1. Manas-Zloczower / Z. Tadmor (Editors)

Mixing and Compounding
of Polymers

Theory and Practice

With contributions from
J.-F. Agassant - P. G. Anderson - E. L. Canedo - R. Chella - B. David - P. H. M. Elemans
F. Hensen - W. Imping - K. Inoue - J. M. H. Janssen - B.-L. Lee - I. Manas-Zloczower
A. 1. Medalia - H. E. H. Meijer - K. Min - A. Nir - A. Poitou - Ch. Rauwendaal - T. Sakai
T. Sapir - F. Spanknebel - Y. Suetsugu - J. Sunder - Z. Tadmor - L. N. Valsamis - J. L. White
T. Wong - M. Xanthos - H.-H. Yang

Fachbereich Maierialwissenschaft
der Techn. Hochschule Darmstadt

metn: 1Q QS

Hanser Publishers, Munich Vienna New York

Hanser/Gardner Publications, Inc., Cincinnati




CONTENTS

ADVISORY BOARD .. ... ittt ittt sttt eneeonennnnnnass v
FOREWORD ....ci i ittt ittt it ttenennonnoeesensnennanes vii
CONTRIBUTORS .. ittt ittt ittt ittt onncscncosooannnnes XXV
PREFACE ... .ttt it tteeeennneeeneeesonnanonnsons xxvii
I. MIXING MECHANISMS AND THEORY
1. LAMINAR MIXING OF MISCIBLE FLUIDS .............. 1
by R. Chella
1.1 INTRODUCTION .. .. e e e e e i i 2
1.2 CHARACTERIZATION OF MIXING .. ...........c0uvuu... 4
1.3 LAMELLAR MIXING MODEL . ... ... ... . ... 6
131 Model Equations . ............ ... iiiiiiinnann 7
1.3.2 Kinematicsof Mixing . ............. ... .. ... . 9
1.3.3 Reorientation of Interfaces .......... e 17
134 FastReactionsas Tracers ................. ... 19
1.3.5 Striation Thickness Distribution .................... 21
14 CONCLUDING REMARKS .. .. ... .. i, 21
NOMENCLATURE . . . ... e e i e 22
REFERENCES .. ..o e e e e e e s e 23




X Contents
2. A KINEMATIC APPROACH TO DISTRIBUTIVE
MIXING ...t iiiiiiiit ittt eoeosensoosoasannnnns 27
by J. F. Agassant and A. Poitou
2.1  INTRODUCTION . . ... ittt e 28
2.2  KINEMATIC APPROACH TO DISTRIBUTIVE MIXING . ... .. 29
23  APPLICATION TO SIMPLE FLOW CONFIGURATIONS ...... 32
23.1 Simple Shear Flow ........... ... ... .. ........ 32
2.3.2 Pure Elongational Flow .......................... 34
24  APPLICATION TO A TWO-DIMENSIONAL FLOW
CONFIGURATION . .. ... . e 35
2.5 EXPERIMENTAL STUDY OF A TWO-DIMENSIONAL,
NONSTATIONARY FLOW . . ... ... .. .. 39
2.6 APPLICATION TO A THREE-DIMENSIONAL FLOW
CONFIGURATION . ... ... i 44
27 DISCUSSION . ........ooueseeiieeaae i, 48
NOMENCLATURE . . ... ... . i 53
REFERENCES . ... ... . e 54
3. DISPERSIVE MIXING OF SOLID ADDITIVES ........... 55
by Ica Manas-Zloczower
3.1 INTRODUCTION .. ...ttt 56
3.2 DISPERSION MODELS ........ ... ... ... ... 58
3.2.1 Agglomerate Structure and Cohesiveness .............. 58
3.2.2 Models for Hydrodynamic Interaction ................ 61
3.2.3 Models for Agglomerate Dispersion . . . ............... 64




