a.. 1e+02 
a.. 

I- .e4. * lOU Wi'~" 
1e"()2 ci 

!!! 1e-03 • t \6 !=' 1e+01 1e-04 

1e-05 

1e+OO 1e-06 
1e-01 1e+OO 1e+01 1e+02 1e+03 

w' aT" rad/s or y, s·l 

Shear viscosity and linear viscoelastic properties i.e., storage modulus, 
loss modulus and complex viscosity of binder, silicone 200 
(Dow Corning) as a function of shear rate and frequency, respectively. 

PV.C2.fig 9 



0.5 

0.03 

0.4 

0.02 
0.3 " ~ 

~ 
.t 

0.2 ;; 0.01 
.c 
E 
~ 
z 

0.1 0.00 

24 o 5 10 15 2il 25 
~iameter. micron Oiametee", mkroo 

Particle size distribution of hollow glass spheres used in case study. 



106~~~~~~~~~~~~~mm~~ ~~-'I' <> 

() 

Figure, 

.. 

--;:;t~ ~'" <_'" c... '( 

<> 0.6 
• 0.5 
A 0.4 
.. 0.3 

o 0.2 
T 0.1 
o 0.0 

'1,.;1...< ..... 0;\\ (,\~ .. , ~\\.. .. "'!. 

._--



., '\ ., ., <> " rp 

10 

0 
T »1=0 C 

.. <> 0.6 

5 
<> .. 

~ 

'!l. .. .... .. 0.6 

<> <> II 
'!l. .. £;, 0.4 

.:.~.~ 
0 .. 0.3 i £;, £;, .. 

~ III> '" .... 
o 0.2 

f<><>O<><><>Ooe~£;, .~ .• '" £;, ... 
... 0.1 

ell .. "'"!£;' .... 0 0.0 
£;, £;, .. ~ ~ £;, .. .. 'q, If' 

.... 0 
.... o!!t~ 

. 
.... rto .. q.~a 

b- .. I" ~aO 
Gto .. r:,o,Q 

c 

.. Gt~O 

'" q.~O 
C' 

ib
o 

, 

D 

.J ., ., .j 

10 I 10° 10 1 102 

rJ"aT• rad/ B 

Figure: 
1tE. e,.", "-N c... '( 

<:;,:1.'<... 0;\1 C:r\~~ .. c;,\" .. "', 



10· 
,Ij 

p., 

10
3 

0 

10!! 

IS 

o 

Figure 
l' 4.€. /I.. ",€..N c:.. '\ 

, 
<) o.lf 
II 0.5 
A O.~ 

• 0.3 
Cl 0.2 

Y 0.1 
o 0.0 

<;,: ),; •.. h. 0:\ \ G \" .. !. ~ ~ \." .... 



100OPOO 

100000 

10000 , 

1000 

" '" 100 -:.,= 

" 10 

1 

0.1 
0.01 

.. 
i "I ¥I ill! , 

0.1 

Time, 8 

Siraln 
o 0.005 

V 0.01 

.. \I\~ 

'.:a~cWi~; . 
• 0.25'· 

00.49 

• 0.7.4 
<> 0,99 

V 1.99 



1000000 

~ 

100000 .. 
1_ ~ 

1000 I.-

.. 10lIl Ir 
D.. 

g 

& Ie 

1 ,-

0.1 

0.01 
0.01 

" 
~ 

0 0.0 
0 

.\ " .. 0.3 

• 0.5 

- o 0.6 

~-o .. 000 
o O¢o ~.111'" OO'!O-O'O'O!-OO -

0" ~,. 
\ '... 111---.. 0·, !---1II1111 

0.1 

m I,+ '.-l1lil1li 
, . o 'I 
~f.o ............ ,. 

.1 , 

TIme •• 

, 
10 100 

Cl?rtd",('\ C J GO(-l) 

fJ/u.iOS 

( l:.ype/' .. mtY\i~· vCl.l.L~e. ) 



101 



:\ 

CONCENTRATED SUSPENSIO 
• , "'" ", '<\1"'0 

PARTICLE FREE REGIONS NEXT TO: 
SOLID BOUNDARIES WHICH AFFECT! 
THEIR PRESSURIZATION/MIXIf~p DyftING",,'II!i1:n: 
PROCESSING 

Schematic representation of 
" apparent slip" mechanism. 

\.,,, 



Silicone 200 and Hollow Glass, 60% vol, bel 

Silicone 200 and Hollow Glass, 60% vol, aft 

14 
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! 

Typical apparent shear stress versus apparent shear rate data for 
the 60 % suspension. 

PY.C2.fig 20 
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Wall Slip and Rabinowilsch Corrections 

In the stable capillary flow region the conventional technique of 

the determination of the slip velocity follows Mooney's analysis. 

The apparent shear rate at the wall, Ya = 8 VlD, is given by 

(Mooney, 1931): 

• where D is the capillary diameter, 

~ V is the average velocity of the suspension in the capillary, 

o 1: is the shear stress, 

• 1:w is' the shear stress at the wall, 

• y is the true shear rate, and 

• Us is the slip velocity at the wall. 

.. ... 
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Apparent shear rate versus the reciprocal of the capillary diameter, 
1ID, for different shear stress at the wall values for the 60 % concen
trated suspension. 
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Layer 

Schematic representation of the formation of the slip layer in capillary flow. 



ORDER OF MAGNITUDE ESTIMATE OF WALL SLIP VELOCITY 

O. Um Dp.J!ffi !lL ll1.max 

Suwardie 0.39 1.7 0.5 0.67 
Ph.D. Thesis 

Aral & Kalyon, 2.7 106.6 0.63 0.67 
1994 

(without vacuum) 

Aral & Ka/yon 2 106.6 0.63 0.67 
1994 

(with vacuum) 

Kalyon et aI., 0.96 40.1 0.77 0.82 
1993 

Yilmazer & Kalyon 3.4 30.6 0.6 0.66 
1989 

Kalyon et aI., 1995 10.6 68.5 0.64 0.77 
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Typical cross-sections of a capillary extrudate incorporated with 
a tracer involving silver coated glass spheres. 
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• The true shear rate at the wall correcting for both 

Rabinowitsch and slip effects is found to be (Yilmazer and 

Kalyon, 1991): 

where 0 is the total volumetric flow rate through the capillary 

and Os is the volumetric flow rate due to slip. 0 and Os are 

obtained from: 

When Os becomes equal to 0 i.e., Us is equal to V, the 

suspensiun flows only due to slip. In this region of OslO = 1, the 

flow is thus plug flow. 

I' 



Rectangular Slit Die Flow 

Pressure drop data in slit dies collected as a function of gap 

height, h, and volumetric flow rate, Q. 

• The apparent shear rate values need to be corrected for slip 

and Rabinowitsch effects using procedures similar to 

capillary flow. 

where 

@ Yw is the corrected shear rate at the wall, 

$ Os is the volumetric flow rate due to slip and 

• W is the width of the slit die, 0.06 m. 



Let us now analyze plane Couette flow (representation of the 

viscometric steady torsional flow, where the fluid is sandwiched 

in between two infinitely long parallel plates, with the top wall 

moving at velocity, V w' in the z-direction and bottom 

stationary), for the fully-developed flow equations subject to 

Navier's wall slip condition: 

. t and Ii represent the unit tangential and normal vectors, 

respectively, V z is the velocity of the fluid at the wall and 

V w is the velocity of the wall. 

• The velocity distribution Vz (y) in pure drag flow occurring in 

plane Couette flow becomes: 

where '[zy is the shear stress which is constant over the cross

sectional area transverse to flow direction at any radial location 

and H is the gap between the two plates. 
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TWIN SCREW EXTRUSION PROCESSING 
OF HIGHLY FILLED MATERIALS: 

EXPERIMENTS VS. THEORY 

by 

Dilhan M. Kalyon 



OBJECTIVES 

1. To collect experimental data from an industrial-size 
and well-instrumented twin screw extrusion line. 

2. To mathematically model the thermo-mechanical 
history in the extrusion process and to compare the 
simulation results with the experimental findings. 



APV 50.8 mm Clam Shell Twin Screw Extruder at HFMl's processing laboratory 
and the twin screws shown with barrel split open. 
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Mean Star,dard Deviation 95% Confidence 

Intervals 

Batch Mixed 60.0 1.397 3.464 

First TSE run 60.6 0.346 0.859 

Second TSE run 60.9 0.216 0.344 
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First and Second 60.8 0.298 0.276 
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Penalty Method for Pressure: 

X-Momentum Equation: 
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As with most other engineering design problems, the configuration of a die for the 
continuous extrusion of any material is a function of compromises. The optimum design 
will be a trade off offeatures dictated by the the operational characteristics of the process, 
the safety considerations for the process and the limitations of manufacturing capabilities. 
A significant number of criteria must be taken into consideration when developing a die 
for a particular product and set of operating conditions. Additionally as you will likely 
discover, the die will give optimum performance only when functioning within the narrow 
band of operating parameters for which it was designed. In other words, there is no such 
device as a generic die which will give good performance under all operating 
circumstances for all products. In fact there is likely not a situation where a singular die 
configuration will give optimum performance with the same basic product under a wide 
range of operating parameters. As you will see, too high a rate or too Iowa rate may put 
you outside of the operating envelope for a die which performs very well with your 
product while you are operating within the dies' normal window of operation. 

This paper is not intended to teach individuals how to be die designers Moreover it is 
meant to enlighten those not well versed on the subject as to the critical factors which 
affect the performance of dies. It can also provide a check list of important items for 
someone who is given the responsibility of evaluating a die. Additionally it is intended to 
give some direction relative to finding help in addressing specific problems related to 
continuous extrusion of materials through dies to obtain the desired final geometric forms 
for end products. 
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Generally speaking, dies that are designed by empirical trial and error methods never 
get optimized. It will become obvious from the information presented in the remainder of 
this paper why that is a fact. The only way to optimize a die design for a given product 
and set of operating parameters is using scientific methods of mathematical or graphical 
solutions, 

Having made that statement,. the facts of life are, that the majority of dies in operation 
today were designed and developed using strictly empirical methods. They were 
developed by trial and error and the experience base of people who have worked in the 
industry for many years, This is true not only in the energetics' community, but also in 
every industry where dies are commonly used, There are two main reasons why this 
condition exists. The first reason is that up until very recent times, the technology hasn't 
existed to develop die designs by other than empirical methods, This situation has been 
remedied mainly because ofthe advancement in computer technology but also through the 
desire for improved efficiency and safety, These two criteria are becoming paramount to 
competitive production strategies, The second reason seems to be financial, in that the 
value of the effort to do scientific design to optimize performance is not readily visible to 
the personnel in many organizations who control the purse strings, Installed cost is 
intuitively obvious, but future production cost savings are a bit nebulous to define and in 
many cases hard to sell even when someone has the desire to sell them, which is not very 
often the case, This paper will give a few real life examples where significant cost benefits 
were achieved by optimizing die designs resulting in improvements in production rates at 
safer operating conditions, 

Generally speaking, there are three primary variables which affect the extrusion process 
in continuous mixing and extrusion operations, These are • 

THE PROCESS MATERIAL 
THE FEEDING DEVICE 
THE DIE 

It should be understood that the design or performance of anyone of these primary 
variables will affect the performance of the other variables and so they are directly 
interrelated and interdependent on one another, Therefore, the design of one component 
cannot be undertaken for optimum performance without evaluating it's impact on the 
other variables, This will become more self evident as we proceed, 

The attributes of the primary variables which most affect performance are. 
THE PROCESS MATERIAL, The most significant factor affecting performance 
attributable to the process material is the materials physical properties, The definition of 
these properties allows one to divide materials into types, all of which affect the 
extrudability of the product in a different manner. Four basic types exist (see Sketch I-A) 
NEWTON1A."I Fluid, is a fluid whose viscosity does not change as a function of shear 
stress, shear rate or temperature within its fluid phase envelope, A typical example of this 
type of material is water, Water viscosity is constant between its freezing point where it 
changes to a solid and its boiling point where it changes to a gaseous material, Very rarely 
does one encounter an extrudable highly solids filled material which is Newtonian. 
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PSE1JDOPLASTIC Fluid, is a fluid whose viscosity decreases as a function of increases in 
shear rate, and temperature. A typical example of this type of material is polypropylene. 
When polypropylene is in a fluid state, it gets thinner as it is subjected to higher shear rate. 
It should be noted that Pseudoplastic Fluids usually exhibit a Newtonian region at low 
shear stress values. DILA T ANT Fluid, is a fluid whose viscosity increases as shear rate 
increases, in effect it is the opposite of a pseudo plastic material. Clay dispersions such as 
Silly Putty make good examples of this type of fluid, if you let it lay in your hand, it will 
slowly ooze through your fingers, but if you knead and work it in your fist it will quickly 
become very viscous and tough. BINGHAM Fluid, is a fluid whose viscosity remains 
unchanged until it is subjected to a specific stress, then the viscosity will decrease as a 
function of the applied shear rate much like a Pseudoplastic. A typical example of a 
Bingham Fluid would be Ketchup. We've all had the experience of trying to get it out of 
the bottle, a few good raps to apply the appropriate amount of initial stress and it usually 
flows pretty freely. Once we stop pouring however, it takes a few raps to get it started 
again. It is worth mentioning at this time that highly filled materials such as those 
customarily used in the energetics' field can exhibit all four characteristic material types in 
the same material. 

The physical properties of a material under given sets of stimuli are called the 
rheological properties, these properties when known will define the material type and the 
values of the physical properties for that material at the stimuli values. Typical useful 
information found in rheological reports for materials are the change in viscosity as a 
function of shear rate, shear stress and temperature. Unfortunately published data on 
rheological properties is pretty much confined to well known and simple polymers, while 
in the energetics' field complex, highly filled materials are the normal trend. There are 
places to acquire rheological data for unique formulas. A typical place where one can get 
help in this respect is Stephens Institute of Technology, at the Highly Filled Materials 
Institute (HiMI). Other facilities who are working on acquiring data on this type of 
technical level are The Naval Surface Warfare Center at Indian Head MD. and ARDEC at 
Picatinny Arsenal in Dover NJ. With some experience, one can combine the rheological 
characteristics into a mathematical model such as a Hershel-Bulkley equation which can 
then be combined with other mathematical models and equations to predict performance 
of screws and dies ( see Sketch 2 ). 

The one characteristic of a material which has not been addressed until very recent 
years has to do with the adhesion characteristics of materials ro other materials and hence 
affects the wall slip of the product in screw and die applications. HfMl @ Stephens has 
developed the ability to quanti/)! wall slip under various conditions, and v .. ithin a given set 
of parameters can provide a mathematical model to attach to the Hershel-Bulkley equation 
to make it complete for any process. 

Another physical property of the product that will affect the performance of the 
extrusion system, especially at the die is the product consistency (homogeneity). 
This characteristic is a function of the precision of the neet ingredient feeding systems and 
ofthe efficiency of the mixing device. True uniform distribution of ingredient within a 
properly developed matrix binder system in a consistent manner is essential for optimum 
die performance. 



This brings us to the second major variable in the extrusion process; THE FEEDING 
DEVICE. This term does not refer to the feed systems for the neet ingredients, but rather 
to the screw device feeding the die itself. The efficiency of the system at this juncture is 
dependent on how well the extrusion system has been married to the die and to the 
process materials' rheological properties, The most well designed Die will not perform 
with any degree of efficiency ifthe extruder screw trying to feed the material to it has been 
improperly designed for the application, 

Most continuous process systems incorporating extrusion are currently of the single 
screw or co-rotating twin screw design, Both of these devices are drag flow systems, 
Drag flow devices pump materials as a function of the frictional forces between the 
rotating bodies of the screw flights and the internal barrel wall of the extruder. As such, 
these devices are not positive displacement and rely heavily on material adhesion and 
viscosity to pump at optimum efficiency, There are literally thousands of screw designs on 
the market for these types of machines, Most of these designs have been developed 
imperically for a given material type and a given set of operating conditions. It is quite 
common to develop a screw for a new process by reverting to something that has been 
used successfully in the past and tweaking it for the new product. Traditionally most 
operators have little knowledge of what processes occur in the screw channels within their 
machine and hence have no way of knowing whether improvements in performance can be 
achieved over their current design, In reality however, more work has been done in the 
evaluation of extruder screw designs by mathematical models and computer generated 
graphical models than in any other area of mixing and extrusion. This is particularly true 
with reference to the screws ability to transport materials which are homogenous and 
whose rheological characteristics can be defined. In the channel of a screw, the following 
flow characteristics are occurring simultaneously ( see Sketch I-B): Drag Flow, this 
phenomena causes the material to be transported down the barrel in the screw channel. 
Pressure Flow, this phenomena causes the material to flow cross channel within the screw. 
Wall Slip which is the loss in flow due to the loss of adhesion between the process 
material and the wall of the extruder, The real net flow then is equal to Drag Flow· 
Pressure Flow-Wall Slip ( see Sketch I-D), Because these are not positive displacement 
devices, as pressure flow increases, drag flow decreases and as wall slip increases drag 
flow also decreases, Under certain circumstances, a machine that will put out an 
acceptable thruput with an open discharge may put out virtually no flow when a die is 
introduced onto the machine and a substantial back pressure is applied. Items in the screw 
and barrel design which most affect the ability to pump material are, the screw lead, the 
number of flights and the clearance between the screw and the barrel and the mating 
screws if the unit is a twin screw design, Generally speaking longer leads pump higher 
volumes while shorter leads pump against higher back pressures, also tighter clearances 
offer better pumping as there is less leakage and multiple flights usually improve pumping 
against back pressure, 

Another key area of the feeding device is the transfer zone, where the extruder screw 
ends and the entrance to the die begins ( see Sketch I·C), This area is very important 
relative to the efficiency of the extrusion system, 
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If this annulus is long it can provide significant pressure drop in the system, if it is to 
large, the shear rate in it can drop dramatically affecting the viscosity in this region and 
providing a significant change in material properties. It can also provide regions of high 
and low shear rate areas which will cause eddy's in the product flow path that will induce 
unmixing of the product in the die entrance creating extrusion of disuniform mass and 
geometry. When designing an extrusion system, it is just as important to model the flow 
through this region using the appropriate mathematical models as it is to evaluate the 
screw and die areas of the system. 

The last critical item relative to the feeder de\~ce, and this applies to the die as well, is 
the thermal control of the system. As the physical properties of the process material in 
many cases is dramatically effected by the thermal properties of the system, control of the 
system temperature is a very important criteria in the extrusion system performance. The 
ability to transfer heat quickly and effectively as well as the requirement to maintain a 
stable constant thermal environment are key elements in providing optimum extrusion. 
\Vhenever possible it is best to try to design a system that will corne into true thermal 
equilibrium without additional heat transfer from a jacket (i. e. run the system adiabatically 
if possible). This is not always possible as in the case where thermal plastics are used as 
binder systems and the use of solvents is not desirable. In this case a combination of 
horsepower heat input and external heat thru jackets is a necessity to achieve both product 
features and process variables required to produce the proper production conditions. 

This brings us to the last variable the DIE. One key element of the die is usually 
dictated by the requirement for the final end product and that is the geometric shape of the 
extrudate. There is normally not to much that one can do with this particular part of the . "-,~ 
die except to keep it as streamlined as possible and to keep the length as short as possible. 
In some extreme cases, it is not possible to make the final geometric shape in a continuous 
extrusion. When this occurs, the alternate of a cast or batch extrusion process are normally 
pursued. In some cases slight alterations in either formulation or geometric form will allow 
an item to be continuous extruded that would otherwise normally have to be cast. For the 
most part the remainder of the die design is truly dependent on the materials rheological 
properties and on the desired operating condition such as flow rate, pressure drop and 
temperature rise. Typically streamlined, minimum angle entrance and exits to the die body 
generate the optimum characteristics of minimum pressure drop and lowest temperature 
rise. Remember, perfectly mixed(truly homogenous) and properly degassed process 
material cannot be consolidated any further in the die at any discharge pressure. Never 
attempt to generate pressure at the die simply to consolidate material, if it's not 
consolidated when it gets to the die then fix the mixer. The best extrusion is normally 
achieved at minimum pressure drop and lowest temperature rise, this is when the die is 
operating at its highest efficiency. Exceptions to the general rules always exist and a 
typical example of this is when dealing with Bingham fluids. Bingham tluids need a 
minimum shear stress (i.e. minimum shear rate in order to achieve fluid flow in a stable 
manner). In the case of many Bingham fluids, streamlining to improve flow may be a self 
defeating condition. For example, a few years ago we had the pleasure of working on a 
project involving a carbon filled material that was to be extruded in the form of a 
cylindrical rope with a hole the shape of a star in the middle ( see Example 1). The outside 
diameter of the rope was critical and had to be held to within .003 inches as extruded. 
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The outside diameter was to be .3 75 inches with the star shaped hole being 8 points with a 
root diameter of .045 inches and the star Q.D. being. 100 inches. We designed and built a 
streamlined die ( see Sketch -3 & -4) and when we ran the material through a twin screw 
extruder the die flow would run smoothly for a few minutes, then it would slow and 
eventually stop. After a few moments the die would open up and material would flow 
again. This condition would repeat many times, eventually the die would plug off and quit 
for good, at which point the mixer would backfill and the process would stop. When this 
occurred, the temperature had usually risen outside of the acceptable envelope and the 
extrudate would be disuniform in both consistency and mass. We were the fourth extruder 
company that the client had run trials with and the previous three never got the material to 
come out of the die. The customer was beginning to believe that he had a process that was 
not achievable under any circumstance. We convinced him to consult with Steven's 
Institute/ HfMI on his formulation. Steven's did a rheological analysis and we discovered 
that the material we were dealing with was a Bingham fluid which required a minimum 
shear rate at our process conditions in order to maintain a uniform flow property. We 
redesigned the die which was borderline for this process even when it was completed 
correctly. This was due to the fact that the final geometric shape could not be altered and 
it did not give us much margin of safety factor to keep the shear rate above the minimum 
required for stable extrusion. The redesigned die (see Sketch -5 & -6 ) did however make 
the process work and three production lines were ordered and put into service on this 
furmulation. The final dies did not look like the streamlined prototype because we had to 
build in an inefficiency to make them work. An interesting follow up to this example came 
about a year later. The customer called and said that there was something wrong with the 
process. He said the material coming out the die was surging for the past few days on one 
of the machines and the day he called me it had stopped extruding and began backing up 
the vent tube. The machine that this condition existed on was the first machine in 
operation and had the most hours on it. We asked him to measure the die components, 
especially the die hole and the star shaped perf The die had grown a wear pattern which 
had caused it to become about. 0 I 0 inches oversized in the perf entry area of the die. This 
area was the critical annulus for flow with a very narrow margin of tolerance for shear rate 
drop. We referred to the numbers we had been given a year previous by HfMI and redid 
some calculations. It turned out that at .010 inches of additional clearance the shear rate 
dropped the shear stress below the critical point on the rheology curve and material would 
quit flowing. We had the customer send the parts out and had them chrome plated. 0 lOon 
a side. He then reinstalled the parts and the process worked flawlessly. After that he 
ordered a set of spare parts and whenever he had a problem with the process diminishing, 
he would pull the parts in process and replace them with the spares while he sent the 
originals out for plating. The optimum die design for this process was obviously one that 
was not able to give the lowest pressure drop and temperature rise, because that optimum 
would not let the process run due to other causes. 

Some other key points on the geometry of a die, avoid steps (discontinuities), avoid 
fast transitions, and avoid steep angles, all of these items cause pressure drop as well as 
eddy currents and widely fluctuating shear rate zones. These cause unmixing and change 
in the product consistency. Deaerate the product completely, gas and air entrainment 
change the rheological properties of the product and also cause serious wall slip. 
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There are some very good mathematical models and graphical models out that can be 
used to calculate die flow characteristics, These will evaluate pressure drop and 
temperature rise for a given set of rheological characteristics at a given thennal condition 
and a given rate, It is best to let the experts at places like Stephen's HfMI gather the 
rheology data and feed the graphical models with the data to evaluate a particular design, 
Another approach to the problem of process improvement is to look at real process data 
and to evaluate the change to a die design as a function of previous perfonnance (I. e, if 
this is the data for the existing die, and assuming the process is isothermal, then if I make 
the following design changes, the die perfonnance will be approximately "X"% better) 
This can be done by plotting the cross section of the die and interpolating the overall 
pressure drop through the die as a function of each cross section element reviewed ( see 
Sketch -8), By modifying the elements of the cross sections and replotting the overall, one 
can develop a plot of the theoretical improved perfonnance of the whole, This process will 
work very well if one does not cross a threshold (i,e, the change point in rheology where 
the material goes from Pseudoplastic to a Bingham fluid), 

In addition to the process parameters, the designer must concern himself with the 
mechanical integrity of the die, One must look at the strength members of the spiders, 
pins, center perforations etc. The flow direction of materials greatly affects some of these 
items. For instance we did a die design for Hercules Sunflower Kansas for a 7 perf die for 
LOV A. This die worked exceptionally well and was very efficient. We used Steven's 
HfMI for materials properties and designed a die for optimum extrusion perfonnance, It 
worked very well, They then asked us to do a 19 perf die. We used the same basic design 
as for the 7 perf The major difference being the number of pins and the size of the pins 
( see Sketch -9). The pins in the 19 perf die squeezed into the middle and gave a non
unifonn pattern of perforation. We found that the only way to eliminate this was to square 
off the exit angle to be nonnal to the axis of the pins at the holding point (see Sketch -to). 
If we gave the exit any kind of an angle to help reduce pressure drop at this point, we 
caused the pins to move, The final compromise was an entrance angle to the capillary that 
was nonnal to the center of the pins and a spherical radius leading into the the capillary 
chamber (see Sketch -11 ), Because of the very small diameter of the pins 010 inches, 
even with a .030 inch base for rigidity, there was no opportunity to utilize the more 
efficient long tapered exit entrance to the capillary. Every attempt to do this caused the 
pins to deflect beyond acceptable limits, However, we were able to incorporate all the 
upstream modifications to the die that we had instituted into the previous die design. The 
final configuration was tested at Hercules in New Jersey and the die produced a pressure 
drop 140 psi lower than the conventional die they currently had in service. This was 
accomplished with 20 degree F lower temperature rise as well. 

This experiment was conducted using a ram extruder, This is a batch operation and 
more efficient from an extrusion standpoint than a continuous screw processor. It should 
also be noted that dies which perfonn very well in ram extruders mat not perfonn well in a 
continuous process, A Ram extruder usually extrudes a single charge of material at which 
point the ram is withdrawn with any unextruded material and recharged This does not 
allow for the build up of material in low shear rate zones because the time and material 
processed have not provided opportunity for product build up. 
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If one has worked for any length of time in extrusion where continuous process systems 
are used, you will probably have noted on at least one occasion removing a die and finding 
a cone of material built up at the entrance of the die, This cone usually represents the 
optimum entrance angle to the die and was formed naturally by the material when higher 
density constituents of the product fell out of the mix at the low shear rate areas and 
formed the new entrance geometry, The die likely performed at almost optimum 
conditions in that area after the new cone emerged, Unfortunately we don't want, nor can 
we stand to have that build up occur in a die used for energetics materials, This condition 
could pose a significant safety risk and is not desirable, It is more desirable to have a die 
that is properly designed for the process and to run the process the way the system was 
designed to have it run, 

There are obviously many more specific design details involving the PROCESS 
MATERIALS, the FEEDING DEVlCES and the DIE than what could be covered in this 
brief overview, In fact many books have been devoted to each of these subjects, However, 
I hope that this paper has helped to enlighten you on a few of the more key aspects of 
extlllsion and I hope that you have become aware that the process is complex, that it 
involves many facets that are interdependent and that there are places where you can 
acquire help in solving your unique extrusion processing problems, 
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CARBON PASTE 

Requirement: Continuous extrusion of perforated rods of 
homogenous carbon with specific mechanical 
properties. Tolerance of.195 inches rod >::! +.000 -
.003. 

Problem: Flow instability at the die with multiple stransis, 
variations in mechanical properties. 

, 

WE worked with the customer and HfMI at Stevens, and optimized 
process. 

Material was found to be: 
a) Bingham fluid 
b) Pseudo-plastic within a range of temperature and shear 

stress. 

Completely redesigned extruder screws and dies to always perform 
in the pseudo-plastic range. 

Put a 50 mm pilot plant in operation and three (3) 80 mm 
production units. 

(NOTE: Machines have run for three (3) years with exceptional 
performance. ) 

\ 

Operational band is so tight that .010 inch wear in the die entrance 
caused the process to cease and become unstable. Chrome plating 
worn parts corrected this problem. 
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Upgrade The Continuous 
Processing Facility 
at IHDIV, NSWC 

Naval Sea Systems Command 

Richard S. Muscato 
21 September 1995 





Naval Sea Systems Command 

Upgrade Continuous 
Processing:lTacili ty 

• . .,".e '. .. .'. -

Objectl~JJt 
-:"; 

-.:" ;~ 
>:: (~. ~ 
$. !. .!:: 

, , 

To Design and Upgrade the Twin SCf~W Extruder Facility , " ~ ~. r Ji·~··~ .'. ',.. .' 
Capabilities in Preparation fQr~C;"OR ~~ojeqt 

:.::._~ ~':::S .~ .. -- '1J~'iJ,e !! 
- f ~ ~ • 9 ~~: :!~ i#J ~, --: :... -!,j ~,--; ... a; ::! -. i ~ ~. - ~ . ,.. I..,.;t 

'1. . - ~ 

To Construct a Facility that is Versatile and Flexible for 

Processing a Variety of Products 



Naval Sea Systems Command 

Upgrade Continuous 
Processing Facility 

Oct 93 Start Construction 

July 94 Complete Checkout/Debug 
-' -

Aug 94 Reinstall DAS and Adju~t~bte _ -
Slit Die Rheometer ~-; ~-

.-

Sept 94 Complete Process Review Board 

Oct 94 Conduct live Start Up Operations 



Naval Sea Systems Command 

Upgrade Continuous 
Processing Facility 

Additional Capabilities 

Solid Refill Systems 

Additional Solid Feeder! Liquid Feed System 

Extruder Barrel Temperature Control (5 Zones) 

Product Takeaway Area 

Integrated Dehumidification System 

Fire Detection/Protection System 



Naval Sea Systems Command 

Upgrade Continuous 
Processing Facility 

Additional Capabilities 

EPA Compliant Exhaust Ventilation System 

Adjustable Slit Die Rheometer Capability 

New Control Room 

Upgraded Data Acquisition System 

Two Nitrogen Pressurized Liquid Feed Systems 
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Safety Issues 

(lOver Pressure Protection 

$ Access to Processing Elements 

• Foreign Material Protection 

~ Percent Solids by Volume 

- Feeder Control 

~ Alarms I Inter locks 

- High Temperature 

- High Pressure 

- High Torque 
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G!f Segmented Shaft 

@II Cantilevered Shaft 

G!f Elimination of Dead Spots 

@ Explosion Proof Motors 

@ Water Deluge 

@ Metal-to-Metal 

$ Viscous Shear Heating 



Eighth Annual Meeting of the Continuous Mixer and Extruder Users' Group 

September 20-22, 1995 

OPEN DISCUSSION: RHEOLOGY 
Wednesday, Sept. 20, 4: 15 - 5:30 p.m. 

Led by Dr. Andrea Chow, Lockheed Martin Missiles & Space 

and Dr. Dilhan Kalyon, Stevens Institute of Technology 

Summary of Discussion 

Andrea Chow began the open discussion with a short introductory comment by 

echoing John Brough's meeting opening remarks that understanding the material rheology 

was beginning to be recognized by the energetics processing community as an essential 

element in continuous processing. However, many outstanding technical issues 

concerning rheology of filled materials remained. To facilitate the discussion, Andrea 

Chow compiled a list of rheology issues including: 

, Accuracy & reproducibility of viscosity measurements 

• Shear rate dependence of viscosity: are CutTent method adequate? 

• Rotational versus capillary viscometers 

• Importance of other rheological functions (e.g., nonnal stresses, yield stress, apparent 

wall slip) 

• On-line rheology monitoring 

Dilhan Kalyon remarked that we had to differentiate what was the purpose of rheological 

characterization--quality control or process design. John Brough commented that we 

clearly needed both. The forum was then open to the floor. 

In the first part of the discussion penoct, most of the discussion cemerect around 

usmg rheological characterization for process deveiopmem and design purposes. Several 

people shared their experience of successful and unsuccessful uses of rheological data to 

assist process design. In one case. the data combined with numerical simulation to analyze 

a screw section of a deaerator gave very good agreement with actual process data. In 

another case, applying mix viscosity to a slit plate design analysis suggested an etTOneous 

conclusion that casting through a slit plate could not be achieved. The moral was that the 

"cOlTect" rheological measurements must be used. 



A sentiment was expressed that in the "old" way of developing energetic materials, 

the formulation team usually made decisions based on ballistic perfOlmance and mechanical 

properties but not on processability. Once a formulation was finalized, then the processing 

team would have to figure out how to design a process to produce a well-mixed and 

consistent product. With more advanced energetics ingredients (such as thermoplastic 

elastomer binders) and continuous processing methodologies (such as twin-screw 

extrusion), process ability is in fact a very important concern. There is a strong need to 

consider processing along with performance during formulation. As such, rheology must 

be considered as one key parameter during the formulation phase. However, this concept 

does not seem to the norm in the industry to-date. It was commented that in the "self

managed product team" concept of the DOD world, formulating and processing could in 

fact be going hand-in-hand. 

The discussion then turned to issues concerning rheological measurements. The 

question of accuracy versus reproducibility of viscosity drew some heated discussion. At 

the end, it was generally felt that for the purpose of process design and development, 

accuracy was essential. For quality control during operation, on the other hand, 

reproducibility was more important. 

Due to the intense interest of many of the participants, the discussion went on for a 

little while even after the announcement that the mixer hour had started. The discussion 

probably could have lasted for another hour or two if time permitted. The group clearly did 

not have time to address many of the issues on the list itself. This is a strong indication that 

a similar open discussion forum on rheology should be encouraged for next year's 

meeting. 
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~Vi\i~, i~OUT ~ ,(lSS~"- ~ 
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~~ "~:,~!:.~~I~ reeder Accuracy D41twu.rm~ !;j'V 

The discussion,wJlsattended by approximatelJo31'1t1l'* ! ·ei,ants. The group waS1: 
lively, and too t0rriPj.flf:discussion shifted rapidIY1",d'bilIl..,os",ofthe discussion was a 
brainstorm ofcUrrefl'tlil!l!lues and concerns regarding feeding equipment which are 
summarized below. When known, the contributor is listed, 

Early in the 1980s when continuous processing technology was being redefined, 
there were twu'lite§:eI'oce6ncern: feed rate reliablfittl~L1ine quality contro:!:." ~ 
These are the's~@'ctmcerns that we have tddliYf d~~Ii! ~~ 

. -:!'l:ir:al~::;c:J.~i~ , ,:9cfeasil'~~D:Wi'~i'P 

The discussion wtl~ ~p~fied by Ernest Brown\vtibr¥~t9mt\!ff Ii feedeNelated accident 
due to a surge of ammonium perchlorate in a co· kneader. 

-::,: ,.-,.;., -, , ~,,,, :,:'J'1;;J,n 

,-, L- '" r-~_;r __ :i, 
A poll was taken of participants as to which activity'~vas!using or considering 
vibratory feeders. Currently SNPE is the only organization using vibratory feeding. 

~ Eric Giraud described its implementation. 

Bruce Lowden of K·Tron, who admittedly restrained himself from sales-oriented 
comments, made the point that our technical issues haven't changed due in part to 
the feeders we are using haven't changed. Many of us are using feeders and 
controllers from the 1970's and 1980's. He outlined the followmg advances in the 
technology: 

-Advances in control algorithmsiapplications of statistical process control 
(SPC) which are implemented in the latest controllers. 

-Improved data acquisition systems with better alarms. 
-There are new hopper designs, such as a spherical bowl. which feature more 

screw exposure resulting in an increased screw fill. 
·Signals are now serial instead of analog (even the load cell)~ 
-Automation of start·up. 
-Improved handling of refill-feeder can compensate for non·linear head 

effects. 

A.nother participant made the point that it was critical to test the complete system
not just the isolated feeder but to include the piping. 



l'vlartm Gough stressed that it was important to characterize the ingredients 
analogous to rheological study. 

There was some discussion as to alarm limits for shutdown. E. Giraud suggested a 
+0.4% deviation for 30 sec. Others expressed similar criteria. Mr. Giraud described 
aluminum doping experiments to study feed variations. SNPE's technique used 
three-second pulses of aluminum spaced one minute apart. The extrudate was 
analyzed to determine how the aluminum was dispersed by the process. He 
referenced work presented at the 1994 meeting at Marshall, TX. 
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May 12,1995 

Mr. David Fair 
Production Base Modernization Activity 
Picatinny Arsenal, U.S. Army Base 
Dover, NJ 07801 

Dear Dave: 

Here is a lesson learned in response to Morton's letter dated May 3,1995. Let 

me know jf you need further information. 

Regards. 

~.')I-

Dilhan M. Kalyon 
Professor & Director 



Title: " powoer feed according to density ill,'" 

Program: Experimental and theoretical analyses for partiCle segregation and 

maximum packing value determination 

Keywords: Segregation, particle size, feeding 

Background: Propellants, explosives and pyrotechnics require blending of 

powders with different particle size distributions. If powder components with 

differing density or size are fed from same conduits/feeders segregation 

according to size or density can occur. 

Lessons Learned: The greater the differences in density or size the greater is 

the segregation effect. Upon segregation the powder can fractionate to generate 

zones in hoppers, bins etc" with each zone exhibiting;:> ""8ximum packing 

fraction whlCn 15 less than the packing traction of t~e nOI i<uge neous particle 

blend, This clearly presents safety + Quality ramifications especially for highly 

filled materials, For more information, use Fiske, Railkar and Kalyon, "Effects of 

Segregation on the Packing of Spherical and Non-Spherical Particles", powder 

Technology, 81, 57-64 (1994) or cali Prof Kalyon at (201) 216-5030. 
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May 23, 1995 

To: 

From: 

Subject: 

25-85 10 48 T~ '~0 t. 3Dralion- 201 724 2314 :. 21 ~ 

I 
TH'DKOL 

I 
SPAce· DmNSE' FASTENING SYSTEMS 

David Fair, PBMA 

Advanced Engineering Manager, Thiokol .. ' 
, • '~ 1 

Lessons Learned about Feeders and Material Handling when eeding a Twin Screw 
Extruder .. 

In response to the questions posed concerning the above subj i!CI, ThiQki» has 
of 'lessons learned" in handling materials in continuous prote! sing. The thn:e . 
in lhe format requested. 

thn:e major examples . 
are reported below 

Title: Metal Powder Handling 

Program or Product: Infrared Decoy Flares 

Keywords: metal powders, deluge, water 

The twin-screw extruder raCl"l) at Longhorn is being used for processing 
infrared decoy flare composition This composition is mainly magnesium powder 
(nominal 20 .. ) and powdered polyt,!traf\uoroethylene tpTFE) with a rubber 
binder dissolved in acetone. The facilil y has had It deluge 6ystem in operation for 
the entire time that it has been in operaian. The magnesi~m feeder is located on 
a mezzanine over the extruder. D~ e to an apparent I failure of one of the 
ultraviolet detectors, the deluge funct oned one afternoo right at the end of II. 
flare composition run, The equipment was not operating and no one was in the 
operating bays. When the deluge functioned, II quantit of water entered the 
loss-in-weight feeder and began reacting with the magnesium powder. 
Approximately 80 lb of magnesium WaS in the feeder ho per and approximately 
240 lb was in II large live-bollom bin llSed for refill of th feeder hopper during 
extended runs. The reaction was proe<eding vigorously :th liberation of a large 
amount of hydrosen gas. The hopp( r was becomin~ry hot and there was 
concern that there could be an ignitior that could propag Ie to the large hopper 
over the feeder. To reduce the reaction and cool the ho per, several gallons of 
diesel fuel were poured into the feede" hopper. This , ed to cool the hopper 
and coat some of the metal powder to slow the rea~n. The hopper was 
allowed to stand overnight '1llith vent lalion running in e bay to prevent any 
hydrogen buildUp. The next day the feeder was run i buckets to collect the 

I 
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Lessons Learned: 

Title: 

201 72l 221~ ;; 31 ~ 

diesel and magnesium for transfer '" .i _ ~Grnmg grounds,: No damage was 
sustained by any of the equi pmen! i 

! 
Following the incident, a review WlIJl h ~Id on the facility r~sponse in this case, It 
was determined that the deluge on t 1e mezzanine was i not appropriate since 
metal powder fires are aggravated by the addition of waler. In this case, there 
was a hazardous situation created by tt e water when the~~n no fire at all. 
The corrective action selected specifies that tbe deluge wiU be plugged 
when metal powders are being proces sed from the m . ne. For operations 
not involving potential reactions of ingredients with watel\. the deluge beads will 
be active. I 

Twin-Screw Feeder Gear Box 

Progran1 or Product: All 

Keywords: 

Background: 

Lessons Leamed: 

Title: 

Bearings, gear boxes, purging 

A twin-screw feeder was purchased fr<Jm Control & Mt#ring for use with the 
twin-screw emuder facility at Longhorn, The feeder ha$ pcrfonned extremely 
well in feeding a variety of materials to the extruder, [t has been found on 
disassembly that the seals at the rear a f the hopper are n~t adequate to prevent 
migration of material into the drive are!, Frequent disass¢mbly and cieming are 
required to keep this area free of conta -ninalion, especially when cha~.;:~g from 
one material to another in the feeder. i 

The main lesson here is to stress to veneors that mOdificatihns to their eguipment 
must take into consideration many fae ,OTS that they are not used to worrying 
about when they deal with explosives, :'>101 only must explpsion-proof electricals 
be specified, but pinch points and crack, and crevices must!be eliminated, 

Conveyor Monitor 

Program or Product: All 

Keywords: 

Background: 

motion detector, conveyor, stalling 

A conveyor system was installed to mOl'e material between pieces of processing 
equipment. The conveyor drive motor was monitored inl the control room to 
determine when the conveyor was activated. Tbis system was functioning , 
through the control system with alarm monitoring for any ~oppage of the motor. 
It was assumed that any conceivable 0' 'erload on the conveyor would stall the 
electric motor and give an alarm. It WlS found that the cbnveyor belt jammed 
(during an inert run) and stopped movin:l but tIM: electric m~tor kept turning and 
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Lessons Learned: 
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gave no indication of a prooH,m. Wilen the stopped cqnveyor was noted, the 
system was immediately turned off and the problem was located and corrected, 

From this experience, a positive indica tor was added to d~ect the IU:tUal motion 
of the conveyor belt instead of relying on the electric !fotor performance for 
positive indication of the correct ope 'arion of the convFYor. Slippage of the 
drive on the belt permitted the belt to s:op without the motor seeing an overload. 
An optiCal monitor was instalJed on olle ofthe idler whJls under the conveyor 
belt to sense the loas of motion of the I; elt. 'I 

The above cited items are the only major problems identified in the continuous rfoceSsing area for the 
twin-screw extruder facility concerning feeders and material h 1I1d1ing. . 

i 

If you have any questions concerning the above, please contact me at 903-679-2\3, 

Very truly yours, \ 

)9«,",,'1 f( & ,}tir , . 
David R. Dillehay, PhD 
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FROM: [Rl CANADA 

650) Kestrel Road 
Mlssissaugo.Ontono L5T lZ6 
TEL: 905/795-9696 FAX 9OS(7%-96f:A 

To: Mr. Dave Fair 

Company: _____ P_i_c_at_in_n_yL-A_rs~e_n_a_I __________ _ 

Dept.: 

City: New Jersey 

Fax #: (201) 724-2314 

Phone N: 

Dear Mr. Fair: 

TO lc:a1724231Li 

D USA 
14 10 f :ingslond Drive 
6010"0. IIUnois 60510 

PRGE.001/002 

TELEFAX 
Page 1 of 2 

TEL: 7(18/406 9393 FAX: 708 /4069396 

From: 

Date: 

Re.: 

Andy Kovats 

May 30,1995 

LlW FEEDERS FOR 

-rwiN SCREW EXTRUDERS 

We are pleased to respond to the May 3rd letter of Mr. Morl:)n Greene, requesting "Lessons 
Learned about Feeders and Material Handling when Feeding a Twin Screw Processor". 

We have not submitted the information per the format requEsted, as this is perhaps more 
applicable to users of the equipment as a function of a speCific program or product. Rather, 
as a Loss-in-Weight Feeder manufaoturer, we are pleased to submit the list on the attached 
page as a summary of feedback we have received from enc users. We trust this will be of 
value to the U.S. Army. 

Please let me know if you require any more information. 

Yours very truly, 

CONTROL AND METERING LIMITED 

Andy Kovats, P .E. 
Energetics Sales Manager 



·c~ I: 'Ba 22:41 FROM CC~TROL ~ND METERING ~A i20172422:~ PAGE,082/082 

trot and Metering 

1) 

2) 

3) 

LESSONS LEARNED ABOUT LOSS-iN-WEIGHT 
FEEDERS WHEN FEEDING A rwm SCREW PROCESSOR 

Scales shoulctincorporate full mechanical counterbalancing of the dead weight 
(feeder anchh9pper), thus permitting the fullloat;l:~lI~iution to weigh material. not 
metal. thus improving performance; 

H:.~ : .. 

Fulcrum for leVering system should bEt frictionles~~ssible; 
., ..... : .. ,;... "'<::' ~racks 

Scale shO\.lId.; q~ ~uspended (not platforml..Jl[nRi'\~~n to being more stable by 
definition .(centa.r of gravity below fulcrum) •. thi~~£.E;r~its instant and easy 
access to Crit!carScale components. thlJ::Fdecreaslfi{fCI'6Wntime. Also. the heavy, 
explosion prootmotors are much less likely to distol1nhe' scale. 

4) While analog)Oad cells may have their place in <;el"\i?'D applications. load cell should 
be digital to increase resolution and eliminate analog drift; 

5), Load cell should be low displacement design in order to stabilize quickly and return to 
gravimetric control within 3 - 5 seconds on completio:) of refill. 

6) Twin concave. co-rotating fully intermeshing twin SCrtws are the preferreo ieed 
mechanism for fine powder handling. In energetics a;)pllcations. these are supplied 
with purged outboard bearings. 

7) Fractional HP motors are not available rated for Group In certain cases, with 
customer approval, TENV motors with purging accordng to NFPA 496 can be 
supplied if reqUired. 

8) All welds are required to be continuous, ground smocth, and dye penetrant checked. 

9) All gasketing to either be conductive or supplied with grounding straps, 

10) Certain applications prohibit the use of al heavy and ;)alvanized metals, Stainless 
steel and aluminum are acceptable. 
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This report provides a summiL] of all work conducted at the 

Continuous Mix Pilot Plant (CMPP) during FY-91 and FY-n. This work has 

been documented in numerous reports, and this report orJy serves to . ., 
summarize the lessons learned from each of the subsystem a.'ld run tests in a 

single volume. 

The pilot plant was designed to facilitate the successful 

activation of the Yellow Creek Continuous Mix plant by identifying and 

addressing process issues on a pilot plant scale, evaluating system parameters, 

supporting the development of a propellant suitable for continuous mixing, 

ensuring scale-up predictability, and providing direct training for engineers 

inv.olved in conducting the Yellow Creek activation. The spedfic goals 

inyolved were designed to meet the requirements of various sections of the 

Loaded Segment Product Development Team Development Plan as shown in 

Attachment 3,0. 

2.1 Oxidizer ?-1 uidization 

2,1.1 Ung:ound AP 

A truly optimal fluidization system must provide steady, 

controllable transfer of a material without seriously affecting the properties of 

6at material In the case of unground AP, dilute phase transfer can cause 

significant attrition to L'1e AP particle, and :his is unacceptable be<:ause a 

reduction in AP particle size leads to a variation m propellant bum rate. The 

arl10unt of attrition is increased bv the velodty of L.~e particles within the 

transport line, so any method useful in transferring the particles reliably at 

lower velodties is apt to reduce attrition. 

Pilot plant work showed that long radius bends (r ~ 150) and 

step changes i.n the oxidizer line reduced part:Jcle attrition, but that dilute 

phase fluidization in and of itself produced an unacceptable amount of 

attrition due to the velocities required to obtain dilute phase conditions. The 

pilot plant did achieve an acceptable degre€ of particle attrition, but only by 



reducing ti\" r »> ~:de flow rate well below the dilute pha:;;" > ... cSnold into the 

transition region between dilute and dense phase flow. This compromise 

produces a very unsteady fluidization flow regime characterized by surging of 

AI' through the line. To build a system functionally similar to that used at 

the pilot plant would require the installation of non-optimal equipment to 

produce a system susceptible to line plugging. 

It is, therefore, recommended that any unground fluidization 

line used for feeding the unground metering system to the miXer should be 

built as a dense phase system ~d not as a dilute phase system as originally 

planned at the pilot plant. The dense phase system is designed to operate at 

low velocities and this will lead to improved processing without reducing 

product quality. 

2.1.2 Ground AP Fluidization 

Ground AI' is not subject to the same attrition concerns 

associated with the larger AP particles and, therefore, fluidization parameters 

can be set based on processL'ig constraints. This means that dilute phase 

fluidization of ground AI' is practical and should be used at Yellow Creek. It 

would not be a good idea to attempt to use ground AP in a dense phase 

system due to its tendency to compact Lll.,aer pressure. Sud, behavior could 

easily lead to line plugging. 

2.1.3 Hopper Design 

The interior surfaces of the hoppers should be polished to a 32 

R<\1S (#7) finish in order to reduce AP adhesion, retard corrosion, and 

enhance cleaning. The reduction in AP adhesion permits the construction of 

hopper bins with shallower hopper wall angles which could be beneficial at 

Yellow Creek. It is not recommended that Teflon or other bin coatings be 
used on the storage hoppers since the 32 RMS firush produces less wall 

friction wit..l-j AP than Teflon or other bin coatings. 