Contents Xi
3.3  DISPERSION MECHANISMS AND MODELING BASED ON
EXPERIMENTAL OBSERVATIONS . .................... 76
34 CONCLUDINGREMARKS ......... ... ... ... 79
NOMENCLATURE . . . ... . i e 80
REFERENCES . .. ... . i i 82
4. MIXING OF IMMISCIBLE LIQUIDS ............... e... 85
by Han E. H. Meijer and Jos M. H. Janssen
4.1 INTRODUCTION . ... ... e 87
42 MIXING MECHANISMS ... . .. i 88
43 DISTRIBUTIVEMIXING (Ca> Ca ;) -+ v v vv v vvecninnennn 91
43.1 Affine Deformation . .......... ... ..., 91
4.3.2 Efficient Mixing: Folding and Reorienting ............. 94
433 Static MIXEIS . ... ...ttt ittt 97
434 Dynamic Mixers ... ... .... ...t " 101
435 Continuum Modeling .. ............. .. ... ...... 102
44 DISPERSIVEMIXING (Ca=Ca_y) ..o vveenennnnnnnn. 104
441 Rayleigh Disturbances . ......................... 104
442 Disintegration of Threadsat Rest .. ................ 106
44.3 Disintegration of Threads During Flow .............. 111
444 Experimental Devices ....................cc0.... 113
44.5 Flow Classification .. ..............c.uuuunnn.. 115
4.4.6 Experiments on Drop Deformation ................. 118
447 Numerical Simulations .......................... 126
448 Continbum Modeling . . ......................... 129
45 COALESCENCE . ... ... it it e e 131




xii Contents
4.6 POLYMER BLENDING INPRACTICE .................. 134
4.7 CONCLUSIONS . . . e e s 137
APPENDIX 4.A: Determination of Interfacial Tension ........ 139
NOMENCLATURE . .. ... i i e e e i 141
REFERENCES . . .. .. . . e e i 143
5. NUMBER OF PASSAGE DISTRIBUTION
FUNCTIONS ..ttt it ittt tteneeenenonsannnennns 149
by Z. Tadmor
5.1 INTRODUCTION . . ... e e e e e e e e e e e 150
5.2 THEORY OF NUMBER OF PASSAGE DISTRIBUTION (NPD)
FUNCTIONS . . . e e e e e e e e 151
5.3 NPD FUNCTIONS IN BATCH AND FLOW RECIRCULATING
SYSTEMS .. . e e ... 153
54 NPD FUNCTIONS IN SOME MODEL SYSTEMS .. ... ...... 154
5.4.1 Well-Stirred Batch Vessel with Recirculation .......... 154
5.4.2 Plug Flow with Recirculation ..................... 157
5.43 Well-Stirred Continuous Mixing Vessel with
Recirculation . .......... ... ..o, 157
5.5 APPLICATIONS OF NPD FUNCTIONS TO DISPERSIVE
MIXING ...t e e e e e e e 158
5.5.1 Dispersive Mixing .. ........ .0t 158
552 Modelingof Mixers .............. ... . ... . 159
ACKNOWLEDGMENT . . ... ... it e i 160
REFERENCES . .. . .. e e e e i 160

.




Contents xiii

Il. MODELING, SIMULATION, AND
FLOW VISUALIZATION

6. FLOW VISUALIZATION IN AN INTERNAL MIXER .. .... 163
by Kyonsuku Min

6.1 INTRODUCTION .. ... ... 164

6.2 HISTORICAL DEVELOPMENT OF INTERNAL MIXERS . . . .. 165

6.3 FLOW VISUALIZATION ........... ... ... 169
6.3.1 Flow Visualization by Various Sensors .. ............ 171
6.3.2 Flow Visualization Through Transparent Windows . ... .. 174
REFERENCES . .. ... ... . e 185

7. FLOW FIELD ANALYSIS OF A BANBURY MIXER ...... 189
by Haur-Horng Yang, Tang Wong, and Ica Manas-Zloczower

7.1 INTRODUCTION ... ... .. i e e 190

72 FLOW SIMULATIONS .. ... ... .. i 192
7.2.1 Descriptionof Method .. ........................ 192
7.2.2 Velocity Profiles and Pressure Distributions . .......... 194

7.3  FLOW FIELD CHARACTERIZATION ................... 195
73.1 Dispersive Mixing . .. ......... .. . i, 195
7.3.2 Distributive Mixing ... ... S 208

74 SUMMARY AND CONCLUSIONS ..................... 220
NOMENCLATURE ................ ... ... e 220
REFERENCES .. ... ... ... .. . . ... 221




Xiv Contents

8. SCALE-UP OF INTERNAL MIXERS .................. 225
by J. Sunder

8.1 INTRODUCTION ... ... . 226

8.2 MODEL DESCRIPTION OF AN INTERNAL MIXER ........ 228
8.2.1 Characteristic Numbers ......................... 234
8.2.2 Development of a Set of Characteristic Numbers ....... 243

83 OUTLOOK .. ... e 246
NOMENCLATURE . . . ... .. e 247
REFERENCES . ... ... i i 248

9. MIXING IN SINGLE-SCREW EXTRUDERS ............. 251
by Chris Rauwendaal

91 INTRODUCTION .............. P P 252

9.2 LAMINAR MIXING IN MELT CONVEYING . ............. 254
9.2.1 Effectof Reorientation . ......................... 272
922 ChaoticMixing .. ......... ... ..., 277

9.3  MIXING DEVICES IN EXTRUSION .. .................. 280
9.3.1 Distributive Mixing Elements ... .................. 287
9.3.2 Dispersive Mixing Sections .. .................... 306
REFERENCES . . ... . . . .. i iii i 323

10. SIMULATION OF FLOW IN INTERMESHING
TWIN-SCREW EXTRUDERS ............cccviunnnn. 331
by James L. White

10.1 INTRODUCTION . ...... ... . .. ittt 332

10.2 INTERMESHING COROTATING TWIN-SCREW
EXTRUDERS . .. ... 333




Contents XV

10.2.2 Modular Machine . .................0ouveunn..n. 337
1023 GEOMELTY . . . v oottt e e e e 337
N 10.2.4 Flow MechaniSms . . . ... ..o viin it 340
10.2.5 Simulation of Flow in Fully Filled Screw Elements . . .. .. 340
10.2.6 Simulation of Flow in Kneading Disks .............. 347
10.2.7 Simulation of Modular Machine ................... 352
10.2.8 Nonisothermal Analysis .. ..............c..co. ... 353
10.3 INTERMESHING COUNTERROTATING TWIN-SCREW
EXTRUDERS . .. ..ttt et e et e e 356
10.3.1 Development of Technology . ..................... 356
10.3.2 Flow Mechanisms . . ........... ..., 359
10.3.3 Simulation of Flow in Fully Filled C-Chambers ...... .. 361
10.3.4 Simulation of Leakage Flow in C-Chambers . . ......... 363
10.3.5 Flow in Commercial Machine Elements .. .. .......... 364
10.3.6 Modular Machine .................... ... ..... 365
10.3.7 Screw Bending . . .......... ... .. .. . ... 365
NOMENCLATURE . ... ... ..t 365
REFERENCES ... ... ... .. . i 367

‘ 11. FLOW ANALYSIS MODELING OF TWIN-ROTOR
MIXERS ... ittt ittt eannnnns 373
by B. David, T. Sapir, A. Nir, and Z. Tadmor

11.1 MATHEMATICAL MODELING IN POLYMER PROCESSING . 374

11.2 THE FLOW ANALYSIS NETWORK (FAN) METHOD .... ... 375
11.3 THE CARTESIAN EXTENDED FAN FORMULATION
(BXFAN) . . . i e e e e 377
11.3.1 Mathematical Formulation ....................... 377
11.3.2 Application of the Model to Twin-Rotor Mixers ........ 385
11.3.3 Results and Discussion for the Cartesian EXFAN Model .. 388
11.4 THE COUETTE EXTENDED FAN FORMULATION ........ 394
11.4.1 An Improved Flow Model ....................... 394