Any hopper used as a fluidization receiver should utilize a 

tangential entry with an inlet one-to-two sizes larger than the in coming 

flu: :ization line. This combination should reduce attrition significantly. In 

addition, the hopper should be fitted with a baffle located above the inlet to 

prevent direct path transport of fines into the gas filters. 

2 



,cpp€rs designed for use with ur'iYOL;. .Jwd be designed 

to pe~rn;i iT.ass flow in order to perrnit first-in-iirst-ouo ya.:tlcle t:~"1sfer. 

Flowfactor studies show that the minimum cone angle for unground AP 

mass flow is 70°. To account for any material consolidation within the 

hopper, it is recommended that a 75° angle be used for the unground AP 

hopp€r at hopp€r diameters smaller than three fe€t To conserve headroom, 

a 75° hopper angle may be used at the discharge area, then reduced to a 65° 

angle when the hopper inside diameter exce€ds thre€ fe€t. The hopper outlet 

should be sized to facilitate refill of the UW feeders, but it will require a 6" or 

larger opening to ensure that mass flow is obtained. U mass flow is not 

obtained, the particles will segregate within the hopper, and this, in tum, will 
lead to variation of the in-line burning rate. 

The ground AP hopper must be designed somewhat differently 

due to ground AP's ability to gain strength rapidly with time. A mass flow 

hopper can not be constructed for ground AP.. Fortunately,.ground AP does 

not require a mass flow hopper since particle segregation is not apt to lead to 

changes in propellant properties. It is therefo~e recommended that ground 

AP hoppers be constructed with a live bottom bin having a minimum inlet 

diaIT',eter of six fe€t. 

Additional t~ow aids are recornme,\ded for ground AP. These 

include aeration pads and mechanical agitators. in addition, movement of 

the grourtd AP is very important. It should EO: be left in a receiving hopper 

for a significant period of time and should not be vibrated unless being 

discharged. It should be noted that the combination of oxidizer and stress are 

very damaging to a hOppeL Prop€r welding techniques must be used to 

prevent embrittlement of the stainless ste€1. If this is ,cot done, the chlorine 

in the AP will significantly weaken the metal to the point that the use of 

agitators or other flow aids could lead to the cracking of the hopper. 

2.L4 Rotary Valve Equipment 

Rotary valves are used as metering devices from hoppers to 

either fluidization lines or Loss-in-Weight (trW) fe€ders. These valves are a 

very important part of any fluidization op€ratlon. The following paragraphs 

outline lessons learned at the pilot plant in regards to rotary valves: 

3 



Rotary valves must aCt as sealing st.:~: a f.uidization 

system. However, the valve and valve body are no:-;:,.ally constructed of 

stainless steel and improper setting of the valve ca" :ead to metal-to-metal 

contact. In order to avoid this problem, Teflon wiper blades were used with 

some success at the pilot plant. These blades should extend beyond the side 

edge of the vane to prevent metal-to-metal contact. 

2. Rotary valves have numerous vanes. The more vanes used, the 

more uniform the feed to the fluidizing line. A minimum of six vanes 

should be used at Yellow Creek, but eight or more would represent a 

substantial improvement. 

3. Pressure transducers should be installed on either side of the 

rotary valve in order to measure the pressure drop across the valve, If this 

value changes significantly, it could indicate that the Teflon wipers require 

replacement. 

4. Wfien a rotary valve drops AP into a f&'ii stream, the vane 

becomes filled with pressurized gas. It is necessary :0 vent this gas prior to the 

vane's re:';,; or the gas will intedere ',';::h the :i::::'b ,,: ~he vane during ::5 

next pass 'n1e vent line normally runs back j,,:o tl~e tOp of the fluidizer 

hopper to reduce the am01.l.'lt of AI" fines lost in the operation. At the pilot 

plant, the ground AP receiver hopper was too small and occasionally the 

hopper would become filled with ground AI', When this occurred, the 

vented nitrogen would blow directly on top of the ground AP causing the 

entrainment of fines in the hopper's venting system. 

5. All solid receiving hoppers require a means for venting gas (this 

includes the LIW feeder hoppers). If a suitable pa~" is not made for the solid 

dispIaced gas in the hopper, it will find a path either through the feed port, 

exit oort, or relief svstem, This vent should be set \.:0 with a nuisance dust ., . 
collector of sufficier\t capacity to prevent the release of fine AP to the 

environment. 

6, The rotary valve must have variable speed control to cover the 

range of material to air ratios anticipated for service (3:1 to 10:1), 

4 



7, Tne rotary valve vanes generally do not deposit an entire val,e 

voiume of oxidizer p€r revolution, The pilot piant exp€rienced about a 20 % 

fill efficiency and the rotary valve should be sized accordingly, 

8, A1' is a relatively safe prop€llant ingredient until exposed to 

metallic dust, oil, grease, or other finely divided fuel comjXment. Since rotary 

valves require lubrication, it is possible that the AP could become 

contaminated with oil or grease during normal operations. To mitigate this 

risk factor, it is recommended that halocarbon grease and lubricating oil be 

used with rotary valves (and all other equipment requiring lubrication which 

may be exposed to AP), Since this material is expensive and hard to procure, 

it would be best to order equipment with standard lubrication and have 

Yellow Creek maintenance replace the lubrication prior to use of the 

equipment with AP. 

2.1.5 Fluidizing Line 

The fluidizing line is the piping that extends from the fluidizer 

to the receiver hopper. The following paragraphs summarize the pilot plant 

·2:>'~2!'"ience "vi t:", these lines: 

1. Only flush mounted pressure transducers should be used in the 

fluldization line because of the tendency for solids to build up in cavities. 

The buildup not only influences the data obtained, but could lead to increased 

corrosion at these areas, 

2. Severe rusting has been observed on all stainless steel surfaces 

coming in contact with AP, This!s particularly important in regards to the 

fluidization line because it is generally harder to clean than other items of 

equipment. In order to minimize problems, eliminate moisture from the 

iir\es to the largest extent possible. Prevent AP from sitting in :he lines for 

long periods of times by frequently blowing the system out. Install piping that 

has been welded properly. Finally, :nstall the pipe lines sucl'\ that they can be 

inspected regularly and cleaned. If the pipe lines are installed in an 

inaccessible location, the difficulties encountered in reaching these lines will 

prevent the regular maintenance required to keep them clean. 
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3. Qccasionally run an abrasive waterial through the conveying 

Lnes to remove the AP buildup on the inside walls. Water car\ be used for 

cleaIung only if the system is thoroughly dried after cleaning. Any pools of 

moisture will dissolve the AP permitting it to ent~t cracks and crevices. AP 
,.' .,' . . \' .-" .. -: 

solutions in water are much more corrosive tHan difpowder AP. 

2.1.6 Welding Requirements "" '_.n' 

IristaUation of an oxidizer fluidization system requires the 

welding of pipe and hoppers. The material of preference is 304 L (low carbon) 

stainless steeL Welding techniques shoU!d;'6WJs~·that will minimize the 

chlorine embrittletnent which led to the hop~rHif~ii:s resIXlnsible for 
cancelling run CMPP~025E. Welds must De ~iliohth-and be readily cleaned. 

Grinding wheel~;and brushes used duridg.·I.JI~!d11ig m'tiS(be compatible With 

these requirements'dr rusting Will occur in' the' 'a'reifbhhe ground down weld. 

The specific welding requirements for oxidiZeisi!rViCf!'called out in various 

specifications must be rigidly adhered to or prematUre cracking and corrosion 

will res ul t. 

2.1.7 Control 

The pilot plant was set up 'Y: a single control system for the 

two fluidization devices. This was found to be impractical dlle to the 

significant differences between the materials being conveyed. TIlerefore, each 

fluidization system should be completely separate from all others. This is 

particularly important in regards to gas pressure controL 

In addition, most pieces of equipment require pllIges during 

operation. Pilot plant experience has shown that these purges are often 

overlooked by operators (either being left off or ignored when a plug or other 

difficulty develops). These purges should, if pOSSible, be set to alarms that 

will alert the operator when £low to the purge has been halted. 

2.2 Oxidizer Metering 

2.2.1 Overview of LIW Feeders 

Oxidizer feeders should be viewed expansively since their 

accuracy is influenced by the environment in which they operate. The 
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'-lsed at the pllot plant op<",c. :ncipie or loss-in-we,ght (LfW) 

such ::rat the f~er and its hopp€r Cv:"~l,:c ,,;e weighed and compared to 

pre\~ous read.ti!.~ The difference in weight for a given time is the feed rate. 
In order to adj1ist'the feed rate, the feed screw or screws are turned either 

slower or faster to make the measured feed rate change match the set point 

entered by thedperatOr:This type of feed~i' must change its mode of 
operation whenrefliIedsince the addition ofmitefi~~'t~'ffiehopper would 

necessarily disrupttlle nonnal gravimetric algoiill-frti:S;{61edaoove. 
Therefore, duril:ig r~i~$, the fe€der is plac;;cr itl;;.~W·type- of vOlumetric 

control. Thiscort'ttilf can'be as simple aSh'd!1:ftn1rm~dew-s~ constant at 

the screw spee\:t'lasfu~d in gravimetricm6dJl~Pie-Wc6fhplicated by vendor 

supplied ';retl1fiifgdiiHuris" that utilize p<lsd2h~~hs a function of total 

hopper weight taiiilryffie screw speed dilrirtg'n!~I1~;u.dt~s, the UW 

feeders weakh~'i~'tH~fv61umetric peri<Jd 'ar\d"t~'rlb<F sB.buld be 
minimized.l,'(jss.i~le,-t.c) !y. , :":A;-~l-J,n:~_wrtnl;:-'" I~,r} .' 

2.2.2 ,yem' F~eaer Control ,,; .:G~ :J.'" 

The" most important point in proPii/'t.:i\\ffeeder control is 

uniformity, Tne best possible results will be achiev~j' if the screw speed 

:lever has to change at aU. In order to approximate this, it would be necessary 

for tr.c material being metered to have a constant bulk density because a.."\y 

change in density will be reflected in cha.."\ges in screw speed. In addition, the 

material must be capable of flowing readily, If the material tends to bridge, 

the feed screws will be starved. If the material sticks to the feed screws, the 

amount of fill on the screws will vary with time. It is obvious from these 

requirements that the LIW fe€der works best when used with a material that 

behaves like a liquid. Therefore, the design must be based on the material to 

be fed and every attempt to improve the flow of that material should be 

made. 

In the case of the pilot plant, the most difficult material to meter 

is the ground .'\1'. This material does not flow well having a tendency to stick 

to surfaces and to bridge. In addition, its bulk denSity can change significantly 

with time since it is also subject to compaction. For a material such as ground 

AP it becomes necessary to add flow aids to try to improve transfer. A vertical 

agitator in the LIW feeder hopper is essential for preventing ground AP from 

bridgmg in the hopper and, therefore, starving the feed screw. Without the 
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vertical agitator, the mate;ia.: -,,-il: _, ~C'd propenv Tv.-'in concave screws 

have been found to satisfactoniv r:-;eter the ground Al' out of the feeder by 

preventir',g buildup a.nd caking along the discharge spout. 

The manner in which the feeder is refilled can be extremely 

important in obtaining reliable feeding_ In general, it is best to refill 

frequently for short durations. Dis tends to leave a sizable heel of material 

within the hopper and this has two major advantages: First, the small 

quantity added to the hopper exerts less force on the material immediately 

above the screw leading to smailer changes in bulk density during refill, and, 

second, the time that the unit is in refill is relatively short. The former point 

is extremely important since any change in the density of the material during 

the refill will be passed along as an error in delivery rate during volumetric 

feeding_ 

While the spacing of refills is important, the mode of refill is 

also important. If the refill is metered to the UVV reeder, the refill will tend to 

be somewhat repeatable. As noted above, this is veri important because a 

change in refill time can disrupt the volumetric efficiency of the feeder. For 

instance, if the refill oc=s very fast, the impact of lr.e added oxidizer will be 

severe causing compression of :be oxidizer already:;'. the hopper as we:: as 

disrupnon of the weigh elements ithis normally w,il cause the volumetric 

mode to continue for a longer lime until stability is again achieved). 1£ :he 

refill is very slow, the relative time that the unit is m gravimetric mode 

decreases with respect to the less accurate volurnetic mode. Of the two 

problems, the first is most severe and the use of a rotary valve makes a 

dramatic difference in the consistency of the refill. 

A problem that often Ls overlooked in sethng up a UW feeder is 

the discharge point of displaced gas. Whenever a gas filled chamber is filled 

with solids, the gas must be displaced. This gas can How through a properly 

sized vent, back up into Ll<e feeding hopper, or cov,'n through the feed screw. 

In order to prevent the latter two problems, the refill must be controlled such 

that the vent is capable of haJ1dling the displaced gas without pressurizing the 

hopper, In addition, the use of a significant heel within the UW feeder 15 

important to prevent the pressurized gas from "seeing" a path of least 

resistance through the screw flights. If this oecu;s, the AP will be fluidized 

through the feed screw into the downstream e<]uipment. This will cause 

significant overfills during the actual refill penod '..'ote that screw speed 

B 



':>ecomes acaderruc under ;:;', "; ~lons Since the pn!:1€ ITtOvlng iorce .. 

•. otrung to do with the actual screw TIle use of tWln screws reduces :;,2 

possibility of trus type of problerr" but does r.ot eliminate it. However, a gcx..>d 
vent system and significant heal will prevent this from occl.lITing. It should 

be noted that a specific weight of ::<aterial in the Lrw feeder hopper does not 
in and of itself ensure that a sufficient heel is present. 'The heel is the volume 

of AP between the screw flights and the top surface of the AP at its shortest 

point. If agitation is not sufficient to maintain a level AP surface, the fact that 

feed screws tend to take material from the drive side of the l1ights first will 

tend to cause ratholing in the rear of the hopper. These ratholes provide 

excellent air paths for the release of pressurized gas. 

A refill problem somewhat related to the volu..."!",etric difficulties 

mentioned above has been shown to occur after the refill has been completed. 

This problem occurs when a rotary valve either leaks, holds up material 

which eventually falls back into the Lrw feeder, or exposes a vane which, due 

to its angle, drains out so slowly tilat the illY feeder returns to gravimetric 

control prior to the complete disc..'1arge of the vane. TIus behavior invariably 

leads to increases in Lrw feeder ctsc..'1arge and generally can identified wiLi< 

. higher screw speeds !r:'Jllediately following the volumetric period. 'The 

:,.creases ill'C ::,,:sec by :..lce gYa·:::-:-,;tTic algorith::1 which cc~:.'ares 

weight to a past weight to deterI::'.:ne the screw setting. When material 

dribbles into the Lrw feeder the rate obtained is the set pomt plus the cL-ib':>le. 

TI,e pilot plant problem was mitigated (but not eliminated) by reversing the 

rotary valves one quarter tum after refill. It is recommended that a positive 

means of shut off be installed imInediately below the :netering vaive at 

Yellow Creek to stop any dribble during the gravimetric pericxi. 

Throughout this discussion, it has been assumed that no flow 

difficulties would occur above Li<e rotary valve. This assumption is probably 

not warranted based on pilot plant experience. However, unlike the trw 

feeder which cannot withstar,d vibrations (and must, in fact, be installed on a 

stand separate from all walk areas or other equipment stands), the hoppers 

located above the Lrw feeder may be vibrated with great vigor. This 

vibration must only occur during actual material movement or it could lead 

to the compaction of the ground AP. Impact vibrators, live bottom bins or 

aeration pads Ca.l1 be used to help supply the rotary valve with a constant 

supply of ground AP during refill. Unground AP requires less vibration tha.."l 
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ground AP, but solT.e . W aid s~,o,,-,d be provided for the coarse 
material as well. The pilot plant used puiS€d lugh amplitude, low frequency 

impact vibrators for the unground AP hopper and co[',tinuous low 

amplitude, medium frequency vibrators on the ground AP hopper. 
". 

2.2.3 Non"Fiuidized Oxidizer Conveying 

The following comments are directly applicable to screw 

conveyors, but some of the com111ents are applicable to other oxidizer 

equipment. 

2.2.3.1 Screw Conveyors 

1. Ground AP produces a significant amou.:,: of 

airborne dust. This material influences all device seals whether static (e.g., 

conveyor lid seals) or rotary (eg., shaft seals). The pilot plant experienced 

significant leaking at the ends of the co::weyor lids where they overlap with 

the inlet flanges. ~:l.is problem can probably be eliminated by the use of cross 

supports to elimiI',ate any overlapping of metal pieces. It would be possible to 

. eliminate tills proble", by sealing the lid ?-€rmanently, but this is not 

recommended sin~~ ~.:~c:sslbijity to the i~,:er;"r of the cOEveyor ;5 c:x,7c::::-.ely 

important for dea:l:r,g and Inspection. >~o difficulties have been 

encountered with the screw conveyor rotarY seals since they were replaced 

with Meco Woodex HD seals with glass filled Teflon rotors and stainless steel 

stators. 

2. Buildup of ground AP wilc\in the screw conveyor 

has been noted a t the pilot plant. The buildup tends to be most severe withL.'1 

the open space located in the upper part of the U-trough conveyor, but some 

build u p was also noted on the screw itsel1. The use of shroud covers to fill in 

the open space above the screw may mir.imi.ze tills problem. Such a device 

would offer the advantages of the trough conveyor with its ease of cleaning 

and inspection and the tubular conveyor with its minimum of material 

accumuia tion. 

3. Conveyors, and in fact all equipment, should be 

installed with maintenance access to the device. The conveyors and feeders 
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used a~ tile pilot .. 

could have been acc, 
ins talled devices. 

4. Conveyors can be operated at a wide variety of 

speeds. The pilot plant has shown that a variable speed drive is useful. For 

Yellow Creek's conveyors, the drives should permit operation in the range of 
10 to 100 rpm. Tnis range of speeds will cause virtually no particle attrition (if 

the trough is designed with similar clearances to the device use::! at the pilot 

plant) and will produce acceptable transfer of the AP to the continuous mixer. 

S. Tne use of Teflon shoes at the midpoint of all 

conveyors is recommended to prevent the possibility of screw deflection 

leading to metal-te-metal contact. In addition, Yellow Creek should not use 

the cross conveyor system used at the pilot plant because the distance between 

bearings in the Yellow Creek plant would require the use of hangar bearings. 

Currently, no acceptable hangar bearing design for use with AP has been 

located. Two separate conveyors stacked at the mixer inlet would provide an 
acceptable system without the use of hangar bearings. 

6. AP gradually bdds up a .s,aze on an> c,,;;ace It 

slides across. This glaze carl become thick and hard enough to d:5n.:pt a UW 

feed screw, or it can simply coat a surface and give that surface a new 

coefficien t of friction which will eventually lead to significan t AP buildup. 

Currently, rigorous cleaning of the system is the only method available for 

eliminating trus problem. However, given the length of the proposed runs, 

the glaze could still be an important factor even after ceaning the surfaces. 

2.2.3.2 Di verter Screw 

The diverter screw has been a constant source of 

trouble at the pilot plant. The maln problem associated with the diverter 

screw is the fact that its interior sleeve must shde back and forth through an 

external housing. The space between the sleeves tends to buildup oxidizer 

dust wruch gradually :ncreases the amount of force required to move t."'le 

interior sleeve until the sleeve can no longer be moved by the nitrogen 

driven piston located on top of the unit. Cleaning eliminates the problem, 
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but use of the sere' ~ _ .~s renewed fO'Jling and evenrual failure. .. ,0t 

recommended that t:ce pilot plant design be used without modification at 

Yellow Creek. 

2.3 Premix Metering 

Premix metering has been one of the more trouble free subsystems 

evaluated at the pilot plant. Both the Moyna progressive cavity and 

Waukesha lobe pumps have handled their respective recirculation and 

metering assignments well. None-the-less, certain 

learned during the pilot plant trials. 

information. has been 

2.3.1 Pumping and Piping Observations for Premix 

Premix can be metered with great accuracy using.Volum~tric 
feeding. It has been determined that the pwnp speed. which can be closely 

controlled if the tachometer is attached to the motor. is by far the most 

significant flow rate variable. A secondary variable is the pressure across the 

metering pwnp. Although changes in the pressure across the pump head do 
lead to variations in the prerrjx flow rate. these variations were eliminated at 

the polot P:i;;" i:..j fitting the redrcular:cn system ' .. ;;; .. a cc;~crol vaive capable 

of increasing the metering pump's inlet pressure to match the pu:np's outlet 

pressure and, thus, producing a zero pressure differential across the pUInp 

head. The fluid temperature at the pwnp is a third factor influencing flow 

rate, but it was determined that temperatl.:re changes of five degrees or less 

make little difference in the premix delivery rate, a.'1d it is believed that 

con trol to this degree should be attainable at Yellow Creek. 

Metering reliability can be detrimentally affected by restricting 

flow to the metering pump. This situation has not occurred in the modified 

pilot plant, but did occur in the proposal stage pilot plant. The moclified pilot 

plant has shown that the premix systerr. is capable of running in excess of ten 

days with no change in performance. This is beiieved to be due to the 

constant movement of the premix accomplished by tank agitation, the 

recirculation pump. and a vibrating filter at the discharge to the Moyno 

pump. Since the positive displacement plL.'TIpS used are capable of 

maintaining flow even in restricted lines, aluminum settling downstream 

from these pumps is not apt to be a problem unless the line becomes 
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completel: ;: .. , lhe 

total transfer ;'""u .'1va:lable can no: be increased to overcome "",;llng and it is 
necessary to design the [;det piping 2.5 short and free of ber,ds a."1d crevices as 

possible, The progressive cavity pump does not require a strainer and it is not 

recommended. that one be placed between the tank and the recirculation 

pump because the strainer will eventually fijI and restrict flow to the 

pumping system. 
Unlike the progressive cavity recirculation pump, tfle 

Waukesha lobe pump does require some protection from large particles or 

agglomerates. The filter system used at the pilot plant uses a Rosed.ale 

vibrating filter designed for use in t.he auto painting industry to remove large 

agglomerates from a slurried. materiaL This filter system is located. between 

the recirculation and metering pump in order to permit an. increase in 

pressure as the filter gradually fills up. In all tests to date, no sig:Nfic<;ant 

buildup on the filter has been noted. and this is believed to be.due to the type 
of aluminum used in the premix as well as the vibrating nature of the filter. 

With the use of a slurry material, shaft sealing. can be difficult. 

The Waukesha pump uses an O-ring seal, while the Moyno pump uses a 

mechanical seal. The Moyno seal has experienced. some difficulties, but most 

of these could :~2.ve been avoided. by proper installation of the seaL It is 

particularly important to not over tighten the seal as this could damage the 

sealing surface. In addition, the seal should be pressurized with DOA 

according to the manufacture's recommendations to prevent aluminum 

from degradLng the seal surfaces. If a seal is prop€riy i:'.5talled and still 

app€ars to be leaking, it may be worthwhile to lap the seal face to remove any 

possible surface imperfections. 

The cl€aning of the premix system is very important du€ to the 

tendency for aluminum to settle Ln the lines. Pilot plant experience has 

shown that draining the lines removes most of the material, but to obtain 

acceptably cleaned lines requires the '<lse of pigging. The pilot plant utilized 

rubber stoppers for this op€ration. A semi-automatic pigging system concept 

should be investigated for use at Ye,low Creek. 

2.3.2 Premix System Start-up 

L'1 starting the premix system, particularly when the system has 

previously been used without cleaning (e.g,. after an unexpected shutdown), 
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it is i.mp<:: '~H .0 rerr.emc.er that the available now 2:ea " 

be o;"iy a small fraction of what it is in the steady state lines. 
;pe lines may 

This means that 

a lower flew rate \'vii! actually require a higher pump discharge pressure. 

Thereiore, when starting up, the system should be brought up to the target 

flow rate relatively siowly based on p~TP discharge pressure. The pressure 

should never be allowed to exceed either pump's relief valve capability or 

fouling of the mechanism may occur which could cause leakage of premix 

through the valve which would effectively invalidate earlier calibration 

work. 

2.3.3 Premix Feed to the Mixer 

The premix feed to the mixer should be kept as short as possible 

from the recirculating three-way valve. However, the pilot plant line drops 

over ten feet frorr. the recirculating pipe line network without adversely 

affecting the performance of the metering system. The pipe drop would, if 

permitted to, result in the dralning of the line after each diversion from feed. 

TlLis type of behavior will affect start-up beca use a pool of premix rich 

propellant will invariably be followed with a premix poor, dry propellant. 

Tnis problem was rectified at the pilot plant by the installation of a pinch 

valve lmmediately aJove the premix port opening. The pmc, valve is 

c::mt-olled to stay closed whenever the system is in divert and :0 open 

whenever the system is placed in feed. This valve basically maintalns a static 

',ead of premix within the drop section. Thls svstem has been used at the 

pilot plant with a great deal of success. However, it should be noted that 

aluminum will gradually settle out of the suspension and this could lead to 

plugging of the inlet valve or a period of aluminum rich feeding followed by 

?Oly:ner rich fee<:ii.'1g. Times less than an hour or two should not, with this 

premix formulation, be a significant problem. Longer times will require 

drainage of the Hue prior to re-start. 