11.4.2 Results and Discussion of the Couette EXFAN Model . ... 397




xvi . Contents
11.5 DISCUSSION .................... e 404
APPENDIX 11.A

The Extended Couette-Flow Analysis Network Formulation . . . .. 405

APPENDIX 11.B
Correction Factors for the Bounding Sidewalls a Batch Mixer ... 407

APPENDIX 11.C

Tracking of Fluid Particles . ........................... 410
NOMENCLATURE .. ... ... .. ... 413
REFERENCES ... ... . ... i 414
12, MODELING OF THE COKNEADER .................. 417
by Pierre H. M. Elemans
12.1  INTRODUCTION . . .. .. . it 418
122 SCREW GEOMETRY AND WORKING PRINCIPLE .. ....... 420
12.3 NEWTONIAN, ISOTHERMAL ANALYSIS OF CONTINUOUS
MIXERS .. . e 422
12.3.1 Screw Extruders ........... ... ... .. ... .. .... 423
1232 The Cokneader .. ............ .. .. ... ......... 427
124 MIXING ............... e e 432
125 EXPERIMENTAL ... ... ... ... i, 434
12.5.1 Throughput Versus Pressure Characteristic . ........... 434
1252 FilledLength .. ........ ... ... .. ... ... ...... 439
1253 Pressure Gradients .. ............. ... uuu... 442
12.5.4 Residence Time Distribution . . .................... 446
12.6 NONISOTHERMAL, NON-NEWTONIAN ANALYSIS ....... 448

St o e -



Contents ‘ Xvil

127 OUTLOOK . . .. e e e e e e e 449
NOMENCLATURE . ... ... ... i 452
REFERENCES .. ... ... . i 453

‘ 13. SCALE-UP OF THE MIXING PROCESS
IN CONTINUOUS MIXERS ............. ... ... .. .... 457
by Pierre H. M. Elemans and Han E. H. Meijer

‘ 131 INTRODUCTION .. ........o.oouuiieeieeei . 458

13.2 DEFINITION OF THE SCALING PROBLEM .............. 459

13.3 GOVERNING EQUATIONS .............. ............ 462

134 SCALING RESULTS .. ... .. e 465
13.4.1 Geometrical Scaling .. . ... .......... 0t en... 465
13.42 Thermal Scaling ................ ..., 466

13.5 CONCLUSIONS . ...ttt e 468

' NOMENCLATURE . ... ...ttt it iie e 469
REFERENCES .. ... .. ... i 470

. MATERIAL CONSIDERATIONS, PROPERTIES,

AND CHARACTERIZATION

14. THE PHYSICAL AND CHEMICAL NATURE ............ 471
OF PLASTICS ADDITIVES
by Marino Xanthos

141 INTRODUCTION .. ... ... . . it 472

142 CLASSIFICATION AND TYPES OF ADDITIVES .......... 474




xviil Contents
143 PHYSICAL AND CHEMICAL ASPECTS OF DISPERSED
PHASES .. ... .. ... . S 476
14.3.1 Parameters Related to Geometry and Concentration . . . . .. 477
14.3.2 Properties Related to Chemical Structure and
Composition . . ........ ... 478
14.3.3 Effects of Additives on Melt Rheology . ............. 480
144 MISCIBILITY, WETTING, AND DISPERSION OF
ADDITIVES . . ... 483
14.4.1 Criteria for Miscibility ... ....................... 483
14.4.2 Parameters Affecting Wetting and Dispersion . . ........ 485
14.4.3 Surface Modification and Interfacial Agents .......... 487
NOMENCLATURE .. ... ... . ... ... . ... ... 489
REFERENCES ... ............ooeoeioie . 490
15 CARBONBLACK ......iiitiittineriinennnennnnans 493
by Avrom I. Medalia
151 INTRODUCTION . .......... i 494
15.2 STRUCTURE AND MORPHOLOGY .................... 496
15.2.1 MicrostruCture . . . .. ... ..ottt it it e e 496
15.2.2 Electronic Properties . ............. .. ... ... ... 497
1523 Particle Size .. ........ ... ... ... 497
15.2.4 Surface Area and Porosity ....................... 499
15.2.5 Aggregate Morphology . ............ ... ... ..... 500
15.3 SURFACE CHEMISTRY AND SURFACE ACTIVITY ....... 502
15.3.1 Surface Functional Groups . ...................... 502
15.3.2 Interaction with Adsorbates and Polymers ............ 503
15.3.3 Interaggregate Interaction . ....................... 505
154 APPLICATIONS INPOLYMERS .. ..... ... ... .. ... . ... 505
154.1 Gradesof CarbonBlack .. ....................... 505
15.4.2 Carbon Black in Rubber Compounds: Incorporation and
Dispersion ............. ... it 506

N i

e




Contents Xix

16.

16.1

16.2

17.

17.1

17.2

17.3

17.4

15.4.3 Carbon Black in Rubber Compounds: Effects of Carbon

Black Properties and Loading .. ................... 509
1544 Elastomer Blends ........... ... . ... .. ... 511
15.4.5 Carbon Black in Plastics ....... e 513
NOMENCLATURE . . ...t 515
REFERENCES . . . .t e e e e i 515

THE EFFECT OF MIXING ON SOME PROPERTIES
OF COMPOUNDS AND COMPOSITES ................ 521
by Yoshiyuki Suetsugu

DISPERSION OF FILLER . ........................... 522
16.1.1 Characterization of Filler Dispersion . ............... 522
16.1.2 Mixing Process and Dispersion State . . .............. 525
16.1.3 Properties . . . ......o it 528
FIBER FRACTURE IN COMPOSITES ................... 534
16.2.1 Characterization of Fiber Length . .. ... ............. 534
16.2.2 Mixing Process and Fiber Fracture ................. 535
16.23 Properties . . . . . . v ot ittt e et e e e 537
NOMENCLATURE .. ... ... ... . .. 543
REFERENCES . ... ... .. .. i 544

THE EFFECT OF CARBON BLACK DISPERSION

ON RUBBER PROPERTIES ...........c.iiiiiiiennns 549
by Biing-Lin Lee

INTRODUCTION .. ... .. e 550
BACKGROUND . ...... ...t 553

RELATIONSHIP OF REINFORCEMENT BETWEEN UNCURED
AND CURED RUBBER COMPOUNDS .................. 555

ELECTRICAL CONDUCTIVITY ....................... 559



XX Contents
17.5 DYNAMIC MECHANICAL PROPERTIES ................ 565
17.5.1 General . ... .. ... .. ... 565
17.5.2 Effect of Carbon Black Dispersion ................. 569
17.6  THERMAL CONDUCTIVITY ........... ... oo, 574
17.6.1 Thermal Conductivity of Elastomers .. .............. 575
17.6.2 Thermal Conductivity of Carbon Black .............. 576
17.6.3 Thermal Conductivity of Rubber Compounds: Effect of
Carbon Black Parameters ... ... .................. 576
17.6.4 Models of Thermal Conductivity of Composites Containing
Aggregates ... ... ... e 576
17.6.5 Effect of Carbon Black Concentration and Dispersion on the
Thermal Conductivity of Rubber Compounds . ......... 577
177 HEAT BUILDUP ....... ... it 579
17.8  THERMAL EXPANSION ........... ... iiiiiinenn.. 580
17.8.1 General ........ ... ... ... 580
17.82 Mechanisms . .. ....... ..ottt irieenennennnnn 583
17.9 - HETERODISTRIBUTION OF CARBON BLACK IN RUBBER
BLENDS ... e e 584
17.9.1 Background ............ ... ... . .. ..., 584
17.92 Flow Properties . ... ........ ... ... 587
1793 Green Strength .. .......... .. .. ... ... .. . . ... 587
17.9.4 Crack Growth Resistance .. ...................... 588
1795 Heat Buildup (AT) . . . ... ... ottt 591
17.9.6 Oil Swelling Resistance .. ....................... 592
17.9.7 Covulcanization ... ...........c.cuitunriuenenen.. 596
17.9.8 Air Permeation .............. ... ... ... 599
17.9.9 Electrical Conductivity . . ............cc..uvueu... 599
17.10 CONCLUSIONS .. ... i i it e e e e 601
17.11 FUTURETRENDS ....... ... .. . ..., 602
NOMENCLATURE ..................... e 603
REFERENCES .. ... .. . . it 605




Contents xxi

V.