2.3.4 Calibration 

A continuous reading scale and PC computer provided an 

exceptional data collection and analysis too!. Attention to the scale 

predsion/ accuracy and timing requirements can provide virtually real time 

calibration of the feed system. 
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The final fuel metering system consists of two separate systems. One 

system uses a single Zemth pump. while the other system uses dual Zenith 

pumps in order to maintain a zero pressure differential across the metering 

pump. Both systems have been found to be extremely precise. 

2.4.1 Pwnping and Piping Observations 

1. The pilot plant system uses the volu..'l1etric feeding of two 

final fuel streams. Results obtained indicate that volumetric feeding is quite 

acceptable and gravimetric feeding should not be required. The primary 

drivers behind metering accuracy are pwnp speed, pressure differential, and 

temperature, but the pilot plant's extremely low pressure drops between the 

mixer and the metering pump make the use of a dual pump system 

unne<:essary. If pressures in excess of 25 psig are required, the dual pump 

system may be useful since the higher the pressure differential across the 

pu:np, the more likely it is that the pwnp wlil experience slip resulting in a 

reduced metering rate. However, the fact that slip is present does not 

ne<:essarily mean that a ::cetering problem w::: jeveiop. The real metering 

proo;em will occur when the discharge press~e " M~es slgruficantly in 

combination with slip because this will lead :0 :::iffering flow rates tha!, those 

achieved during calibration. Like the preITix, the temp€rature sensitivity of 

the system is relatively small and temperature cor.:~ol of .± 5 OF should be 

satisfactory. 

2. At the pilot plant, the disdlarge pressure of the final fuel 

actually dropped below atmospheriC at the elbow located at the top of the ten

to-twelve foot drop to the mixer. While the fittings were successful in 

preventing final fuel from leaking out, they were not successful in keeping 

air out and air bubbles were entrained in the feed stream during feeding. 11us 

behaVIOr will not affect the average flow rate. but it will adversely affect the 

system's repeatability. In order to eliminate this problem, a back pressure 

valve was installed on the final fuel line just above the mixer. This device 

was set to ensure that no portion of the final fuel line would ever drop below 

atmospheric pressure. The device was also useful in maintaining a constant 
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r~ 
.. arge pressure whic.'1 is particulariy ::. . or the single pump 

syste:n, 

3. The Zenith pumps used at the pilot plant are not suitable 

for use with solids. This means that a fine strainer should be installed on the 
suction side of the pump in order to remove .any ·particles which may 
originate from th~.fluid or which may have flaked off from within the 

redrculation system. White crystals of: urea have been found in the strainer 
during disassembly. . .. , 

-: ;<1 

" l " ," j 

4 .. While unseeded Final Fuel Z will not solidify at 
, '"". ',~ •. : J 

temp€ratures as. low as 40 of, the presence of ~ a;:y;;tals can cause 

crystallization at tlmlperatures below about. 65 ~f.,,;~i~W it is likely that some 

seed crystals will be present somewhere in th~ f~:;~:rstem, the final fuel 
system must be. maintained above 75 OF. IUs i1:n~ortant that the entire system 
is maintained at.this temperature because even a .small portion of the line 

maintained at a lower temperature could cause crystallization along the wall 
leading to plugging v,ithin the fuel system. 

5. The primary ~eans for verifvin£: ~!:te op€ration of the 

final fuel system remains the calibration. The calibration is an excellent 

method for accessing system health because a sig:l1ifica..~,t change in the pump 

displacement is a good indication of a metering system problem. The use of a 

continuous reading scale and PC computer can produce acceptable data if 

proper attention is given to the scale's predsion, accuracy and timing 

requirements. However, due to the small quantities being measured. some 

care should be given to the location and environment of the scale as welL At 

the pilot pla.'1t, an enclosed box was required to prevent air currents from 

mfluencing the results. In addition, stand vib:-ations will also reduce the 

reliability of the data generated. 

Using calibration as the tool of choice for verifyilig the 

system's reliability is complicated by the fact that it cannot detect problems 

occurring during the run itself. In order to ensure system reliability, it is 

necessary to install a flow sensor in the final fuel lines. The pilot plant has 

used two such sensors with good success. These devices should be used to 

obtain a flow reading at the time of calibration. The flow rate obtained should 
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"ry significantly throughout the run. , " tne i:.. iuel system 

r::tay De eX~~~~ing some type oi metering problem. 
, \.\~;·1;("' .: 

.",' 
, ' 
" , 

2.4.20earr-up'or Final Fuel System '_x;;lJau?"",,,, 

'Th'il'!lrtaH:uei system is particulatly·'s8rtIitI\l@lt:) fouling and a 

rigorous cleaniup'procedure is required to ensure's.~m reliability. The pilot 

plant has foilild·:tha:HXJA heated to betWeen'l~p'provides a good 

system rinse;'oot the'rinse must be completedlif·lelift~'&fter draining to 

remove all finaHuer:':,The system should be fiH~with!'DGAduring shut

down periods:ro f(l'l'fy remove all air f!'Om the< s,sftiftil'ill'ld"tO'tiilute any final 

fuel that may still-be within the pipelines. Press~b-ansducers and other 

elements tnafnnist' Imter the line should be consttUGfed' as flUsh to the 

pipeline as pOssible.to prevent any stagnant areas Wfthinthe line. Prior to re

using the sys~Cfl1~lOOA should be first dr~~<80ystem and then 

the entire system shdtl1d'·be blown out wiilinit:rn~rt-!l"l<to.'remove as much 

DOA as possibte:· The: final fuel should thenbe"fl~hl1d!tltrough the system 

with the first material being discarded unless lalHestihg shows it to be free of 

excessive amounts ofDOA 

The ?ressure relief sys:f'~ Or' 'l-e :inal fuel system represents 

one area where the buildup of stagna:~t fluid ""ill be unavOldabie. The relief 

system can either be part of the pump body itself or be a separate auxiliary 

valve. At the pilot plant, auxiliary valves are used. These devices are 

necessary to prevent the gear pumps from generating excessive pressure due 

to some type of line plug (e.g., a downstream valve being closed). They 

operate by dumping high pressure fluid from the discharge side of the pump 

back to either the suction side of the pump or a reservoir. These devices must 

be dIsassembled and cleaned after every run. If they are not cleaned properly, 

final fuel will solidify within the valve seat area with the foUowing 

consequences: the valve will freeze or be blocked shut and will not be able to 

relieve pressure as required leading to possible system da.'T\age, or the valve 

w1ll become blocked partially open permitting the flow of fluid through the 

valve during the run. The latter problem will reduce the flow rate of !POI to 

the mixer and could seriously affect the propellant's mechanical properties 

even if the pump was calibrated with the leak. This is due to the fact that the 

pressure may vary during the r1,1.."1, causing the amount of fluid flow through 
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.2 leaking valve to i:;.c:rease (i.e., the 

increased). 

2.4.3 Tooth Location 

.. J oE the pump could be 

The final fuel systems used at the pilot plant have introduced 

their contents into the mixer in several ways: mixed together in a single final 

fuel stream, metered in two separate streams but recombined at the mixer 

tooth, and metered in two separate streams through two separate, adjacent 

mixer teeth. None of these changes appeared to alter the final propellant 

properties. However, at the conclusion to run CMPP-027, the clean-up 

revealed a hard donut of propellant around the mixer shait in the vic:dty of 

the second final fuel tooth. This behavior has been seen in past Polar::; work 

and apparently results from the placement of the final fuel teeth. Based on 

the observations made to date, the movement of one or both final fuel teeth 

is probably possible. How far or where these teeth should be placed to 

eliminate the propellant cure around the shaft has not been determined. 

2.4.4 Storage 

The final fuel should be stored under an inert atmosphere 

>itrogen is used at the piio~ ?iant) at 8;'; ':C' .\.gitation is not [",,,-uired for the 

!POI unless there is a desire to enhance heat transfer. Agitation is probably a 

good idea for long term storage of Final Fuel 2. During storage, the final fuels 

should not be left in the process lines - there is a small but real possibili ty 

that the final fuel will come into contact with air, Ii the matenal is not 

moving, even a small amount of moisture could result in the formation of a 

plug of urea. Ii the material continues to move, the line pressure will be 

greater than atmospheric at most points and any leaks will be outward 

preventing air contamination. In addition, the rrorculation of the final fuel 

will permit dilution effects to reduce the seriousness of contarrjnation, and 

the filter to remove small, manageable crystals. 

2.5 Continuous Mixer 

The u1(·150 mixer used at the pilot plant has been probably the most 

trouble free piece of major equipment at the pilot plant. The following 

paragraphs discuss observations made in the course of the pilot plant work. 
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1 Mixer Screw Speed 

The mixer screw speed sigmficantly affects the quality of the 

mixed propellant. It has b€:€n found that low terr,perature mixes (120°F outlet 

propellant temperature) can not be processed at 13711b/hr at speeds below 

about 70 rpm, The first sign of poor mixing is variability in propellant 

consistency, Generally, the propellant will first become very thin (similar to 

premix) and then grow increasingly dry until the material leaving the mixer 

appears powder like, Since the mixer is closed during all mixer operations, 

the mechanism behind the poor mixing can only be speculated upon, 

However, based on examinations of the mixer after a run and of propellant 

during a dry period, it is believed that low mixer speeds provide insufficient 

shear to fully incorporate the formulation'S AJ', This AJ' is forced to the 

barrel section of the mixer where it gradually builds a cake between the 

mixing teeth, At some pOint, these unstable cakes break off and are conveyed 

out of the mixer. The propellant itself takes on a sculpted look. rn run 

CMPP,027, several periods of dry propellant were noted, These were probably 

due to clods of oxidizer breaking off from the vibratory trough, but it is also 

possible that this dry propellant is an indication of insufficient mixer speed 

which permitted AJ' rich propellant to buildup very gradually along 

barrel walls before brea~:::ig orf ~/~!·~0":':ca.ily to cause increases in the v~y":.Jsity 

of the propellaI\L 

25.2 Mixer Temperature 

The mixer temperature was found ;0 have a significant affect on 

the propellant's mechanical properties, rn addition, the warmer propellant 

appears to improve propellant flow through the surge pot and Rotofeed inlet 

valve as might be expected, It was found that controlling the temperature 

based on the final mixe..r tooth prior to propellant discharge provided stable 

temperatuIe control throughout the ;:"ixer with tr,e possibie exception of the 

oxidizer section, The latte..r difficulty is believed to be due primarily to t..lce 

poor heat transfer contact provided by the mixer tooth in the mixer's powder 

regiO:l, Two problems are associated with controlling the temperature off a 

mixer tooth: First, the jacket temperature will tend to become too hot if flow 

through the mixer stops, and, second, the tooth temperature is probably not 

the actual propellant temperature. rn order to avoid the first problem, the hot 
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water system's inlet valve was ,;: :c conjlU1ctlOn with the mixer 

regardless of the tooth reading ar,c. then re-op€ned only when w.e mixer was 

re-started. The second p:-oblem !s :cot serious, but i: does mean that the i45 OF 

temp€rature used at the pilot plal'.! may vary a small "lTlOunt from the 

temperature re<juired to obtain similar prop€llant p:-op€rties at Yellow Creek. 

Once a temp€rature is selected, it can b€ controlled in a fairly reproducible 

mmner. It is recommended that the prop€llant at the mixer outlet tooth b€ 

maintained at 145 OF to obtain satisfactory mechanical properties. 

2.5.3 Hydraulic System Control 

During run CMPP-024, a bird collided with a plant transformer 

shutting off power to the facility, Tne pilot plant's control system sensed this 

po~er failure and, as designed, automaticaily opened the mixer. This 

effectively ended the run. It is recommended that a back.up power supply b€ 

made available for op€ning the IT'jxer shells in the event of an emergency so 

that the system will not be forced to 0p€n the shells without an actual out of 

limit thermocouple reading. Storage of sufficient pressure in an accumulator 

may be an alternative to the UPS system, but the pilot plant's hydraulic 

system has never been able to reliably hold a charge fc long p€nods of 

2.5.4 Mixer Clearances 

After :-un CMPp·026, scratches were noted on one full row of 

mixer teeth and one full row of interrupted flights. It was rour,d that when 

the particular row of flights in quesnon were lined up in a specific manner, 

the op€rung of the barrels would ,esult in contact of the flights y.,ith a row of 

mixer teeth. It was further determined that !:.M.is occurred despite the fact that 

satisfactory clearances were available when the mixer barrels were closed. It is 

recommended w,at the Yellow Cre€k mixer should have its clearances 

checked at the full closed barrel position as well as at all intermediate 

positions between closed and open. The particular reason for the contact was 

never fully determined, but it is b€lieved to be a combination of the 

machine's shaft being slightly lower with resp€ct to the barrel than called for 

in the dray.,ings (a manufacturing defect), play in the shaft and barrel sections 

due to age, and the rugher temperatures currently being used. The high 

temperatures cauS€ the screw to expand to a greater degree than the barrel 

sections and this caused the nights to move closer to the teeth. 
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2.5.5 Mixer Start-up 

Mixer start-up at the :C,:Ot plant has been conducted in two wavs: 
. ,"" 'l." '. ~ • 

when,ihe mixer is fully empty and ,-vhen the mixer is full. In the first case, 

the starj::.,UP involves a line-out period where the premix is turned on first, 
.~ ....... . 

thenboth final fuels, and finallv the oxidizer. T.'1is leads to verY thin material 
~ , 

forf.Rm::tR~e-to-three minutes followed by progressively thicker material as 

~~ on .. The line-out period at the pilot plant lasts for ten minutes. In 

s.t~i;:~~e mixer with the mixer full of propellant, the mixer is first started 

a.!'l.,~s~,f,Q.On as it reaches operating speed all four feed streams are di verted to 

the mixer .... The time between mixer start-up and feed stream diversion is , . . ~ 

between ten and fifteen seconds. While these methods for start-up have . ....--, .. :,., .. , .. 
workAAsatisfactorily, it is believed that a better process could be obtained by 

,~o"~,, ._. 

basing the start-up times on the acr,.lal times required for a diverted stream to 

tru14£e~n to feed ti'.e mixer. Improvement in this area would improve 

propellant consistency and Rotofeed perforrnar:ce. 

2.5.6 Mixer and Rotofeed Seals 

The mixer seal system varies little from the Rotofeed or 

propellant PUll'.:) seai SV$te::!'cs. It consists or a separate air dnven piston 

diaphragm pump for each seal. 1!,e pump tranSfers ooA to the seal region. 

Pressure at the seal is maintained bv the seal itsell and a back pressure valve 

set at about one to three psig. The ooA flows either through t.he valve or 

into the seal. A presst.:re switch is located on the line to indicate whether the 

seal pressure is bein$ maintained. If the seal p,essure is not being 

maintained, it is probably due either to a pump failure, a back pressure valve 

faiit.:re, or a seal failure. Difficulties encountered with the mixer system have 

generally been due to vaive failures caused by debris fouling the relief valve 

seat which, in l'..lIl1, prevents the valve from dosing down properly. The use 

of back pressure valves rather than standard ~eljef valves has prOVided more 

reliable pressure control since they are less apt to be affected by fOuling. b 

addition, Buna ~ or nitrile seals tend to degrade at high temperature in the 

presence of ooA cmsing flakes which can foul the relief valve. Replacement 

of these seals with Viton or other more cor.,patible materials can reduce the 

amount of flaking and make valve fouling less likely to occur. Two methods 

not attempted at the pilot plant, but which may improve system reliability, 
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involve raising the S€':L . ?errr'd~ :;-:2 use ot" rnore robust valve 

setti:"g up a recirculating ~iu sy:;tem, 

2,5.7 Cleaning 

Rice hulls were passed through the UK-ISO mixer at the 

conclusion of run CMPP-026 (inert run). Aiter several minuteS of op€ra lion, 

the mixer was stopped and opened to reveal a pjghly polished barrel and 

screw fully free of propellant. Residual rice hulls and salt were easily 

removed from the mixer. Although rice hulls were unable to pass through 

either the Rotofeed or the prop€llant pump, the mixer screw was successful in 
< ('".;- '-~ 

moving the material to the discharge port where, unlike the other devices, 
gra vity assis ted in the removal of both the propellant and rice 'iWiITsw'i thout 
causing any backup in the mixer. If rice hulls are to be used iii'Aihl.tiF:~ork it 
is recommended that all pressure transducers be removed from the mixer 
prior to cleaning to prevent the scratching of the pressure transducer face and 
that combinations of rice hulls and ASR..\.1 propellant be safety~€;\ted;to 
ensure that no particular combination of these ingredients is more dangerous 

than the neat propellant. 

2.6 Surge Pot/Rotofeed Deaerator 

The Rotofeed deaerator system was the source of serious difficulties 

during the months immediately following the activation of the pilot plant. 

These difficul ties were target y remedied by the use of thorough subs ys tern 

testing of the deaera tor. While the fol1owi~'1g paragraphs discuss lessons 

~earned based on these tests, perhaps the biggest lesson learned is that 

thorough subsystem testi..ng is a highly beneficia, exercise for improving 

operational efficiency which will repay the extra tl:ne required many times 

over. 

2.6.1 Surge Pot 

The pilot piant surge pot has been shown to be somewhat 

undersized for the task required. During steady state periods, the capacity is 

quite adequate. However, during Rotofeed feeding difficulties which are 

quite common at start-up, overflow of the surge pot has occurred. This 

problem can be mitigated by producing propeilant of uniform Viscosity, 
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running the Rotote{.'C ~', . above 1,$ flooding point, and 0perat: 

low level within the sL:rge pot. viscosity is mfluenced primarily by t~e 

mixer and not the surge pot. while the surge pot should 00 jacketed. 

the temperature should be set to maintain the mixer temperature, not to 

either cool or heat the propellant. The lower level can best be achieved by 

supplying the operator with a good view of the surge pot contents. The 

camera located above the surge pot is the most important pilot plant camera, 

and it is highly recommended that the Yellow Creek facility install a similar 

high contrast device under their mixer. 

Because of the occasional overflows noted, the surge ·pot and any 

other instn.unents, pipes, or equipment pieces located below the suTge pot 

should be designed to be both easily cleaned and propellant·compatible. This 

design should also avoid surfaces that may hold up propellant'and:influence 

the surge pot weight. For example, the pilot plant surge potnas'wheels and 

water jacket connections which have b€€n difficult to c1eanol\'Ce"::C" 
contaminated. ." ,',' 

In addition to spillage out of the surge pot, some'thought should 

be given to preventing items from falling into the surge pot. At the pilot 

plant a cotton shroud is attached to the mixer discharge port. The shroud 

forms ateC'.; the surge ?ot to prevent items frOr:1 outside the mixer 

from inadvertently dropping into the pot. This is very important since the 

surge pot is uostream of both the Rotofeed and prop€l1ant pump. 

2.6.2 Rotofeed Inlet Valve 

TIle Rotofeed inlet valve controls the pressure drop between the 

surge pot and the Rotofeed and, in so dOing, cont::'ols the flow rate of 

propellant into the Rotofeed. Observations made d:rr.ng pilot plant work 

indicate that the primary cause for fluctuations at the discharge of the 

Rotofeed is the fluctuation of propellant through the inlet valve. Some of 

this fluctuation is due to valve control. However, it appears that much of the 

variation is due to changes in material consistency. The valve can be 

maintained within ± 2 % of its setpoint during most steady state periods. 

Occasionally the propellant consistency will change enough to require 

significa..,."1t1y more valve moveme.11t. While it may be possible to size a valve 

to produce slightly better control over the steady state portion of the run, it is 

impossible for a valve to control accurately over the entire range of 
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attempted. Likewise, the pilot plant demonstrated that inlet valve control 

algOrithms are practical within the steady state range of the valve, Dut during 

the non-steady state periods these algorithms do not control effectively. 

Basically, the valve control system will work very well if conSistency can be 

maintained in the mixer output and it is the correction of any upstream 

inconsistencies which should be given priority over trying to increase the 
valve's con trol range capabilities. 

If it is desirable to maintain a more uniform flow in the 

propellant line than can be supplied using the current inlet valve/vacuum 

control fe€'d system, the replacement of t..'1e inlet valve with a positive 
displacement propellant pump (single screw preferred) represents a good 

alternative. The pump would be set-up in a similar manner to that currently 

proposed for the Yellow Creek booster pumpl the pump would be mounted 

below the surge pot or as close to the surge pot as practical, the screw speed 

would be determined by the rate of t10w through the mixer, 2L.'ld the pump 

would be run flooded. Because vacuum and gravity would no longer be the 

only driving forces between the mixer discharge and the Rotofe€'d, the 

Rotofe€'d could ':)€ installed at some dist2L.'lce from the mixer. This system 

woLJd make G\'c:::;jy,' ot the surge pOt much less likelv because or its . , 
robustness towards d:fferences in propellant viscosity (e.g" the inlet vaive 

sometimes plugs when the propellant becomes very viscous), as well as 

greatly increase the metering capability of the system, Although the use of a 

pump beneath the surge pot would not necessarily require movement of the 

Rotofeed into anot.her room, space around the mixer may not be adequate for 

two pumps, 

2.63 Rotofeed 

The Rotofeed can process ASR.lvf propellant qlite acceptably as 

long as the unit is properly sealed, It is recommended that the rigorous seal 

installation and testing program used at the pilot plant be continued at 

Yellow Creek to avoid the difficulties enCoul1tered during run CMPP-{)20. 

Aside from this, the Rotofeed is a very robust piece of equipment. The 

following observations have been made on the steady state operation of the 

Rotofeed. 
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Rotoieed conical jacke: sho~ld :l!" :he 

sa.:ne tem?€rat." :..ne surge pot, which is maintained at :' _. 

discharge temperature of the propellant. nus temperature should be kept 

high in order to reduce the propellant's viscosity and improve deaera.tion 

efficiency. The propellant pump S€ction of the Rotofeed should be 

maintained at a lower temperature. The temperature selected should be 

based on produong a propellant outlet temperature of between about 135 and 
140 OF. 

2. The Rotofeed vacuum level should be maintained as high 

as feasible, The designed experiment and other continuous mix nms indicate 

that the vacuum level becomes increasingly more important to mechanical 

properties as the mixer discharge temperature drops. This could be due to the 

increased viscosity of the propellant within the deaeration S€ction of the 

Rotofeed and the decreaS€d vapor pressure of any volatiles preS€nt. In either 

case, vacuum levels above 29 in of Hg are recommended. 

3. The Rotofeed screw speed lus not been shown to cause a 

sigruficant affect on propellant properties. Therefore, the screw speed should 

be set based on pumping considerations. The pilot plant fow'td that 20 % 

excess capacity aoove the flooding thresholc. \;'~5 insuiiic:e;-" ;~: mai:,tairung 

u:"ifonn flow. During the extended run. a screw speed equivalent to a 50 % 

excess capacity was used with good results. 

4. The pilot plant has found that the pressure transducer 

located at the entrance to the pumping section is the single most important 

piece of instrumentation available for controlli::g now t..'1rough the Rotofeed. 

This device will only read a positive pressure when the pumping section 

nights have become fully filled, an indication of flOO<iing. If this sensor is not 

available, the Rotofeed power draw can also be used to indicate flooding, but 

power draw readings are not as clearly defined as the pressure changes. 

5. The Rotofeed, being a positive displacement pump, is 

capable of generating very high pressures. It is esS€ntial t..~at a pressure relief 

device be set up at the outlet to the Rotofeed prior to any line valves. The 

pilot plant us€s a gas loaded piston relief valvel surge dampener; it is possible 
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that a V~, vf this concept could also reduce press,"~ _" 1: shouid b€ 

added that ruzining the pump in a flooded condition with little or no 

discharge win. result in a substantial increase in the propellant discharge 

temperature. This could occur if one or more salves are closed downstream 

of the Rotofeed while it is running. An overpressure shut off on the 

Rotofeed is recommended for extreme pressure fluctuations caused by such 

abnormal conditions. 

6. In order to seal the vacuum at start-up, the Rotofeed has 

both an inlet and outlet valve. The inlet valve should be opened to its 

cracking poSition (about 12 %) as soon as enough propellant is present within 

the surge pot to fill the inlet line to the Rotofeed. This will effectively 

:emove the trapped air in the line without feeding any propellant into the 

deaerator. Aiter cracking the valve, the valveshpuld. be quickly opened to its 
normal operating position (about 29 % at the pilot plant). If the level within 

the surge pot continues to increase, monitor the pump inlet pressure 

transducer and start opening the valve further. As soon as pressure is seen at 

the transducer, shut the valve back down to the steady state position, The 

latte: action should be conducted rapidly because the increased valve opening 

~5~?~:sed by the presence of viscous propel 2: ','o]v,,; this viscous 

proClellant is generally followed by thin propellant and if the valve is left in a 

wide open position, flooding will result. The outlet valve should remain 

closed until the discharge piping becomes full as indicated by an increase in 

pressure at the Rotofeed discharge. Since the pressure rises very rapidly at 

this point, the control system is used to open the valve based on a 10 psig 

reading at the Rotofeed discharge. In addition, the relief valve should be set 

at a iower than normal setting (35 psig rather than the normal 95 psig) to 

aVOId large Rotofeed overpressures caused by slow valve reaction time. 

7. At the conclusion to run ClvfPP·026 (inert run), a test was 

cor-ducted to determine whether the Rotofeed could be cleaned by passing rice 

!',ul;s through the unit. The vacuum port was removed along with the inlet 

and outlet piping to the Rotofeed, Rice hulls were then place in the Rotofeed 

through the vacuum port and the Rotofeed was turned on. It was found that 

virtually no rice hulls exited the Rotofeed despite Rotofeed power rea.dings 

exceeding 12 kw. Upon disassembly, it was found that the conica.l and pump 
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seCtlc. as the last discnarge nigh: were :r<?i2 ~ .. 
just 'e;eyona the Jast discharge night, a thick combination or nee hulls a.,d 

propeilant were compressed in a ring aroung the Rotofeed shaft. Rice hulls 

backed up in the pumping section behind this ring resulting in the scoring of 

the pump section wall and screw flight tips: n:e ~o.ri,l)g,was most evident at 
the pump inlet, but some scoring was noted acrosJlih~''tife pump sectiun. 

TIle rice hulls cleaned well as long as they were conveyed, but the screw 

flights end at the pump discharge and, without the,j~~t'ih'f\:i 'bf gravity or any 

other mechanical~ction, the rice hulls ",<ere incap~b~,?!~tbd:ucing the 

pumping pressure,r~uired to remove the blOckag~:~Jj!~I£'bt recommended 

that rice hulls be used for cleaning the Rotofeed at Yfcllq'W lS:reek. 

2.7 Damage Control System 

TIle damage control system is set up to prev~hpropagation of a flame 

front through the propellant line. It accomplishes ~is .task by sealing off the 

line and ejecting propellant from the sealed off section using pressurized 

water. Recent tests conducted by AAD have shown. that, the flame front 

associated with ASRM propellant in Yellow Creek sized lines is relatively 

slow. T"'C:5 an important finding ir; :hat it calls ::-'~ clJes~on the very ~o?id 

initiation of the damage control system originally planned, The very fast 

response times do not permit Zl'Jch time for ensunng that the fire command 

is an accurate response to the situation at hand. In particular, the pilot plant 

has experienced numerous false thermocouple readings. Some of these false 

readings have occurred across groups of sensors, Without adding some rime 

for ensuring that the thermocouple temperarure is in fact valid, t..~e 

possibility exists that the system will be fired acddently. Yellow Creek 

taken some steps to remedy this problem including the use of "voting" 

procedures between three adjacent thermocouples; this may work since the 

thermocouples are suppose to be installed totally independent of each ot.her. 

However, it is recommended that the logic required to fire this system be the 

subject of extensive review as the consequences of f.ring this system 

acddentally or failing to fire the system as required are very severe. 

2.8 Densitometer 
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" piiot plant uses a Ronan aens:tomerer. ;,onan unit contains a 
,adioactive source and an ionization chamb€r for detecting the amount of 

gamlTla ,adiation passing through the propella.r1t as it flows down the 

propellant pipe line. The amount of radiation reaching the chamber 

decreases as the density increases. The device has experienced significant 

difficulties throughout the program. Some of these difficulties were due in 

large part to malfunctioning boards within the meter's control box which 

have since been rectified. Some of t!lese difficulties are due to calibration 
procedures which are difficult to perform. The latter difficulties have been 

mitigated to a large extent by using glycerol as a referencing sta.11dard and live, 

as processed propella.'1t for the calibration point. Calibration plates can, after 

initial calibration, b€ used to obtain fairly reliable results. Unfortunately, the 

Ronan source's shutter compounds the difficulties involved in obtaining a 

proper reading. The shutter does not open to the same position on a uniform 

basis and this causes a change in the amount of gamma radiation available for 

passing through t.~e propellant. Since the gamma radiation ca." either be 

greater or smaller for a given run, the detector caIl erroneously give either a 

high or low density reading. Fortunately, the calibration difficulties do not 

appear to prevent the device from detecting changes in propellant density . 

. ~>~ "rdt has consister.tly producc~ .:ensi:;: :':C::7.:.x:rs with similar variability 

to ':he cured propellant density measurements made by the iab. It is b€lieved 

that a device similar to that used in the pilot plant can be useful in indicating 

small changes in density, but probabl y is not suitable for estimating the actual 

value of that density unless the source shutter problem can be eliminated. 

2.9 Propellant Pump 

2.9.1 Surge Suppression 

The propellant pump used at the pilot plant is a twin screw 

Warren brand pump. The pump is installed between tlc,e Rotofeed and the 

direct cast area and serves the purpose of a 1x:>oster pump. Because of its 

position, the propeilant pump is unable in and of itself to control its own 

inlet How based on screw speed. lf its screw speed is set at a value below what 

is required to transfer the in coming propellant, propellant will accumulate 

either by being vented out of the line or into a surge suppression system. The 

surge suppression system can be opened or closed, At the pilot plant, a closed 

28 



_ suppression u.'1it has been install~ ,~e acts HK" an elbow 

under nonnal flow conditions, but, at higr,er :xessures associated with 
v • 

,;ecomplete propellal1t transfer L'crough pwnp, a piston in the tee begins 

to open, If it opens far enough, propellant will be vented. As the inlet flow 

subsides, the piston will resume its earlier position by displacing the excess 

propellant back into the propellant pump. An alternate surge suppression 

device would be similar to the surge pot used for the Rotofeed. However, this 
device would require particular care to prevent the incorporation of air into 

the propellant since it is an open design. 

The method chosen for handling these feed upsets determines, 

to a large extent, what typ€ of method is most suitable for controlling the 

propellant pump. Using the closed surge dampener method, the best control 

strategy involves running the propellant pump at a speed well above its 

flooding point (this is the manner in which the Rotofeed is run). Since the 

average flow does not change, this system will generally pass whatever is 

transferred to it down to the cast area. Occasionally, the flow into the pump 

might exceed the pump's capacity resulting in back-up, but this will only 

occur for brief periods of time if the Rotofeed is being controlled properlT 

The surge dampener or closed surge sUPFession device is quite SUItable for 

'-2~dling these tY7'?5 of upsets, If, howp
,-- "~ ~?€n surge Su??~ession device 

:s used, the pump speed 'Will vary 'With ti::<e based on either level or weight. 

involves an additional control loop, Failure or fluctuation within this 

loop could cause an overflow of propellant or the introduction of air into the 

propellant. In addition, the measurement of surge pot weight could fail to 

detect a rathole through the center of the pot, a,.'Id :he measurement of level 

could fail to detect a bridging skin of propeilant located well above the actual 

surge pot leveL 

Perhaps the most import,,"'It difference between the two methods 

is the concept of first-in-first-out. The closed surge suppression device 

ensures that old propellant will not buildup at the entrance to t..loe pump, 

while the open surge suppression design almost ensures that old propellant 

,vill buildup at the entrance to the pump. This old propellant will cure and 

this could lead to a plug which defeats its ability to change levels with 

fluctuating flows and possibly lead to the introduction of air through or 

around the plug. Ii this plug of partiaily cured propellant should ever enter 

the pump, it would be chopped up into the propellant stream in a potentially 
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",::.:;,;dous operation leading to the F0t~~< 

motor to be cast. 
j:cs or cebonds within the 

Finally, in addition to t['.e earlier points, the piping arrangement 

for the surge pot device would require a sealing system similar to that used 

for the Rotofeed. Such a system 'Will lead to other'Wise unnecessary valves to 

isolate the propellant pump and/or the surge pot. 
The Warren pump was operated in runs CM1'P-026 and CMPP-

027 in a starved mO<.le using the dosed suppression device 'With good success. 

Occasionally, the surge dampener device was forced to move in response to 

changes in now from the Rotofeed, but the system quickly restored itself as 

soon as the now rate from the Rotofeed decreased. From a control point of 

view, this system is very simple and reliable and highly recommended for 

use at Yellow Creek. The open-top surge pot is not recommended for the 

reasons outlined above. In the event that the dosed top method is used, the 

surge dampener should be modified to serve only the surge suppression 

requirement and a secondary device should be added for pressure relief 

purposes. 

2.9.2 The Propellant Pump 

The input to '';e pum? varied ''''':'-, variations in flow rate 

through the Rotofeed inlet valve. These variations led to significant changes 

in the idet pressure to the propeUan t pump Wlt:: occasional readings 

exceeding 30 psig. The pump is quite capable of handling such pressures as 

long as t.>;e seals can maintain their integrity. If a surge pot is used. the 

pressure at the pump inlet 'Will not vary to t.~is degree, but use of the closed 

suppression system will result in increased seal pressures unless a sufficiently 

large surge chamber is used to permit level control 'Within the dampe..'1er. L'1 

the latter case, the position of the floating piston would determine the speed 

of the propellant pump (e.g., if the flow rate into the pump increases, the 

piston rises causing an increase in pump speed). Although this system would 

require a periodic ejection of propellant from the surge chamber back into the 

propellant pump to prevent the problems pointed out above for the open 

surge pot design, it has the advantage of permitting reasonably good seal 

pressu:e control. 

The pump has four shaft seals. The seals are difficult to install, 

but, once installed properly, they are capable of preventing either propellant 
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,,0 pump, Probably the 

arren design is the reqwrement to remove the shafts 

the pump was designed to be installed and left in 
-,,~, - --

~fr.~linv these~a~li~n~g~'~~~~~~~~~~I1~~~~ 
;",,",'PTP used between the Teflon packing and 

'rr',ciear,U1c:e and, in so doing, avoid deformation8fth~!:SlI. 
has provided satisfactory sealing,'" :'~D" 

'to its ciearances, the Warren pump experiences a sigrufi'0lmt 

ii@!~)i;d'ltri:ng propellant transfer wh.fch should~ taken:-int(;-~ccount 
'''"'''''t9~r~~ system, It should be noted t.~at under pilot plant 

cOl[!dlt1~r~~y"hich are different in many ways from the manufacturing plant) 

the prt!5sure from this pUInp varied significantly, If the pump is 

designed to maintain a steady f;ow using the open surge pot design, these 

pressure V2-;;",tlons will cause ::',~:, ",' ",:,:!,. decreases ,;', ;. .. ~p outpu; .' ,,;' a 

given speed leading to some cvcling of the pump controller. 

The propellant pump used provided adequate transfer, but :t is 

believed that there are substantial advantages to be gai:"ed by using a second 

Rotofeed instead of a twin screw pump, These advantages indude fewer 

stocked parts for the mix facility, additional deaeration of the propellant, 

elimination of the difficulties L":volved in removing the twin screws during 

clean-up, reduction of inlet pressure on the rotary seals, dimil'Jshed 

possibility of air leaks into the propellant, elimmation of the ignition event 

risk associated with a timing gear failure or miSalignment leading to f:ighHD

flight screw contact, and additional mixing action on the propellant. 

Regardless of the purnp used it should be jacketed and the 

temperature should b€ set 50 as to produce a propeliant discharge temperature 
of 135 OF, 
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2.10 Process Control System 

1. The pilot plant uses three primary metering pumps, two feeders, 

a propellant pump; and a variety of other variable sP€!€d drives .. 5E!rious 

difficulties have beerei!ncClunte~J:>e<;1\.us~ of t:J:U3~!II~~be~. [tw~.een[~th:ese ., ,<~.-- ','7, ",,~-,~ '-. . '::::-:;'::::j;'" ~ 

many devices. It isr~6D:Hfiendedthat tl::iformity be 

maintained to the grea~t' ext:ent: for 

use must be selected to-&o!'ful~!lil 

system will be 

readily selected by 

a different controller . 
. ,~.'Y'"~:;" 

should be forced to demonstrate the 

the overall control system on site. 

2. The location of the ~"rltTn 

continuous mixing over extended 

accessible at ail times during a run. 

3, Each ingredient feeder subsy5tE!lJj '.-~t::""-

reliable, robust al',~vg conrro! capie':' .. ,:}, E~Eh feE!der U,)llITm 

be stand-alone w.th status and setpolnts communicated ,,~' .. 7.~ 

should 

4, Each feeder subsystem should have stand aione capability for 

maintenance, trouble-shooting, cleaning and calibration. This should include 

all relevant system status, pressures, etc.. Local operator switches and lights 

should be at each device to handle all required subsystem operations 

including the ability to control start! stop and local! remote functions. 

S. Panic override or emergency stop stations should be located in 

convenient locations near the equipment commonly operated during normal 

operations, 

6. Alarm and status type messages need careful filtering to prevent 

operator sensory overload. Possibly a single message could be substituted for 

commonly occurring groups. Non-critical messages should be sent to a 

separate maintenance operator. 
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In addition, w;~;. .,. t ala.",n system is very useful :c. 
locating and correcting problems, ,,; start-up, L'1e system was overwhelmed by 

alarms due both to actual physical problems as well as to nuisance alarms. 

The nuisance alarms tended to mask important alarms causing items to 

remain uncorrected for several runs at a time. It would be wise to set alarm 

limits at conservative levels during the early runs to help cut down on the 

total amount of alarms recorded. This should improve troubleshooting 

during activation. 

7. During pUot plant activation, each individual part and sensor 

needed to be accessible to the operators. With time, the varioUs subsystems 

have become sufficiently robust to link together in a higher-level manner. 

The pilot plant, at this time, is still several r",ns away from a complete 

automatic mode of operation equivalent to a global on or off switch. This 

.;;;;;;: implies that operators at Yellow Creek will need to be experienced, and that 

operator-to-<Jperator variations will affect run performance until this higher 

level of automation is achieved. 13€ sure that sufficient subsystem and 

practice run testing is planned to provide for this evolutionary process, These 

tests should be judged based on experience gained and level of automation 

advanced ratl1er than on propellant quality or munber of shut-downs, 

Attempting to activate the full-up system wiL'1out providing time to conduct 

this testing "rill lead to schedule delays. 

8. On-line analytical equipment for verification of propellant and 

feed stock quality is required to make real-lime quality control practicaL 

Methods of diverting non-quali£ied 1::laterial should also be addressed, 

33 



3.1 Studies Conducted In Support of the LSPDT Development Plan 

Paragraph 3.1. i Fuel Preparation 

Objective: Develop design criteria for the selection and evaluation of 

equipment;yCr ~~used in the preparation of premix. afld final_ 

fuels. 
. ... 

. - ., 

Studies: Determine Physical Properties completed 8 May 1992 by R. G. Lyon. 

.~ 

Paragraph 3.1.2 Ingredient Metering 

Objective: Develop design criteria and test and select specific equipment for 

the batch meterIng of raw materials to be used to prepare the 

propellant premix. 

Studies: 

by R. G. Lyon. 

Liquid Conveying Study, TP-3003, completed as part of premix 

metering study TP-4011. 

Solids Feeding Study, TP-3004, completed 30 June 1992 by R G. Lyon. 

Paragraph 3.2.2 Oxidizer Conveytng Systems 

Objective: Develop design criteria, evaluate candidates, and select and 

opti.mize systems which will be used to convey oxidizer. 

Studies: Particle Attrition Study, TP-2CCl, completed 11 June 1991 by 

J. J. Wood. 

Fluidization Characterization Study, TP-2003, completed 4 

August 1992 by J. J. Wood. 

Evaluation of Alternative Systems, TP-200S, completed 2S 

October 1992 by J. J. Wood. 
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Paragraph 3.2.3 Automao:c Sampling Equip:nent 

Objective: Develop sampling systems to ensure representative samples are 

obtained to provide reliable information for process control. 

Studies: Sampler Reproducibility Study, TP-2004, completed 18 May 1992 

by J. J. Wood. 

Paragraph 3.2.5 Oxidizer Hopper Design 

Objective: Develop and evaluate hopper design criteria to ensure uninter

rupted flow of AP at the Yellow Creek production facility. 

Studies: Evaluate Simulants completed 11 September 1990 by J. J. Wood. 

Evaluate Alternative Flow Agents completed 18 September 1990 

by J. J. Wood. 

Validate Test Results completed 21 December 1990 by J. J. Wood. 

Evaluate Existing Hopper Designs completed 15 August 1990 by 

J. J. Wood. 

Select Oxidizer Flow Agent complete 31 October 1991 by J. J. Wood. 

Effects of Time Consolidation and Evaluation of AP Blends 

completed 15 August 1990 by J. J. Wood. 

Paragraph 4.1.1 Pilot Plant Subsystem Testing 

Objective: Evaluate individual feed systems of the continuous mIX process to 

obtain detailed design criteria to aid in the design, seiection, 

characterization, and optimization of specific equipment for the 

Yellow Creek facility. 

Studies: Oxidizer Fee<ler Calibration Study, TP-4002, completed 7 October 

1991 by B. C. Uppsmeyer. 

Oxidizer Fee<ler Mechanical Study, TP-4003, completed 30 

September 1991 by B. C. Uppsmeyer. 

Metered Oxidizer Conveying System and Optimization Study 
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_Jmpleted 14 August 1992 by B. C Lippsmeyer. 

Premix Feeder Sele<:tion Study, TP-4011, completed 10 December 

1991 by R. G. Lyon. 

Premix Feeder Optimization Study, TP-4012, completed in 
conjunction with TP-4014. 

Premix Feeder Reliability and Optimization Study, TP-4014, 
completed 10 February 1992 by R. G. Lyon. 

Final Fuel Feeder Selection and Optimization Study, TP-4D16, 
completed 5 March 1992 by K. T. Clemons. 

Paragraph 4.1.2 Pilot Plant System Operations 

Objective: Utilizing the pilot plant as a test bed, develop control and 
operating strategies for the safe and efficient operation of the 

Yellow Creek plant. 

Studies: Inert Activation Run, CMPP-017, completed 12 June 1991 by 

J. D. Robinson. 

Live Activation Run, C"iPP-018, completed 8 July 1991 by 

J. D. RobinS<.Jn. 

D:..:e1 Final Fuel Run, C:vrPP-019, completed: August 1991 by 

J. A Campbell. 

Processibility Run, CMPP-020, completed 4 October 1991 by 

J. A Campbell. 

Rotofeed Test Plan, CMPP-021, completed 21 February 1992 by 

M. J. Mugnaini. 

Rotofeed I Run, CMPP-022, completed 10 January 1992 by 

J. A Campbell. 
Rotofeed New Screw Test Plan, CMPP-023, completed 21 February 

1992 by M. J. Mugna.i.Jci. 

Rotofeed II Run, GviPP-024, comp:eted 20 March 1992 by 

J. A Campbell. 

Propellant Pump Test Plan, TP-6001, completed 20 May 1992 by 

M. L Wirth. 

Process Response Taguchi I, CMPP-025, completed 28 July 1992 

by J. A Campbell/K. T. Clemons. 
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._st Area Activation R~" CMPP-026, CC 

September by J A. CampbeU/M. L. Wirth. 

Extended Run l/Coniinnation, CMPP-027, compieted 25 

September by J. A. Calnpbell/M. L Wirth . 

. ~ _'~r ~)ppr;. 
Objective: Establish reproducibility and5el'lSitWity"ai'>ltiternative 

densitometer designs. Develop' a' rtll:iffi;'~quiCkl y and 

reliably calibrating the production sCale'density measuring 

device. 

Studies: 
.v~;",,),,,,,,,;,.:··· 

Densitometer Study, TP-S002, complete(~3~;~ptember 1992 by 
,,, J M .. . .." l:",~~ " '..... ugmunl. . .. , .=, .. 

"J~?-:tl, . 
. . i\!!jii1$ ,. 
-.~~' 
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Eighth Annual 

Continuous Mixer and Extruder Users' 
Group Meeting 

ADDElvDUJI 

! 





K· Tron America 
Rou:es 55 & 553 
P.O. 80x 888 
F'~man. NJ 08071·0888 
1609\ 589~0500 
oN( 1609i 5S9·8113 

October 5, 1995 

Mr. David Fair, Commander 
Advanced Systems Integration Division 
Attn: AMSIO-IRA.W Building 172 
Picatinny Arsenal, NJ 07806 

Re: Eighth Annual Continuous Mixer & Users Group Meeting 

Dear Dave: 

l~ll'l!;51",'!I.J,"'I\,,!,~!I,,;,.IPI!·"·1 
~t~/ II!:;: .71. 

It was a pleasure to see you again at the Users Group Meeting and to participate in the 
discussions on feeding of energetic materials. Per our conversation, I have enclosed 
an article on processing micropellets. This is an interesting article and I hope you find 
it of use in the industry. As you will see, these materials lend themselves to very 
accurate feeding and efficient processing within the extruder. 

During the two days of meetings, there were several problems brought up concerning 
continuous feeding and feeders in general. During individual discussions and the 
panel discussions, it became evident that many of these problems are attributable to 
using feeders/controls that were designed and shipped in the 1980's. State of the art 
technology in feeders and controls is two generations ahead of equipment that is 
presently in placel Current equipment design incorporate features that specifically 
address the problems discussed auring our meeting I 

Unfortunately, I was uanble to compile a paper for the meeting. However I am 
enclosing for your review a paper entitled, 'Trends in Continuous Feeders for Mixing, 
Compounding and Blending" that was presented by Dave Wilson, Vice President of our 
Training Institute. I think you will find the sections on loss-in-weight feeding and 
controls of particular interest and also where this technology is heading in the future. 

I appreciate the opportunity to attend the Users Group Meetings and look forward to 
our next invitation. If you have any questions or require additional information, please 
do not hesitate to contact me direct 

Sincerely, 
K-TRON AMERICA 

Qwacl~~~L 
Bruce Lowden 
General Sales Manager 



Y
OU milY not think of a plas· 
t,c pellet as big. But the 
sWldard I/,x 'is In. pc.> I 

let looks <ike a goliath I 
next to the flysDeck; 

'r..:10\\'E as Jnlcropeilets, I 
Compounders show growing :mer· 'I 

eSt in :naking r:licropellets for applica- , 
tion;> (ron: rotomoiding [0 :::olor and [ 
addi~i\'e concentrates (see p, 4';L In 
respor.se. machinery suppliers have 
r:l00ilied their pelletizer desigf:s to pro-
duce peUets in diameters down to 0.020-
0.060 ir:, :vlakers of under-vater am! 
strand pelietizing equi;>!11ent s?y :h:;,t 
!or around $5000 a processor can 
rctrof!:: an existing system to make 
micropelle:s, 

,\1icropenet technology has bet'fi 
around forsorne le years, though used 
m;1i:1:~' for V(,;-:,! specialized appiica:.ions 
and more in EL:rO;}f than domesrk;:lly. 
Eq:Jipmenl suppliers $ay micrope!lets 
nov.: 5how signs of bre.1k.ing OU~ ima a 
i3rgcr r:larkeL 

constitute is,SO% of t~e processing 
zests conducted at its lab, Gnla presi
dent David Bryan says his firm ;'2- devel· 
oping a complete pelletizing pac::"'age, 
i!1cluding eXlrJder (made by another 
r~rm), for m:c!'"o and s~!ldard peile!s, It 
win be introdL:ced this fall. 

;\iach,nery fiin!S reponi:lg com
i mercia! SLcce'£,s with rr,odined ""micro" 
r pellelizers inciude Gal;.:. ::\.!eter, Conait" 

; elro. R::.r,dcasrie Extrusion Systems, 
\\'ayne '\·!achi:le. \remer & Prleicerer, 
and S:t,c)..: Cl.1WSOD, 1:'1elr equipm-e:H 

"Everyone is looking to make a pel- has bee:: used to lw.:ke lTlluo:::e:lels of 
let th~t lS tJnc1erO.C5Q..in, diameter," s;}'.s i PP. ?E. ps, P\'c, acryi:c. a:-:d Pc' 
P.1'._tI Boileau, v,p. at Rieter COf1L rf:e ' So~,le other suppiiers, such JS 

Sin;;.! ler pellets have proponio:la:ely i3eri.~lger, are com::inu::lg R&D on micro- \ 
;i1On.: S~!!lace area expo-.;eo to frictional pellets, whlle stili orhers-indud:ng 
hearing in the plast:c?ting cylinder, Hrirn.rneK3rr.p. Berstorti. Bro\lm PlasLics 
which ;tponedly leads to fast~r melti!1g Englneering, .:.\merican :.eistritz, Reifen, 
z:nd more Jnifom) :-nL\.1ng and melt f10\'.\ hauser. and Buss .~.rnerica-are wniring 
1l)e result C3:1 be improved procuctiv' La see ho ... .',.' the mar~e~ develo:;Js. 
it;: in in}ection mOlding. eXL'1Jsio:1. and Demand {or micropellerlzing 
ro;ollloIOtr.g. equipment is coming n1<liniy fr-om color 

(;<.\13 fno"Jstrit's says micropellels i compounde-:"6 such as Progres~iv(> Poly-



, MAKING MlCROPEI.I.ETS 

~--~'~~-"-----~ 

mers Inc. in Jacksonvllle, 
I Texas. ?resident Edgar 

Lamb says micropellet 
i co!or and additive concen~ 

trates are used primarily by 
injection molders and 
extruders who waru better 
color dispersion compared 
with the standard pellets, 
especiaily if they have older 
equipment with limited 
mixing capability. Like 
most OlicropeHet concen~ 
tr;ltes on the market, Prd
gressive Polymers l are 
highly loaded: Its 0.030-in. 
Color Spheres are de· 
signed tor 100:1 letdown ratio and its 
0.020·in. Micro Spheres are for 200: I 
letdowns. The supplier charges more 
for the micropellels, but the customer 
reportedly still saves from having to use 
fewer pounds of material to colora part. 

. Micropellets benefit rota molders 
! by eliminating the extra cost of pulver· 
: ;zing stalldard peUets aJong with the 

Not all materi· 
als are suitable for 
micropellets. The 
smaller die holes 
raise backpressure, 
so equipment sup
pliers warn that 
hi g h·v i 5 cos i ty 
resins could be too 
hard to process. 
For exampLe, some 
doubt that polycar· 
bonatel ASS blends 
can be made into a 
micropeliel 

sociated dust. The same is true for 
dnyl siding extruders, who commonly 
pulvenze"color concentrates for better 
compatibility with powdered PVC com· 
pounds, Concentrate maker Penn Color 
Inc. in Doylesto\\i;1, Pa .. sells 0.05·1n. 
PVC coloN:oncentrate micropeliets for 
siding. Lr'l the past ~vo years, micropei' 
lets have !::,'TO\'ln to ]0'';; of Penn Color's 
sales, says plant manager Ho\vard 
DeMo;1t". 

IT STARTS WITH THE DIE 
7dicropeilet die holes are smalier, 

thereby raising backpressure. For any 
type ot die-face cuttilig, the hole$ must 

j be even smaller than the ;Jellets to 
PROCESS CHANGES 

Micropellets can be made using 
strand. hot·die-r'ace, undenvater, or 
\vater·ring peHetilers. Most equipment 
makers ~ly processors planning to run 
;llicropellets ShOll Id be i/repared to sac' 
lifice m least ·HJ;;; oi their output rate due 
to di.lferences l!i system pressure, dry
ing, peiiet handli:1g, and pellet unifor
mity. I n the case of c~IM concentrates, i 

the reduction :n Ib/l:r may be offset by 
[he greater coloring capacity of highly 
lOJded pellets as compJred with stan
dard 25:11elrlo\\ns. 

Some' \.~quipmenl changes are nec
C'-';SJ.ry. The riie and cutting knives have 

;- modiiie.d 0:1 all pelle-tiling systems. : 
_.lel' change:> are specific to [he ryp~ of 1 

pelletizing equjprn~nL 

accommodate die swell. For example, 
making a 2·mm peliet is said to req'Jire 
" l·mm die hole. Strand pelletizers bee· 
efhfroln ~le oppo:;ile efiect:Tne die ~ole 
shouid be slightly :arger than the 
~Janncd micro pellet size, since some 
dra\vdowa occurs during the stranding 
process, points oul Randcastle president 
Keith Luker. 

··\\':lere you were ~ypically g~ning 
30-50 Ib/hr per 0.125·in. diameter die 
hole. you are !lOW down lo 1·5 !b/hr 
wilh a cie hole oi 0.020-0.040 in. diam· 
eter," says Conair deveio;Jmen: engi~ 
neer Walter Trumbull. 

The so:ution is LO h;we many more 
holes in the die. For example. Werner...\: 
Pfleiderer offers a hot·race mkropelle-t 
die plal€ wi!.h 3900 holes that produces:: 

lA/I: Conair Jetto's Model 
2$12' Fan Cutter strand 
pOjltllzer ..... d"~I.pe<! 
sptcilleally ror rnttlog 
m.li:rvptllots. 

.B.iOm: Gala litdustries' 

...... ovabl. ewt.er die I.ts 
easily 

or 

:.3·mm pellets at about 12.000 lb/hr. 
Randcastie's micro strand pelletizers 
h;we scre .... ··in die inserts so that the 
n"mber of holes can be changed to bal· 
ance !low ar.d pressure requirernems. 

But a larger number of holes may 
make it ha7"der to keep the die at lhe 
aesircci temperature to promote ~X)h,ner 
110w, caudocs Charles CrJmb, pelletiz· 
ing business manager for Black Clawson. 
For under\"ater system$ running stiff- i 
l10wing materials or resins that cool 
quickly (iike nylon). each hole needs 
more attention to heating so that freeze
off doesn't occur in the smaller holes, 
Gala recommends usi!1~ hot oil or srea:n 
rather cllan elecuic die heatiog to pro· 
vide greater temperature uniformity. 

\\:der spacing between die hoies is 
tnu:" requir~d to accommodate more 
heating elements, leadIng to a bigger 
die. ·'\\-11 en ~'ou go .... ith mlcropellet~ the 
equipment gets larger," agree:; Gala 
rt;'gional sal..;-s manager John Linken-

hoker.Anc 
many dlecl 
dUng·mort 

In''ooC 
microp<!lle 
entry hole 
terohmi 
Standard 
plates M.v 

Dryers willi 
Industries ti 
trlfugai spin 
handle m10' 

I tirring stan, 

, cannot m 

I 
3\\'ay enti 
higher pre 
ingmh..'rop 
reduce prt 
log scre\I,.' 
output) an 
pack. Ho' 
through n~ 
hole plugg 

eona 
lands be s 
"-1th high·' 
pressure c 

josep 
Gala bdu 
help over< 
a pump ac 
could :ille, 
rials such 



Jetro's :'t!edel 
mer st.ra.nd 
!S developed 
for cutting 

lndust'm:s' 
!!ntf:t' we lers 
;witch easily 
repellet or 
:.Jt:t-making 

,0001bfhr, 
pelletizers 
;0 t:1at the 
'\gea to bal
:rernent5. 
hoies may i 
die a~ ~he 

)re poiYTT'_er 
:J, pe:iieuz
kCbwson. 
':n:ng slifr 

:;:.1{ coal 
oie needs 
!'iat freeze
!ler hoies, 
Ii 0:-5[';:;;0', 

jig to pro
ormi!)', 
ie holes is 
ate more 
• <l bigger 
)el!els the 
'ces Gala 
'1 ~j:1ken· 

£ • 

Dryers will need a fi'-ler screeD mesh, Gala 
1ftdustries tightened L~e mesh of its cen
lrifugal5Jlin dryer to 0,016 in. (from) to 
hamile micra.peiler.s. Screen n!esh si1e for 
dr)ing sr..a.ndard pellets is 0.075 In, (real"), 

cannot make pressure problem..:; go 
"way entirely, "In 80% of the cases, 
h:gher presst;re wii( result t' .... hen mak 
1.1g mkropellets i:' says Linkenhoker. To 
reduce pressure, he suggests decreas· 
iilg $creW s~eed (though [hac reduces 
O:'HP'Jt; <lr,cl usir.g a largeNTlesh screen 
pack. However. :he latter c::lLdd :et 
tJ',:ough nlore cont.ar.li :1ants and \ead to 
hole plugging J!l.d !o\·,'er outpu:. 

Conair':; Trumbu!l suggests die 
ia.1.ds be shortened to reduce pressure 
with h,gr.·viscosiry :nateriaJs. But !ower 
preS$ure could cause greater die swell. 

joseph Cannelongo, consultant to 
GJla Ir.dustries. says a gear purnp can 
h:!p OV;;rc:ome pressure problems, but 
a pump Jdcs more heat hi$wry. which 
could affect rentperatur~sensir.ive !TInte
rials such as pvc. 

COOLING WITH LESS ENERGY 
Water-flow rates for ~lnder.',·arer Or 

water·spra}' micropeileozing mJY be the 
saw.!'? 35 (0:- standard pe:llel$. but G:da'$ 
Llnken;,oker says the \I,'a~er tempera
ture can be as m'Jch ~ as 50'> F higher 
because we :>r.lal!er pellets cool [aSlt?:r 
thart larger ones, L:sers cail thereby 
save energy by riot having to take so 
much heat out Of the water. and freeze· 
ott dangers are reduced. 

For strand pelletizing systems, J 

rede$lgn of ::~e water trough is in order, 
'n.:: wilier ~ath is signific<1ot:y' differ
er.t [for micro-;>eiletsJ." says Conair'$ 

i Tr11mbulL "It's deeper ar.d shoreer thil~ 
a typical bath," Rieter's Boileau explnins 
rha: because the strands are thinner, 
they (001 laster. enabling the trough to 
be shorter. "[f [ were :naking a 3-mm 
;tro"d 0' PP that would exit the bath;1t 
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Continuous Feeding Equipment 

Overview 

Introduction This paper deals with a brief review,of:f@diIlg and the strategies used 
to' ):Ittain precision in material 'delivery'."flWil!·discuss volumetric 
fe~ders, gravimetric feeders, srody·theiI'ope:t"iltion, review control 
strategies, examine commurti:catioo'~€I!'it~l§and look at what is new in 

. feeding. And after all of that, Iwil\i~l'tdict the future. 

In this chapter 

Ccmtllllled on next page 

Page 1 



Overview, Continued 

Symbols and 
variables 

I Variable! Description Units I 

~-""- a j Cr~~s se~-tion~T-area of ~-;~'~ri-~lpile on ! dM2 -"---~-1 
L J belt, vibratory tray or disk feeder ---t~-.~--~ 

I c I length of groove on disk feeder '. dM/r~e_v _____ -i I 
:~ _~_I:~bl<lt~ry tray displacement_-'-.cl~ ___ ._. ___ ~_ 
L~~_~ibratory tray cycle rate i Hz 

8 I Screw fill or rotary valve pocket fill factor. i L/rev Or dM3 j rev 
1lUs is the value 

" Number of rotary valve rotor pockets or Integer 
number of screws in a multi-screvv feeder 

r 

T 

v 

w 
a 

k 

e 

£ 

Angle of 
Repose 

feeders 

of feeder 

The volume per pocket or cavity in a 
valve or holed disk feeder 

Rev/lninute 

Meters I miou te 

or Kg/liter 

! Error sign(l; as measured be:~,vecn the C:;irs or measure 
! variable and the 

: Compansoil or 5ub!-raction : Resuits ate umts of 
: measure 

j This ;$ ti"'.e emgle trom the horizontal that a Dugrees 
\ material plle will make due to pMtlCie 
, fnct:Dn. 

Continued 011 next pnge 
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Overview, Continued 

Symbols and 
variables, con'! 

Variable 

!leU Loading . !lelt loading is the weight of material on a 
! weigh belt in the terms of weigh per unit 

Bulk Density , 
i 

Y' 

I 

Drive I This' 
Command I 

Refill I The 
Minimum 

Refill I The. 
Maximum I 

Page 3 

1 Units 

I KgiMeter or Lb iff. 

or LbiFtl 

0-100% - a frequency 
I value of 0-lOkHz 

Weight Units 

Weight Units 

Continued on next page 



Overview, Continued 

Definitions 
c· 

f-:. Item 
• A/D Conversion 

I 

~ASCII 
I Asynchronous data 
I transmission 

I 

Description ,,_~,,---.J 

I The process of electronically converting an [ 
, analog signal to a digital one that can be used I 
, directly by a computer ; 

American Standard Code for Information-~I 
Interchange ,--J 
Data that may change its state at any time and is 

I not normally tied to a clock. A synchronizing 
element is required to align recei ver and 

I transmitter so that data is accurately received, 
i B-a-s~-b-a~n-d-n-et-w-o~k---ti-O-nly one signal is on th~ne~orka't on~-tim-e---1 
, ; and all others are time spaced on the bus, 

I Batch feed systems '. :the~~{;:J¥te@~~l(~ied amount ~f
," produet to the ~~ii1!,66 kg of sugar 

I~ _______ . __ +'-___ . ,'I' .. ____ . __ -; 
I Is often used incorrettlyanif!he common usage , Baud Rate 

I 
, 

I I means bits/sec ofhc~~rtl.iSsion data rate, It really 
i means modulation rate of the communication ' 
I device, 

RririOl" A device that connects two different networks of u 

the same tYDe, It contains Dhysical connections 
and~ign8Iing, ' 

P,r"Mlh~nrl network Uses frequency diviSion multiplexing o~ 
frequencv spacing to keep channels opa:'t. eg, 

! CATV, 

, Carrier band r,etwork A single carr~er on a single chanrlel. )'lodulation 
i of the signal above DC stili requires hme 

-:, 
'!' . ~ 

• 

i CCIn The International Telegraph and Telephone 
• Consultir,g CommIttee", standards "rollD. i 

Cantfr11led 011 ncx! pnge 

Pi1ge4 



Overview, Continued 

Definitions, con't 

I "~<: ;.r~.;;ci<:-::~·~,. .rJescrijHi(}~ . . . ·:,.t.:i;'; 
i Closed·~"ci:mtrol: Co~trol where approprIate f~edback is u~y~'~ 
i"~~·~. ~= I. the..controller to rend€! tire"p'r6!=':s.~:,va:riabl~ I 
c-.. .:J!:'i!fl"~ requal to setpom t. " • "'~ ':'p -::,';;':',' ~ I 

! Conti~feed I These systems delivex.a sp~UJd rate of'~,uct I 
lsyste~f I flow to the process e g, 12,671:.g/miru.it'e'o .:oom I 
I DDC 'f'i" I Direct DigItal c;ontrol w0e;e a~ntr61~@i# I 

-,: was.executed bY. a smglt'l':fOmpute!cOI1Jl~ to I 
I~' _.. :;/ .;4;' I all sensors and'linal con~j,dl!viccll""~ ","~ I 

I DCS' I Dis!libuted Control Syst~~\These~somliuter 
" I -based systemstllat contrq;~ltipleFI~~s or 

~.'.'":.;.",~,!"~';~"."".''--'''~ ... ' . pt!i! wide pro~~es, Ther~p:erate ovel'l(j'~1 
.• -.. .. . . ~~~twork~ ~!h;connecteg proces"$ofs 'lg~r ted 

.'~. . nearthe·pornt of need. '. . ... ';:;:,1 

Dev-ic-e-N--e-t.;.:l''''M-----t"IA-C-O-m-m--'u'--ru-·-c-at .... i-on standard for field devices: 

EIA 
EMI 

Ethernet'" 

. Feeder 

. simpler than Fieldous, using Controller Area 
l\'etwork-CAN- technology, Sponsored oy Allen 

"m:UL interierence 

: Essentially the broadband con:munication model I 

I deve!oped bv Xerox- PARC that DeCa::1e the basis' 
I for IEEE 8023 CS:\,lA/CD LA>:s, (Carrier Sense, 

Access, with Collision Detection. 

I A generic term used to describe a mach1l,e thilt 
I ::neters bulk solids materials into a process in 
some sort of co:ctrolied manner. 

--
. FieldBu5 Foundation : A joining of ISP and Wor!dFIP to produce one 

I common field bus standard, 

Continued em next page 

Page 5 



Overview, Continue a 

Definitions, 
canlt 

----~~------, .---~ 

r'~'----- .~,~~ .~-~.-- -----c---- ~--___, 
,I--___ I_t_em ____ +-________ Description ,-~..J 
I FJeld Bus SP-50 ! Comrmmication protocols from !SA, the ' 

! Instrument Society of America in Research I 

I 
Triangle Park, ~C and lEe, the International 
Electro-technical Commission. '1--________ +_ ----

I Final control element II These are thedevi~_;thatdefine what the ~utp~t 

'
I flow really is, Pumps, control valves, etc. are 

I final control elements. 

\

\ Full dupl~~ data --r: A compl~x sch-e-m-e-to-p-e-r-nu-'"'"r-sun-' -ul-t-a-n-eo-us--d-a-ta--i 

transmIssIOn I transmissions between peer deYkes. A system 
i such as this use'multi=IM~n~errupts to 
I manage data flow. Data is essentiMIY moving 

logic 

Gravimetric or 
gravimetric feeder 

Half duplex data 
transmission 

Heuristics 

!lEC 

IEEE 

, back and forth between devices on the same 

A logic set that uses not only true/false 
conditions but other conditions that lead to 
"shades of control 

Connects proprietary networks to 
network. It is a data translator, converter and 

modifier all in one. 

The use of weight measurement in the operation 
i of a belt feeder, Think 0' it as automatic control 
of a feeder nr(1CP",S 

A simple scheme to permit multiple devices to 
communicate over 2 one or two wire system, 
Generall y designed for one master and one or 
more slave deVICes . 

. The use of learX'ing :0 determine future control 
! or knowledge based control. One example is 
! control sets developed from a rules base. 

International Electrotechnical Commission in 
Geneva, SWItzerland, 

Institute for Electrical and 

Continued on next page 
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Overview, Contlflued 

Definitions, 
con1t 

L Item .~_ Description --. _._] 

1 Interchangeability ; SimIlar devices from different' vendors can easily I 
I : be exchanged, one for theothto1r. i 

I
r 
Interoperabili;Y-i DissilI-;XI~;'devices that c:o;IJt~>pn to a co~mon I 

I specification and can functiqn together. 

~~~~'-'~.---.. I ~:~~:n::i:~a~t~:a~:::~:~;::::s~:,a prod~tlil 
. I of Siemens, . ' . 

I~ajman Filter iA typ-;;-;f stati;;;cal filterf~~5timating the value J 
r i of a process mput ,'" 
I Loss-i~-weight feeder I L~;~~;~~~Veight Fe~der~'?J'=-ra-V-i-m-e-tr-iC---' ._-

I control systems I A type of gravimetric feeder that uses a feeder 
i and supply vessel, in whk,b material is stored, . 

mounted to a weight sensJr. The withdrawal rate 

MAP/TOPS 

i Massflow 

Open loop contro! 

r OSI 
i 

, 
PI Cor.trOl 

. I'ID 

: PLC 

. is measured, computed as massflow and 
I controlled by the feeder control system and the 
! final control element 

i G.M. and n Communication n 

This :s the computed value of flow in the process 
in the units of weight per time interval. 

Control where r.o pertinent feedback signal is 
I used. 

! Open Standards Interconnection data 
i communications model 
i . 
i Automatlc control that uses p,oportlOnal imd 
I integra: action to stabilize and control the 

i Propootiona\, Integral and Differential Control 
! algorithms 

I Programmable logJC controller that is used for 
industrial control. 

.~-.~.~.-,-". 

, 

Continued OIT n(!xf page 
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Overview, Conti:lUed 

Definitions, 
con1t 

Item 

Process variable 

Refill 

RTD 

Description 

measured variable from the process that 
describes the condition, 

The process of filling the LWF bin while the 

differing 

The 

,ea!l~:r,esin process control 
'a ppll' ed_13tochastic 

or rdll(J{)!ll proc<=ss,el;-are de;;('ritJed as a time 

Supervisory Control ,Normally a compu~~rizecj system that interfaces 'I 

System I to many lOcal contr611oops in a plant such that a 
· ' single point of integrated interaction is possible. • 
,---.. _-.. --.... _-;_. __ .. _... . '--:-1 
: TCP lIP . Transmission Control Protocoi/Internet Protocol I 

· VOl unctri c or 
: volumetric feeder 

Weigh belt feeder 

• WorldFIP 

is used in UI'\lX systems that descnbe the ! 
Internet. 

Manual control of the feeder process. The output 
of the feeder ,5 fixed. Or a feeder that controls 
t10w by controlling material velocitv, not taking 
into consideration material bdk density. 

A conveyor type feeder where the be:t velocity is ! 
cor, trolled ~o de1iver a precise rate of bulk solids ! 
to the processat a speCl[~_d setp()in:. .---.-J 
Initiated in France, a consortium of Des i 
providers and others joined to prod uce a fieldbus i 
standard, I 

,-_. __ .. _-------------
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Why Have Feeders? 

Introduction 

Purpose of 
feeders 

Attributes 

This section will look at wrs feeders are required and some of the , . 
attributes that are necessary when using them for compounding 
applications. 

- .. ~.------

The true function of a feeder in a continuous process is to closel y and 
accurately control the flow of bulk solid such that the product produced 
by the process meets quality standards with no waste due to improper 
performance. To achieve the desired level of performance, tr.e selection 
of feeding device, the installation and operation together determine the 
success of the feeding process. You know that demands on the process 
to prod uce a higher quality product, one that is more uniform with no. 
waste becomes more important each day. The proper selection of the 
feeder, the quality of feeder installacon and the feeder operating 
environment are critical to meeting that demand. 

When supplying feeding equipment to a processor, there needs to be a 
common language between the vender and the user. A specified and 
recognized set of numbers is likely one way to improve the 
communication process. The numbers that descnbe feeder atlTibutes 
might include the following: 

Accuracy, which can be considered to be :nade up of th:ee components: 

• Stability or how often do I need to re-cil:jbr~te the :ceder 
• Linearity - How close to sctpoint does tr,e massflow come as the 

operator changes the setpoint value over a wide range. 
• Repeatability- at a fixed setpoint. how uniform are anv group of 

samples. These samples are taken fro", the iiow stream. 

Turndown or the range of setpoint change that can be accomplished is 
another measure of feeder performance. 

Re:lability is an issue thar is not often discussed but can be measured in 
terms of MTBF (mean time before failure) or in ',;) u;:Hime. Robustness 
Dnd suitability for use are also issues. 

Each of these attributes determine how weil a feeding svstem will work 
in YOL;r process. Can you think of other requirements that might affect 
how a feeder might perform in your process? 
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The Basics 

Introduction 

Technology 
Triangle 

This section presents some basic concepts of vol umetric and gravimetric 
feeders and imrod uces the idea of the Technology Triangle for Feeding. 

We need to observe the ideas presented in the concept of the Feeding 
Technology Triangle to design and build a solidly functioning feeder. It 
is shown here. 

_ E lactiO~ic s . al)d ,,' 
Cenrels EnginaE<;ng 
.. - ,,' 

Bulk Solids 

Mechmica! 
Eng'neering 

The linkages on this graphi(.·~r'e:important iiwe wish to build a 
accurate and dependable gravimetric feeder. 

Since bulk solids engineering tends to be looked upon as an art by those 
not skilled in the fIeld and since feeder selection has to be milde based 
upon how well that device can meter the bulk soiid in question, we 
need to focus on this topic first. You must understand the impact of 
how a particular bulk solid mav affect feeder performar\ce. 
For example, if the material does not flow out of the bm above the 
feeder. t:,e feeder below will not serve Its purpose, In a weigh belt 
feeder. :f bin flow above is erra tic, feeder per'orr:,ance ma \' be 
degraded. In the case of a loss-in-weight feeder. If the refill bin is of the 
wrong design, fai,ure of tr.e refill system :0 quicklv refili the feeder 
hopper rnav result in a no flow cO:iditioc to the process. The 
mechanical design of tr.e feeder and supporting bins ane: hoppers must 
be of prime concern. Cleariy. for volumetric or gravimetric feeder 
applicatJons, knowing the flow properties of the bulk solid is critical in 
feeder selection and to the ultimate success of the feeder installation. 

-~----,-,------

Continued on next page 
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The Basics, Continued 

Technology " 
triangle, can't 'The electronics and controlliengineerin:g'portion is where many 

engineers focus their time since Ittany~imetric feeders require 
. $EfPhisticated controls and may l:xHj.-li:1nto process computers for 
ilupervision, Software desigrris rtoWiwi!unn;ignificant engineering time 

: is;spent as designers continue to~~Jeq'uipment performance by 
, th{t implementation of improvedr~!lnd interfaces, 

,. ,~~r f1~~lar 

'The mechanical engineeringaspeet!t~r design include the gear 
boxes, metering devices and in feeders, the 
weighing system, The the bulk solid 
reliably and plays a key role, In 
industrial weighing be available to the 
designer if a high nf'rfniOl 

Final! y, I suggest Ina t 
feeder performance. 
and other disturbance 
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Volumetric Feeders 

Introduction 

Metering 
device-the 
feeder 

------------ .. ~-~.----

This section will focus on the various types of volumetric feeders used 
in the marketplace today. 

Choices abound for metering devices or volumetric feeders. Successful 
ones share certain attributes. They are predictable in their flow output. 
They are reasonably linear in output and their transfer function is stable 
and definable. For a fixed input value, they provide minimal 
fluctuations in flow. 

Feeder or metering device selection is the first avenue to explore. 
Choosing the right volumetric feeder is just as important as 
incorporating the right bin design with the feeder. This decision will 
depend on the desired throughput, and on whether the material can 
withstand being pushed out, being held back as in the case of flooding 
or whether it must be coaxed out more gently. There are several 
mechanisms available to discharge materials from the feeder to the 
downstream operation, these include: single-screw feeders, rotary 
feeders, belt feeders, vibratory feeders, disk or table feeders and vane or 
slat feeders. Selection of the appropriate volumetric feeder is important 
whether you will use it only as a volumetric feeder or add controls and 
a weighing system to make it into a gravimetric feeder. 

Several factors are to be considered when selecting a metering device. 

,I Kind and character of rna terial to be fed; its flow properties 
,) Density of material to be conveyed. 
;J Maximum flow rate. 
'J Minimum flow rate. 
~' Particle size and question of friability 
,) Overall feeder length. 

1 
'I Hopper opening dimensions. 
'/ Environment and use 

Think of these criteria as we investigate toge:her, various types of 
\'olumetric metering devices. 

--"--"~ --_._------
Continued 011 next page 
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Volumetric Feeders, Continued 

Single screw 
feeders Single-screw feeders are the devices mos t commonly used to move 

powders and pellets in compounding applications. Here is an example. 

Single-screw feeders are available with it volumetric capaClty ranging 
from 0.1-56,000 div13 /hr. They are available in several configurations, 
and the basic theme IS carried 'through all versions: The volu;;",etnc flow 
rate IS controlled as a function of the speed of it motorized, honzontal 
screw. Propelled by the force of its own weight, or with agitation, bulk 
matenal in the feed hopper is thrust into the flights of the screw It is 
pushed bv the screws through a resttlctive tube, mto downstrea::n 
equipment. The formula that defines flow rate IS: 

2v1F(Kg I min) ~ l5*r'a*e 

The value of "( is controlled by some type of motor control system. 

Contillllfl10n next Fage 
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Volumetric Feeders, Continued 

Sing Ie screw 
feeders, con't 

Twin screw 
feeders 

------.--~------... --

Some screw feeders use a constant-pi tch screw while others use a 
variable-pitch screw, The variable-pitch screws require less horsepower 
to draw material out of the overlying hopper load, and they promote 
uniform flow from the feed hopper, although this factor may not be so 
critical on smaller screw type feeders, 

Single-screw feeders are relatively inexpensive, and usually require 
only simple maintenance. They are versatile enough to handle free
flowing powders, and granular, pelletized or flaked products, such as 
plastic pellets, polyvinyl chloride resins and regrind, 

The twin-screw feeder is very similar to the Single-screw feeder, 

The difference is one mo:or drives two intermeshed or non-intermeshed 
screws. Iv!ost designs are co-rotating- that is the dlscharge screws ro:ate 
in the sa:r,e direction, 

------_ .. -_ ... ---------
Cont!n!ted ot! next page 
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Volumetric Feeders, ContinCied 

Twin screw 
feeder, con'! 

,. '-' 

Here is a photo of typical feed screws used in a twIn screw feeder. 

Throughput capacity ranges from 0.2-39,200 dM3 Ihr . The formula that 
describes the output is: 

MF(Kg/Min) = f3*r*d*n*e 

In small twm-screw feeders the close fit between intermeshed screws 
helps to keep flood able materials from uncontrolled discharge 
lntermeshed twin screws are also adept at moving s:icky mi\tedals. 
since the screws are self wiping. This attribute, however, may cause 
problems when feeding pellets, which may jam or become crushed 
between the two screws. If the feed screws ilre intermeshed, the flow 
formula becomes: 

ev1F(Kg/Min) = Wr*a*n'(l-!l)'e 

Twin-screw [eede,s are recommended for hilfd to he.ndle products, 
such as carbon black, iron oxide, diatomaceous earth, titanlurn dioxide 
ar.d other additives. Twin-screw feeders also offer a smoother, more
consistent flew t:,an do their single-screw cou!1terparts. 

Con tinned On next page 
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Volumetric Feeders, Continued 

Belt feeders Belt feeders are versatile, They are available as a volumetric metering 
device, or as a weigh-belt feeder in a gravimetric configuration. 
Through an inlet gate on the feeder itself, material is sheared from a 
storage hopper above and delivered to a conveyor belt. In its volumetric 
configuration (as a regular belt feeder), this gate discharges an 
adjustable profile of material to the belt. 

Their low cost, sim ply understood particular 
adeptness for applications withhi.ghflow rates them desirable in 
many industries. Such feeders are often used to' high volumes of 
fragile material, granules, ores and powders, bins and silos. 
Imagine feeding corn flakes in a screw ,', '. volumetric capacity 
ranges from 28 - 5.6 x 105 dM3/hr. Belt width ('a~:range from 150-1800 
mm .. The length of the unit can run from 1 to lO~eters. Capacity of the 
belt feeder is determined by the belt speed andbj the profile of material 
discharged to the belt as in the following formula. 

MF(Kg/Min) = lO*v*a*o (assuming the measure for 'v' normally 
measured from the \'elocity of the belt 
equals the velOcity of material on the belt) 

Belt speeds range from 0.3-75 m/min., with 20 m/min. considered an 
upper Iim!t for smaller feeders, I-ligher belt speeds result in excessive 
belt and equipment wear, increased horsepower requirements, and 
cause high levels of dust if a fine product is being conveyed, Materia, 
velocirv and belt velocity may not agree at h~gh belt velocities, and since 
belt speed is what is measured, flow errors can result. 

COlltin!<ed 0/1 next page 
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Volumetric Feeders, Continued 

Vibratory 
feeders 

Vibratory feeders are used to move materials thattould damage, or be 
damaged by screw or belt feeders. Materials such as abrasive or friable 
solids are held in a pan or tray in order to carry them toward the 
discharge point. As the pan vibrates, cyclically' at an angle to 
horizontal, the particles hop down the tray toward the discharge outlet. 

Electromagnetic energy or motors ti'.at use counterweights are common 
vibration sources used to set the tray in motion. Tray displacement 
typically ranges from 0.80 to greater than 3 mID. We see an exaggerated 
picture below of how material moves. 

Factors for determining flow rate from a Vibratory feeder include tray 
frequency and displacement, material flow chara.~!~i.stics and to a 
limited extent, head pressure of material on theti:'ay:' The capacity 
range on these feeders is from 14-1. 12x106 d~f3/hr. Vibratory feeders 
use an unobstructed feed tray and are therefore useful in si~uations 
calling for frequent cleaning, But for them to convey, trays must be drv 
to permit controiled flow. The flow formula is: 

MF(Kg/Min) = 60*d*.Q*iJ*a*e 

Vibratory feeders are limited in their ability to be entirely accurate in 
setting the rate of discharge with conVentional controls, and the rate of 
discharge tends to vary in a set range This non-linearity is particularl\, 
proD lema tiC during volumetric discharge, therefore frequent calibration 
will be required to gain the most accurate feed rates, 

Continued Oil next page 
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Volumetric Feeders, Continued 

Vibratory 
feeders, con It 

By comparison, a well designed volumetric screw feeder has very linear 
turndown, making it reliable over a large range of feed rates. If used 
gravimetrically, vibratory feeders are more reliable, since the 
sophisticated control system re-calibrates the system automatically. 

Here is a photo of a vibratory feeder mounted on a scale to produce a 
loss-in-weight feeder. You can see the tray mounted to the electro
ma gnet structure. 

Con.timwri 0/: next page 
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Volumetric Feeders, CO!ltinued 

Disk feeders 
Disk or table feeders have a rotating table or disk mounted off-center 
and sealed against the bottom of the feed hopper. As the motorized 
table turns, a groove in it fills with material sheared from the hopper 
above, Once the groove moves out from under the hopper, it is emptied 
by the extractor, 

/lo' 
I = -u-" 

I 
--........ ~ 

Drive Molor I : ';, 

Flow rates are determined by material density, speed of the disk and 
geometry of the groove. The disk feeder, reserved for smail flows of 
powders. has a capacity range of 0,012 dI\P /l1r, Disk fceders work 
well with materials that are highly cohesive or have very high shear. Its 
flow formula is similar to others already described, 

MF ::;: a*r*o*c*j 



Volumetric Feeders, Continued 

Disk feeders, 
canlt 

~~~---- .. ~~ .. -.-.-

A deviation of this concept uses holes in the disk rather than a groove to 
hold the product. Only one hole at a time deposits material to the feeder 
outlet as the holed disk rotates, The flow equation is 

MF = r*d**j*n*q* 

A picture of the internal disk-arrangement is shown below, Holes could 
be used in place of the edge placed cavHies. 

COl1t!!wed on next vagi? 

Page 20 



Volumetric Feeders, Continued 

Vane/slat 
feeders 

,~'!'!" 

The vane or slat feeder diseharges material via its multiple vanes, which 
. look like a venetian blind motmtedllPozontally at the discharge outlet. 
. When the slats are not in motion, ~material in thE bin bridges over 
the slats. When the slats a~ vibrate~laterally, the bridge is broken and 
material flows. Some desighs ailo~.$latsto be dosed all the way, to 
prevent any flooding of f~ mat~.Qne design moves the angle of 

'J. the slats to control flow. ~ther angle and controls the 
amplitude of excitation on,ttliE! 

~J, .. 

Excner 

Vanes 

The capacity ranges from 0.16 - 6.6xlOs dl'vf3/hr . Mounted directly 
under a bin, this feeder works well with stringy matenals. anei with 
materials whose cohesive strength is sufficient to prevent flooding 
when the slats are open. Excitation can be by an electromCignetic drive 
or eccentric counter-weighted motors For the feeder style that uses 
blade angles to control flow, the approximate formula for flow IS: 
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Continuous Gravimetric Feeders 

Introduction 

Gravimetric 
feeders, an 
intTo 

In this section, I will discuss both types of gravimetric feeders and 
examine their role in the continuous compounding process. 

Most gravimetric feeders use electronic systems, generally more 
sophisticated than volumetric feeders use, to control the feeding 
process. Weigh cells of some type are included in the control scheme to 
reach some conclusion about the bulk density effects of the material 
being fed on the flow rate. However, the choice of volumetric feeder 
used in metering and controlling the t10w rate is critical to the quality of 
a gravimetric feeding system, 

There are two main types of gravimetric feeders used in compounding 
today. The first type is the gravimetric weigh belt feeder and the second 
is the loss-in-weight feeder. 
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Gravimetric Weigh Belt Feeders 

Introduction 

Function of the 
gravimetric 
weigh belt 
feeder 

----_._.-_._---

This section discusses the role of the weigh belt feeder in compounding. 

The gravimetric weigh belt feeder-WBF- is a simple device that moves 
product using a belt conveyor, unde: which, is located a weighing 
system. The weighing system measures the weight of bulk material per 
length of belt travel, converting the weight measurement into a value 
called belt loading. The units of belt loading are typically in lb /ft or 
kg/meter. 

There are modifications on this :he:ne, but let's use this case as our 
example. What element cont::ois the flow? course it is Jelt speed as 
measured in ft/min or meters/mm ve;oci:y But what is really needed 
is material velocity. Is the material velocity really known! Lets see 
what happens when :he control system deals wlth these \·alues. Here 
are it few definitions. 

BL ~ belt loading, (kg/m) 
135 belt velocity and hopefully, material velocity, (m/min) 

Continued on next page 
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Gravimetric Weigh Belt Feeders, Continued 

--_ ... _---_. . ... --... - .... - .... ~ .... ---

Function of the BLkg/M = (Bulk DensitYkg/M3)'{Cross-sectionai area of mater:alfv!2) 
gravimetric 
weigh belt Mass flow(MF!koimin '" Belt Loading(BL) x Material Velocity(BS) 
feeder, con'! c 

To control rate at a fixed setpoint and since MF = S1', then 

Belt Speed ~ Setpoint/Belt loading, The motor velocity is controlled, 

5L 
Maenal Flow 

. , 

Inlet 
Seeton --

SOli ___ .... e..S 

Melon 

Early feeder designs hetd the belt speed fixed using AC motors to drive 
the belt and adjusted belt loading, A serve gate adjustment which 
regulated the pile height on the belt or " pre-ieeder which did the same 
thing was used, When the setpoint \\'.as reduced, so was the gate height. 
Now, IT,ost vendors fix the inlet seetio:': to acheve uniform product flo\\' 
onto the weigh belt and vary the belt speed with a variable speed motor 
drive to meet the desired flow rate, 

COlltnW'!ll on next page 
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Gravimetric Weigh Belt Feeders, Continued 

Belt feeder 
benefits 

Weigh belt feeders are an inexpensive solution when feedrates of 250 
kg/hr or more are required and the IT.ateriai is free flowing. These 
feeders have low headroom requirements, low power consumption, 
and are compact when the flow rates become high. I also find that 
people use weigh belt feeders because their operation is easy to 
understand and troubleshooting is generally straightforward. 
Additionally, the weigh belt feeder can be used as a meter or flow 
indicator when run a constant velocity. 

-----~--~ ~---.-~.-~.-.. ~.------

Belt feeder The use of belt feeders have some limitations because of the 
compromises measurements used in the calculation or massflow. Both the speed of 

the material and the weigh per foot of material on the weigh belt are 
described by other measurements. The equation that correctly defines 
massflow is: 

Belt feeder 
applications 

MF", Vm*Am*iJ where 

iJ = bulk denSity, Vrn = material velocity and Am = material cross section 

Neither of the measures that we say earlier are V m and Am. 

This situation results in the use of inferential measurements to compute 
the massflow value. The feeder weighs the amount of material on the 
belt, through the belt, and then converts the measurement magically by 
a factor of weight span iength to obtain the belt loading value. Since you 
cannot easily measure materiai velocity, deSIgners measure belt speed 
by vanous methods and various transducers and hope that the material 
is movmg at the same speed as the belt Calibration generally must be 
done by catch samples to insurc'!c,"urate performance. These feeders 
also req'.lire periodic cleaning and mamtenance. However, iel spite of 
the problems associated with the material measurements, weigh belt 
feeders are pract!cal for selected appLcations :n compoundil'.g. 

Current applications for weigh belt feeders include rate control of 
pelletIzed materials in compoundncg. Feeding plastiC :-esin or pellets 
that have few fines and at rates well above 250 kg/hr is a common 
application of these deViCes. The feeding of some types of stranded 
materials is also possible. 
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Gravimetric Loss-in-Weight Feeders 

Introduction 

Function of the 
gravimetric 
]oss-in-weight 
feeder 

This section discusses the role of loss-in-weight feeders in compounding 
operations, 

The loss-in-weight feeder - LWF- weighs the contents of the feeder, 
mounted feed hopper and material in the hopper, Here I show an 
example of a loss-in-weight feeder operating in a lab, 

Continued on next pnge 
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Gravimetric Loss-in-Weight Feeders, Continued 

Block diagram 
of a typical 
loss-tn-weight 
feeder 

The following sketch shows the key components of a typicalloss-in
weight feeder. 

Screw Feeder 

Scale 

What is being weighed in this example? What happens to the scale 
readings as material is withdrawn from tr,e feeder? 

Continued on next page 

Page 27 



Gravimetric Loss-in-Weight Feeders, Continued 

Function of the 
gravimetric 
loss-in-weight 
feeder, can'! 

As the feeder discharges material, weight decreases in the feed hopper. 
The upslope portion of the graph defines the refill period. 

Material 
Weigh! 

dW 

Time 

dT 

The value of [" weight!" time or dw / dt ] is computed as mass flow. 
Once the controller has calc;.llated the mass flow value in this way, the 
massflow is compared to the required setpoint. The resulting error, if 
any, is manipulated to control the feeder discharge device so that 
setpomt is achieved. Unlike the weigh beit feeder system, one of the 
great benefits of the lOSS-In-weight feeder is that It directiy uses the 
measurements It makes of the process for cont:·o1. 'Wha t are the process 
measurements in loss-in-weight contro:! Weight and time are the 
needed measures. 

Cont!!1Ileri Oli next page 
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Gravimetric Loss-in-Weight Feeders, Continued 

To calculate 
massflow of a 
loss-in-weight 
feeder 

---~-"-'-'--"--'-'--

Two different approaches to computing massflow are used. The most 
common strategy is to differentiate the weight on the scale system with 
respect to time as the earlier graph indicated. The first differential of 
weight with respect to time is massflow is a pretty straightforward 
calculation and is shown below. 

MF=dW/dT 

A different approach to rfu~r~==~fif 
integrate a massflow 
predict a new weight 
predicted weight in 

Predicted weight 

possible. Why not 
weight loss to 

arrlpl,e, the equa tion for 
written as: 

where T = the sample time period or interval 

Deviations of the predictfo~'ifro:iiYl\~Ti;t::'i~easured weight value 
result in a modification of the.rnassflow es~te and a new future 
weight prediction, A soffware implemented.fllter called a Kalman filter 
that uses statistical mathematics develops the prediction, 

-.,,-< ". ,'. .: 
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Gravimetric Loss-in-Weight Feeders, Continued 

The refill 
process 

While the feeder is operating in gravimetric or mass control, the weight 
loss is being detected and if not meeting the desired value of setpoint 
corrective actions to the metering device occur. However, the feeder 
process, while it uses a direct measurement of weight, is discontinuous 
in operation or at least its measurement process is. That is, if the feeder 
continues to operate, the weight of material in the feeder hopper finally 
is exhausted, resulting in no flow to the process. To overcome this 
operational flaw, at some point before the feeder hopper becomes 
empty, a refill of the feeder hopper is required. The feeder is not 
permitted to stop its discharge however, so the refill must happen" on 
the fly". Two methods exist to refill the feeder hopper; manual method 
by the operator and the automatic method using machinery. Manual 
refill implies that a bag of bulk solids is tossed into the feeder hopper 
and the process continues. Automatic refill implies that machinery 
under control of the feed system will add material to the feeder hopper 
from an upstream supply. We will focus on the automatic approach 
since the manual approach to refilI is merely looked upon as a large 
scale disturbance and is basically ignored by the control system. 

Weight 

- - --------1'-

Commence 
Refill 

Terminate 
- -Refill 

Time 

1"',,11--- Refill Period 

ContinUe(( 011 next pnge 
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Gravimetric Loss-in-Weight Feeders, Continued 

The refill .: ·'In automatic refill, the feeder control sy~tem switches to volwnetric 
process, can't control, which means the fbe'dll!l~e1t1dty is fixed for the' , 

duration ofthe refill proce$$I~mm is a classic algebrai'c ' 
dilemma. We have oneequ~Unkitowns. ,""'. 

of·~~.~n~ed:-: " (.,-,~"{1'7'· 

When in normal operatil11il)·VJitl\i{jt."~~bEing lost from the'l!eale,f 
system, the weight loss over tiriterepresents the mass flow into the 
process. When refill occl1't!;9_~ment includes-.botl:\lttg!~
fetid from the refill systerrl~,fto1:nthe scale m01il'lllted 

, vessel.· ., . :>[1 t~ 'c.· ' 

For this exalmF,le ~{llf~Blri' the refill device as MFr 
and the the scale 

therefore MFs '= MFo-MFr 

Neither MFa or MFr are known independently, Therefore, we calculate 
net ther during refill and lock the feeder output. Is there a way around 
this situation? What l7light be the result of continuing in gravimetric 
coplrol while refilling? Likely the metering device would operate at full 
speed. Why? 

COlitinued on next pngE 
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Gravimetric Loss-in-Weight Feeders, Ccn:inued 

lmproving the 
refill process 

Disturbance 
detection 

It is easy to see that it is possible that the mass flow can be in error 
during the refill process. Due to various m.fJuences on the material, the 
metering device, when the feeder ho?per is nearly empty, may have a 
velocity component somewhat greater than it had when the hopper was 
full of product. orten that velocity may be higher by more than 10%. 
Why? What does this mean to the massflow as the feeder completes its 
refill cycle? The massflow rate may be high by as much as 10% 
immediately after refill until the system returns to the gravimetric mode 
and re-establishes control. 

This process can ':le corrected to some degree by preventing the material 
level from getting too low in the feeder ':lin. Or the Refill Array® may 
do the trick. The Refill Array® monitors conditions as material is 
metered from the feeder and applies that information to the feeder 
control during . Since 
operation of the arrll.Y during 
refill is results 
are found than when the a specific 
velocity. This technique::rsP.luticularly helpful .. refill-times are 
long. Normally, you should try for a·refill. J;leriod . about 6 to 10 
seconds. This insures positive control over the incoming material ':lut is 
short enough in duration that minor flow variations should not perturb 
the downstream processes. 

Disturbance detection is critical to the operation of both a derivative 
ilnd integrated massLow computation approach. If a disturbance goes 
undetected, the massflow calculation;s im?ac:ed by that disturbance, 
There are a num':ler of concepts in disturbance detection Some will use 
the second derivative of the weight \'alue, others might use a 
comparison of expected weight to measured weight as the trigger, What 
is done ".fter disturbance detection also vriries. Some lock the output 
the conh'oller when a disturbance is detected, Others mav use stochastic 
control concepts to dynamically change filter!ng cons:an:s, Each 
vendor tries to limit the amount of output discontmuity due to outsIde 
weight dis:urbances 

-----~ ........ -.~ 
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Gravimetric Loss-in-Weight Feeders, Continued 

Benefits of 
using loss-in
weight feeding 

Loss-in-weight 
feeder 
compromises 

Loss~in-w(;'ight 

feeder 
,lpplications 

Loss-in-weight feeding has many benefits and few disadvantages, 
Among the benefits are: 

• The optimum feeding device may be selected for material to be fed, 
• Material is fully contained, keeping your work area dean, 
• Calibration accuracy is normally a function of the weighing system 

only, 
• If refill period is short, a high level of control is achieved using actual 

measurements from flow, 
• High accuracy over large setpoint turn-down val ues is possible, 

The major problem with lOSS-In-weight feeders is a problem of 
discontinuity, What I mean is that the feeder can't run in gravimetric 
control all the time because at some time in the period, the urut has to 
refilL The feeder controller switches to volumetric control where rate 
calculation is suspended, The feeder can't control its flowrate when it is 
uncertain what the real weight loss measurement is, Essentially, the 
speed of the discharge device is locked (volumetric control). Why can't 
the feeder stay in gravimetric control during refill? Is there a way that it 
could? Also, the issue of scale resolution and sensitivity to vibration is a 
factor in accurate weighing using this technique, As setpoints become 
smaller, the' need for a high quality installation, minimal plant 
vibration, and air currents, etc, must be given more serious 
consideration, For large flow rates, having adequate vertical space 
becomes a serious issue, 

-,--,--,-,--,~---,~~-~--------

With the correct feeder involved, these types of gravimetric feeders can 
feed i'l variety of materials from flolV rates below 1 kg/hI to rates higher 
than 5000 kg/hr, These reeders handle pigment, resin, and other special 
bulk so::ds used in compounding with good accuraC:J, 

----,-,-~-,--

Page 33 



Feeder Control Systems 

Introduction Feeder control systems have moved away from analog and even simple 
digital systems of the past. Now most feeder control systems use one or 
more microprocessors and related hardware to control the flow from a 
gravimetric feeder. This section will briefly describe current concepts in 
feeder control. Here is a picture of an example of a multi-unit feeder 
control system with color monitor 

C:ml:Jwed 011 ~1e:'.:t page 
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Feeder Control Systems, Continued 

Weigh,!>\'J~u,'_ 
feeder control 
system 

,I,' ,.;,-,." 

,', ,:~-:;t"'Q.r"t'f> 

The typical feeder control system is really nothing more than a 
conventional PID control structure with a special front end to handle 
the conversion of weight data and possibly belt velocity into the process 
variable signal called massflow. 

. i"''''Wa'' Weigh belt feeder controllers tend to be quite simple. The computation 
of massflow from belt velocity and belt loading IS easy. Complexity 
comes from handling 1-0 activities, the user interface and 

:,,, .... _" .. ,_ communications to the outside world of plant computers_ Here is an 
i{i'!~;.:~;:~·.example of the weigh belt control system. 
j~,~ i~;~j~:~ 
.;.~r,~w 

~rr:'-

Weight 

. 

S8!;>1 LbtHr 

! Mass ' Drive 

BL'SS 
Row 

2: 
i Command 

I 
Kc 

I -11 
Feeder Control Unit 

0 Kc 
Speed 

: 

Wo:or Drive Unit 

\1 O·9C 
Vee 

i Motor ; 
Feeder O.-J ! 

L. ____ -=Jl=--U _ 

~-~------.-.------ ~-------
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Feeder Control Systems, Continuea 

Weigh belt 
feeder control 
systems, con 1t 

In the prior example, cascade control with the measured variables of 
weight and motor speed are used to compute belt loading and belt 
speed. When those two values are multiplied, massflow IS the result. 

plant, motor: 
sophisticated striite~~lt 
calculation. 
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Feeder Control Systems, Continued 

~-~-~~ .. -~ .. ----
Loss-in-weight Here is a diagram of cascade control in a loss-in-weight feeder control 
feeder control system. ;, ... 
system, con1t 

Feeaer Control Unit 

Mass Flow 
Computer 

JlJ 

. I. 

".~'" 
:;t{"'.'v 

Output 

In this example, weight and time are computed as discussed and the 
result is m mass flow units. Comparison to setpoint with appropriate 
corrective action being taken if the massflow and setpoint are unequal. 
Sophisticated filters such as the Kalman technique and Digital Signal 
Processing -DSP - are becoming more common in an attempt to 
compute a more valid massflow value. This is the real issue in l>igh 
performance loss-m-weight feeder systems. 

Continued 011 next page 
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Feeder Control Systems, ContlnJed 

The user 
interface 

------.. ~.--

The user interface of many microprocessor based feeder control systems 
include either a multi-line display or a CRT monitor, either 
monochrome or in color to enhance operator effectiveness in using the 
control system. Keyboards of various configurations are used in feeder 
control systems. Single and multi-user stations can be found from 
nearly all manufacturers. Every vender trIes to provide a unique and 
optimal solution to the user interface question. 

Here is an example of a typical single ingredient feeder control panel. 
This is a KlOS control panel from a KIOS chaSSIS controUer. 

Continued c','? l1ext page 



Feeder Control Systems, Continued 

The user 
interface, con't 

Next is an example of a multi-feeder system user interface that uses a 
color monitor for information display, This interface is called the 
K-Commander and provides recipe storage, 4 process line control and 
communications to a host environment. English, German, Fre:1ch and 
Spanish are supported display languages." .,' 

. -
_--.. - ....... ..,. 
.--~-- - ::!.' 

~ 
_,. a_ 
I - --:-

,~, 

~,=a· . . 1"'_------
I like to see simple user interfaces. From an operational sta:1dpOlnt. I 
beJieve that designers should use the power of the computer inside to 
make the user interface simple on the outside. Interfaces should provide 
clear. unambiguous messages, tell the user what to do i:1 simply 
understood terms and provide direction that results in no operational 
error bv the user. They should be intllitive to use. 

In the least. messages and key descriptions should be either universal 
where practical or in the users language where a universal description 
is not precise a:1d clear. 

The~e are both good and poor implementations of user interfaces. The 
Llser public must decide what is important and direct their vendors to 
an implementation that suits them .. 
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Current Feeder Design Strategies 

Introduction 

VYhat's new? 

This section deals with current trends in feeder design for 
compounding applications, 

---."'" .. --~~.-.-~ .... - .. --
Feeder ver,dors know that compounders are faced with a problem that 
is similar to those faced by manufacturers of discrete products, Unlike 
earlier times, process runs are smaller and more variations are required 
in the delivered product. Rapid product changeovers are now the norm 
in many locations, Compounders are faced with the need to produce 
short runs of product with rapid dean-up and changeover to a new 
product and new iormulatlOn, The problems are many, I can list some 
of them here, 

• Feeder cleaning, how easy? 
• What about calibration? 
• Will the new material feed correctly in the feeder I have? 
• How fast can I make the changeover and how difficult is it? 
• Do I have to re"program my feeder control system to feed a new 

material? 

r believe that modular feeder systems, that is, feeder systems with 
removable metering units that can be rapidly interchanged or removed 
for cleaning, are the way of the future in compounding, Modular 
designs permit rapid cleaning of the feeder portion, quick and easy 
changeover from one feeding module to another with no re-calibratlor" 
since the weighing system is left undisturbed, 
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Current Feeder Design Strategies, Continuea 

"~~~,,,~,.-:,'::~:" -------------------------,---
The moduIar.,.::,:{c\;""'" ' 
feeder, ,w"'j{typical modular loss-in-weight>feede:Nlv¥Jipermit exchange;of the 

, feeder unit to best suit the::l!.pplication,A:twarrscrew clischargenal\'Ue 
rep!a~ed with a belt feeder,'i\single s<!reW'feeder or a vibratory tray·, 
feeder to meet a wide variety of feeding needs~ The modular feeder' 
shmdd be designed for ell'Sy clea:tring a11ldlfOr'l'apidprodl1cb:nal\get>Ver. 

"', ,'" (:, "', ','"-n,,,:,Ii'l'''orVo'r:'l1::' .,",the:'t{",:·, ~.:;:. ::.l&the 

. :.H~;eis an example of a smafieiriiadula; !ds~~th-weight feeder using a 
,,,twinscrew clischarger£orfeed:rates up tolOOKg/Hr. Notice the 
',' removable feeder section·aithiiiboiitom. ' .,," ' 

- '.,., '. ~,'$ . ~ k.<f:1L ; 0.1 
_ ,'.J, • ' -." ," l'>~'t"':;l'\';;'· f," . 

, ij-

Continued on next page 
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Current Feeder Design Strategies, Continued 

Compact 
feeders 

Additionaily, some vendors have begun to recognize the needs of the 
experimenter and laboratory user. Venders may now supply smaller 
and less costly equipment for those in the R&D and product 
development environments. K-Tron has the compact feeder line which 
uses small, accurate 24 Kg scales to support three different types of 
feeders in loss-in-weight configuration depending upon need. Shared 
controls reduce cost further. These feeders are small, designed for low 
rate feeding and allow grouping around an extruder port. 

Here, as an example, is a smail single screw feeder on a 24 Kg scale 
designed for laboratory applications or low rate applications. Note the 
removable hopper assembly. 

--.... ---------.. -~--.. ---. 
Contin1led on !lex! :unge 
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Current Feeder Design Strategies, Continued 

The modular 
control system 

I also see the control system becoming modular as well so that you buy 
only the control pieces that you need and only plug in advanced 
capability when necessary. Software driven instruments and controls 
permit such action. It also provides for easy upgrades and product 
improvements. 

Some vendors are providing feeder control capability in a PLC I-O rack. 
The feeder control system is imbedded in the users PLC network and 
system. This is an approach to modular control. 

I also suggest that with the current state of electronic design, reliability 
for well cared for equipment is high. With improved software design 
techniques, the integrity of the software which controls the opera lion of 
the feeder control systems is becoming more robust. 

To study modular control systems';'we have to examine a topic called 

local area ;.;t:~~~,S;~~;V~~~ con~;~,,, "" ,., .... '''§; 
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Overview 

Introduction 

Supervisory Control 

This chapter will show what is currently being used today in control 
systems for supervisory control with specific discussions about feeder 
control systems and their lirtk to the plant-wide control system. 

--- ... ~.- .. -~ .. ----
In this chapter We will cover the following topics in this chapter on supervisory 

controL 

History of 
supervisory 
controls 

._------------ ----------,-----, 
Topic : See Page 

~-----------------~------~----------~ ! SupervIsor to Feeder Communication Links 45 
~----+-"-=7--i . Local Area Networks I 48 
i--=- 1--
~roprietary LANS ___ .. _____ ... ______ .... ____ ~ ... ~. 55. ___ 1 

In the early days, analog information was transferred to and fro to 
controllers and supervisory computers. In most plants today, 
computerized information is transmitted on electrical cables from 
sensors and controllers to supervisory computers. We will leave the 
exact evolution to others. Let's look at i\ current approach of sending 
data by serial means. 
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Supervisor to Feeder Communication Links 

~i~~~"---~ 
Introd\ldr&'rt", This section outlines some common strategies for iinking feeder systems 

to a host supervisor. 

". ,'.' 

Computer based control systems have made it extremely easy to 
connect to all sorts of external embedded microcomputer systems, One 
can use a PC to communicate to a feeder system using icons on the PC 
screen to define a control implementation. 

Such a control system is shown next. Communication is often times 
handled through an ASCII serial data link, 

iO Feeder 
Control 

I PC'" 
I System 
I 

Communication 
Link 

COlilinued Oil lIext page 
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Supervisor to Feeder Communication Links, Continued 

Supervisory 
link using a 
PC, con't 

This photo shows a representation of a compounding process on a PC 
morutor. Data retrieval and presentation is controlled by the application 
program in the PC 

Recipe storage, flexible alarm and data tracking systems can ail be 
implemented with relative ease. 

COJltir!:mi all flex; page 
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Supervisor to Feeder Communication Links, Continued 

PLCIDCS 
supervisory 
links 

Also, many feeder control systems connect to nodes or gateways on a 
data highway such as those from Modicon and'Allen Bradley, These 
devices connect between the feeder control sys~'and the PLe 

Users have many choices in how to interc:on:ned;;1tl\E*ed,er system to 
the plant-wide control system for the . control over 
seri al data channels. 

The PLC and the feeder control system cmmect to such a gateway 
which converts the PLC language into one understood by the feeder 
controller and in reverse, the gateway converts the feeder control 
language into a syntax understood by the PLC 

In a future graphic, a network will be drawn that shows this gateway in 
use. This leads us to discuss, in general terms, local area networks, 
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Local Area Networks 

Introduction 

Local Area 
Networks, 
LANS, the 
preliminaries 

This section will introduce the concept of networks and discuss some of 
the more common ones. 

When it comes to networks, a designer has a lot to do. The medium 
over which data movement will occur as to be defined. The topology or 
organization of the netvvork has to be characterized. The access strategy 
has to be implemented and the message syntax and protocol has to be 
established. There are also other issues such as real·tirne considerations. 

All of the prior work culminates in local area networks. "Data 
highways" are a form of local area network. While there are twisted 
pair, optical fiber, broadband, baseband and carrier band strategies that 
define today's local area nerworks, other references are suggested for 
information on the detail of these concepts. Topology, or the 
organization of connections also fits a number of concepts: the ring, the 
star and the bus. The principle standards in defining access strategies 
for networks are IEEE80Z,3 for Carrier Sense, Multiple Access with 
Collision Detection(Ethernet™ designed by Xerox at P ARC was the 
basis) , IEEE 80Z.40 for Token Passing Bus Access Method and IEEE 
802.5 Token Ring Access Method. ISA Proway-SP72.0! -LAN standard 
is a restrictive form of IEEE 802.4 designed for industrial use, Many 
other LANs exist. ARCNET, PC l\iet and Star Lan are among them. 

Plenty of PC LANS also exist. Novell is one producer. Banvan is 
another. Vendors tend to proliferate as technology mOl'es forward. 

We now study an ISO-OSI standard in 71al'ers that is becoming a 
driving force to consolidate network struc:ure and function. 

C(lnti/wert OIJ ne::t page 
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Local Area Networks, Continued 

ISO-OS! 
network 
model 

-------.. -.--

The ISO-OS1 Open Systems Interconnection reference model is an effort 
to define a standard for all computer communication schemes. It is a 7 
la yer model. 

User Layer 

Program· Layer 7 

Presentation - Layer 6 

Session· Layer 5 

Transport· Layer 4 

Network· Layer 3 

Data Link· Layer 2 

Physical - Layer 1 

The User layer is the application that uses the network. The Program 
layer provides the communication link between the network software 
and the user software. The Presentation layer handles the necessary re
configuration of data in and out of the network. It might convert ASCII 
data to EBCDIC. The Session layer controls the data flows in and out of 
the network. It also synchronizes activities on the network. The 
Transport layer provides data transfer from node to node on the 
network. The Network layer handles routing of messages between non
adjacent nodes on the network. The Datalink layer reduces error rate 
issues when messages move between adjacent nodes. A number of IEEE 
standards such as IEEE 882.3 defines.operation of the Data Link layer 
which involve providing access. The Phvsicallayer codes and trar.sfers 
data between adjacent nodes on the network. There are ISO 
specificatior:s that define each of the lavers. 

COl!tllwed 011 next page 
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Local Area Networks, ContinJed 

Network 
transmission 
media 

The transmission media is in three domains: Broadband, Baseband and 
Carrier Band. 

Broadband is a transmission medi urn tha t has many carriers on the bus, 
frequency multiplexed to provide channel separation. Think of how 
cable TV works. Multiple charmeis, each carrying data from transmitter 
to receiver. Bandwidth for an electrical cable system using 75Q coax is 
about 350 MHZ. Significant data can be transmitted on a system with 
this large band width. 

Baseband transmission is done by time spacing digital signais, one at a 
time, on a bus. One often thinks of dlgital puises traversing from 0 Vdc 
to +S Vdc as a form of data that you would see on a baseband svstem. . , 
There are other versions such as +/0/-leveI5 giving three states rather 
than two. Twisted pair, or more often coax, is the cable choice. To work 
correctly, baseband is used in point to ;Joint communications, in a bus 
arrangement or in a ring topology. 

Carrier band uses a single rather than a multiple carrier of the 
broadband system. In many ways, it is a single charmel broadband 
system. It is often found in industrial environments. 

Contimli;l! on next pnge 
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Local Area Networks, Continued 

Network 
topologies 

, Network topologies describe how a device connects to others to which 
it must communicate. Network topologi'ls:generally come in three 
verslOns. The Star, the Ring and the Bus.:fJiagrams show the concepts. 

,You can also have combinations of each m a-system. 

If the Star Topology is used, it is built around a central control point. In 
the early days, a central computerwas,Mcibe-center, terminals atthe 
points, ",,,', "" .. 

, 
"" -.,L 

" 
Device " 

-'''':*~\i'' 
A • . ' 

" , . 

Device ... ~ 
Master ... .. Device 
(Host) -

The Star Topology a key concept when master / slave communications 
are used. This concept does not permit peer to peer communication 
except through the host. Star topology works like yOl,lr phone system in 
your home. 

The Ring Topology supports peer to peer communications. 

Device 

Device Device 

Device 

Each communication deVice in the ring sees all of the data passed in the 
ring. It is possible that if a single device fails, the total network can fail. 

Continued on next page 
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Local Area Networks, Con:inueci 

Network 
topologies, 
con't 

The Bus Topology looks like an extended computer bus. Devices 
connect to the 'backbone', Peer to peer communications is supported, 

Device B 
~ I I • - -1 I .. 

Device Has! 

It is fail-safe In the fact that if any device fails, it will not :ikely 
shutdown the network. The AC power wiring 111 your house is set up 
much the same way, 

Today, many local area networks will use a combination of topologies 
to best fit the network to the problem at hand, I should alSO point out 
that what has been described as a physical topology can also exist in a 
logical topology. That is the physical bus topology can exist as a logical 
ring topology as shown below, 

......... _D_e_v .. ic_e_"""T __ D_e_v.l.lc_B ___ """T ___ • ) 

Device Host / 

The CLlrved lines indicate a token being passed 111 ring fashion from one 
node to the next even thoug,~ the devices are on a bus . 

. _----- ... _-_._--_ ... -_. __ .. -
Continucd on next page 
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Local Area Networks, Continued 

Field bus Field bus is gaining acceptance in the Vnited States. Two versions of 
field bus are used in Europe. Those field bus applications are "Profibus" 
and "FIP" first converted into lSP and WorldFIP and now joined as the 
FieldBus Foundation. When lSP and WorldFIP were independent, they 
were incompatible. As the Fieldbus Foundation, they have become 
joined. Additionally, a separate standard from ISA and lEe called SP50 
Fieldbus may soon be a reality. DeviceNet from Allen Bradley may 
become common for simple field devices. A diagram is shown to 
indicate how fieldbus might be used. 

User Control 
Console 

Data Highway 

Multi-loop 
Conlro!ler 

- Field Bus ... ....., .... 

Field I Field Field I Field 
I 

Device l~eVice Device Device 
I 

field bus will likely replace most applications that or.ce used a 4-20 rna 
signal to send data from the field to the control svstem. 

Contuwed on next pllge 
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Local Area Networks, Continuea 

MAP 

TOP 

TCPIII' 

The Manufacturing Automation Protocol-MAP implements the 
International Standards Organization Open Systems Interconnection 
model as a network and more. It is a broadband network using IEEE 
802.4 bus with impedance matched drops. It is a token passing bus. It is 
primarily used in discrete manufacturing and was initiated by General 
Motors in 1980. 

While General Motors was the major proponent of the MAP protocol, at 
about the same time Boeing created TOP - Technical and Office 
Protocols. The Boemg model uses CSMA/CD model in carrier band 
medium. The reason that this protocol was selected was that messages 
in the office environment were likely small and that with light traffic, 
rapid response is possible. 

GM and Boeing have joined forces to bring MAP /TOP to users. 
Presently the focus of these strategies is to aid discrete manufacturing 
and is not the major focus of industrial control. Time will tell if this 
model can overcome the strength of the other data communication 
protocols on the market. 

TCP lIP or Transmission Control Protocol/Ir.ternet Protoco! has over a 
million nodes and many more active users. This active network evolved 
from the US DOD ARPANET This network has its focus in the 
academic and research world and is used in plants as a general purpose 
network where uNIX is locally used as an operating system. 
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Proprietary LANS 

Introduction 

Allen Bradley 
Data Hi
WayTM 

This short section will take a peek at some more commercial proprietary 
methods of data communication. Many feeder vendors use a 
proprietary method of external communication. This means that 
gateways and other protocol converting techniques are needed to 
convert the "feeder ' to a language or script recognized 
by the supervisor. 

Allen Bradley'S PLC 
permits peer to peer 
A modified token, 
Data Highway Plus™ '. 
in a compact system. 

Computer 
Type 
Field 

Device 
Asynchronous 

Dala Link 

path is a local area network that 
to 64 nodes (addressing is octal). 
protocol is used at 57.6 K baud. 
purpose is to link PLCs together 

system is the block on the left. 

AS Dala 
Highway 

Network Nodes 

Two types of messages - i..'i packet form - are sent on the network. 
Protocol bytes as Allen Bradley calls them are designed to get the data 
to where you want it to go. Data bytes.is the data included in the 
message. Most Allen Bradlev PLCs can read and write messages. send 
commands and issue dIagnostics . 

. -~~-.----------------.. -----.. - .. --_ .. __ .-.-
Contilmed 011 next page 
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Proprietary LANS, Continued 

Allen Bradley 
Data Hi
WayTM, con't 

Next is a sample of a typical message packet that is sent by the Allen 
Bradley PLC. 

DST I CMD I STS TNS 

The following are the syntax used in this message. 

DST = Destination node for the message 
CMD Command code 
STS Status code 
TKS = Transaction number (2 bytes) 
Data = Data 

DATA 

This message format is one of a couple used. Full duplex messages are 
different. 

Continued on next page 
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Proprietary LANS, Continued 

Modicon 
ModbusT" 

Modicon's communication link for connecting devices together on its 
local area netvv'ork is call Modbus'" or Modbus Plus™ The following 
graphic shows how certain devices might be connected, Feeder control 
systems are connected to the Modicon Bridgej Multiplexer. Up to 32 
nodes ( addressing is decimal) are possible to attach to the network. 
Much like the AJlen Bradley system, this networkttses token passing to 
provide a time deterministic specification. However, the two networks 
are incompatible, 

Modicon PLC 

Modbus Pftis".',Network 
To Other Devices 

On Network 

Modicon 
Gateway 

To Remote Computerized 
Field DeVices 
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Proprietary LANS, Continued 

Mod icon 
Mod bUST", 
con'l 

~---.. -~.--

Next is a sample of a typical message block that is sent on the network. 

I PRE IFLAG1 IADDR 

Definitions: 

PRE = Preamble 
FLAGl = Opening flag 
ADDR = Address of receiver 
FIELD = Data 

FIELD 

CRD = Cyclical Redundancy Check 
FLAG2 = Closing flag. 

eRe 

As you can see, a lot of thought goes into describing a specific protocol 
to work in an industrial environment 

In building a communication link between your feeders and PLC can be 
daunting when you have to deal with these kinds of issues. 

Continued 011 next page 
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Proprietary LANS, Continued 

K-Tron's data 
link 

-----.-.. --~.-.-~ .. ---

This is a picture of how a typical feeder setup of many controllers might 
be connected to a host machine, The PLe is the supervisor. A gateway 
converts the network token passing scheme to asynchronous data 
transmission to be used by the feeder system, KIDS chassis controllers 
are shown here, 
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In the above picture, the PLC or the K~Tron system must have a 
software solution to convert the message format from PLC to feeder 
contro;ier and back again. 

Continued on next page 
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Proprietary LANS, Con!;nued 

K-Tron's data 
link, con't The next diagram shows the addition of K-LinkTM, a special protocol 

converter, an electronic box, that eliminates that need. We can consider 
the bridge and K-LinkTM together as a full gateway. 
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Proprietary LANS, Continued 

K-Tron's data 
link, con't 

If you were using a Modicon PLC, the data highway is ca:led 
ModbusD ". Fl-F3 are feeder controllers operating the feeders shown. 
Data in K-Tron's format is sent between the feeder controllers and the 
K-LinkTM Data in Modbus™ format is sent from the K-LinkTM via the 
bridge to the PLC 

This diagram is a typical example of current state of the art in data 
communication in a feeder environment. However, some equipment 
vendors have gone one step further and implanted their control system 
as a node directly on the Allen Brac!ley or Modicon network, 
eliminating the gateway and potential protocol converter. This, of 
course, is done with full concurrence of the PLC vendor. 

Let's look at an actual wiring arrangement. 

COIl/inlled on next page 
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Proprietary LANS, Continued 

Allen Bradley 
to K-Tron 
connection 

Tpis diagram is intended to show what is required to actually configure 
a communication system between a K-Tron control system and an Allen 
Bradley PLC. The PC can be removed when programming IS completed 
and is replaced by a user station, 
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Overview 

Introduction 

Controls and Connectivity - The Future 

-_ .. __ .. _-_ .. _._---------
We will attempt to put into focus the future path of communications, 
process controls and feeder controls specifically. 

In this chapter We will cover the following topics in this c!"tapter on the future. 

Topic See Page 
Intelli ent Svstems a-n-cd~D::-evices-------- ~-""""'64~~ 

,"=--:;;::'"':---'~'--" --.. ----------+----.--.=---1 
i The Future?? 67 
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Intelligent Systems and Devices 

Introduction 

Smart sensors 
and 1-0 

This section will propose a direction, one that is common to process 
control and then speciiicall y to feeder controls. We will see how good 
the "crystal ball" is. 

With feeder control systems as a sub-set of universal control systems, 
intelligence is being placed at the point of usage. Simple controllers 
have microcomputers as a part of their construction. For example, 
microcomputers are built into motor drives to obtain precise speed 
control and diagnostics. The use of microcomputers permits 
sophisticated measurement, data transfer to the control system by 
digital data means and immediate control action. 1-0 modules and 
sensors are also "smart" devices and normally connect via serial means 
to the process controller. Such a device is shown below. It is a "smart" 
weight sensor. Its output is computer data in a message packet format. 

-

---'--~ ... - ... --~~~. -------
Confinued on next page 
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Intelligent Systems and Devices, Continued 

Smart output 
devices Similarly, output devices will and have become "intelligent". Here is an 

example of a motor drive that is linked to a network. 

Continlled on HExt paSe 
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Intelligent Systems and Devices, Continued 

Standards in 
data links and 
control 

Proprietary distributed control is being implemented at a rapid pace. 
This is causing a serious problem with regard to universal connectivity 
to devices such as sensors and alike. Proposals abound that deal with 
the issue of standards with the intent of common connectivity among 
manufactures of process equipment. For the process industry, fieldbus 
is a key. Standardization will likely be driven by- feeder users who must 
connect feeder equipment to these networks. Presently, converters, 
gateways or routers, either external or built-in to equipment handle the 
message conversion are required with software written for the 
application loaded somewhere. You have already seen examples of 
gateways, bridges and routers. 

Some work and pain must be endured to convert one data protocol to 
another to permit real data transfer and understanding. Likely, this will 
change as ISO and others develop some mechanism to handle the 
problems. Feeder vendors have to make the data translation process as 
simple and painless as possible. 

Continued on next page 
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The Future ?? 

Introduction 

The future?? 

This small piece attempts to predict the future in feeding controls and 
devices. 

One always hesitates to predict the future, But to get a glimpse of what 
is happening in controls for general control processes, we may also see 
the future for feeder control systems. 

The line that distinguishes PLCs from DCS from PC based systems is 
growing more fuzzy. Clearly PCs are being used more and more in 
smaller plants where low initial cost is key to acceptance. Hall Chemical 
in Wickliffe, OH recently installed PLCs and software running on a PC 
to automate their batch weighing plant. Smaller users will likely use 
this combination to make a conversion from a manually operated 
facility to an automated one. However. one has to question the 
robustness of a control system built upon a Windows™ overlay. Is the 
PC platform and the security of data communications adequate for 
meeting safety and performance standards? 

Also. I expect to see a form of field bus ultimately become a standard 
for instruments mounted in the field. Fieldbus contenders, ISpTM 
(Austin, TX) and WorldFlpTM( Research Triangle Park, KC) were 
recently joined as the FieldBus Foundation recognizing that a world 
standard is really that important. This means that intelligent 
measurement elements and final control elements will be 
interconnected via a standard network. True interoperability and 
interchangability of field components mav be the happy resuit. We may 
return to the "old" days when instruments and controllers are again 
attached to the device they monitor and control. Unlike the "aid days" 
links to the plant-wide networic for coordination and supervision will 
be easy to implef:1ent, not in the manual way as ir. the past. 

I believe that we will see more integration of products into each other as 
more alliances bervveen vendors happen. PLCs imbedded in end 
products is not unusual, but specific application products imbedded in 
PLCs and DCS systems will become more prevalent. 

- .. --.. ~.-.. -.-.----
COil tin lied on next pnge 
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The Future ??, Cwtinued 

The future??, 
con!t Heuristics and the implementation of "fuzzy logic" will become more 

common in plants as process operation becomes more complex. 
Adaptive technologies are being implemented by engineers at many 
major processing companies to optimize their processes. Some of these 
techniques have been used with some success in feeder control 
applications. Simply stated alarms with clear and direct solutions 
presented to the operator or self-correcting strategies will be a common 
application of a rules based support system. 

As we see controls becoming more flexible, feeders will become more 
flexible as the needs of plastics processors require shorter runs with a 
minimum of lost time during changeovers. 

But as control and feeding systems become more complex and 
implementation issues more involved, vendor selection on issues other 
than price become more of a factor. The buying process should be based 
upon long term value. r suggest that you look for value in reliable, 
customer focused vendors for your compounding business as a way to 
hedge your bets for the future. 

~~~----- --~ ........ --.. ~ 
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