18.

18.1

18.2

18.3

18.4

18.5

19.

19.1
19.2

19.3

194

MIXING PRACTICES

INTERNAL BATCHMIXERS ....... ..o, 619
by Kimio Inoue

INTRODUCTION . ... .. i e 620
RECENT ADVANCES IN INTERNAL BATCH MIXERS .. ... 622
18.2.1 General Improvements . .............. ... ... 622
18.2.2 Design of Intemal Batch Mixers .. ................. 624
18.2.3 Mixing Mechanism .. ................ .. ... ..... 625
18.2.4 Technological Developments . ............ e 626
APPLICATIONS OF THE INTERNAL BATCH MIXER ...... 640
18.3.1 Rubber Industry .. ........ ... ... ... ... ...... 640
18.3.2 Plastics Industry . ... .. ... ... ... ... ... 641
FUTURE OF INTERNAL BATCH MIXERS ............... 642
1841 Design .. . ..ot e e 642
18.4.2 Engineering ... ... . ... ..ttt 642
18.4.3 Applications . . ..... ... ... ..., 642
SUMMARY . ... e e e 644
ACKNOWLEDGMENT . ... ... ... ..., 645
REFERENCES . . ... .. i 645
SINGLE-SCREW EXTRUDERS ..........co0teerennns 649
by F. Hensen, W. Imping, and F. Spanknebel

INTRODUCTION . ...\ttt et e e 650
REASONS FOR MIXING AND PROCESS GOALS .......... 651
PRINCIPLE OF SINGLE-SCREW EXTRUDERS ............ 652
MIXING AND SHEARING ELEMENTS ................. 654




Xxii Contents

19.5 MIXING DESIGNS USED IN PRACTICE ................ 657
19.5.1 Extrusion of Cast Polyester Film . . ................. 657
19.5.2 Polyolefin Film Extrusion . . . ..................... 663
19.5.3 High Speed Cascade Extrusion of Polypropylene ....... 666
19.54 A Commercial Three-Dimensional Dynamic Mixer . . .. .. 672
NOMENCLATURE . . . ... ..t eiei e 678
REFERENCES . . . ... ... it 678

20. MIXING PRACTICES IN COROTATING
TWIN-SCREW EXTRUDERS ..........ciiveeeceenns 679
by Paul G. Andersen

20.1 INTRODUCTION . .. ...t i e e e e 680
20.2 BUILDING BLOCKS FOR MIXING .................... 681
20.2.1 Extruder Geometry . ......... ... ..ttt 681
20.2.2 Element Geometry . . .. .. ... ...ttt 683
20.3 TYPICAL PROCESS MIXINGTASKS .. ................. 692
20.3.1 Polymer-Polymer Mixing .. ...................... 693
20.3.2 Polymer-Low Aspect RatioFiller .................. 696
20.3.3 Polymer-High Aspect Ratio Filler (Fiber) .. ........... 697
20.3.4 Polymer-Low Viscosity Additives . . ................ 699
20.4 SUMMARY .. ... e 703
ACKNOWLEDGMENTS . ... ... ... . i 704
REFERENCES . . . ... ... ittt 704
21. INTERMESHING TWIN-SCREW EXTRUDERS .......... 707
by Tadamoto Sakai
21.1 INTRODUCTION ... ... it 708
21.2 CONVEYING FUNCTION .............0uuiiiieeneenn. 709




Contents XXiil

213

214
21.5

21.6

22,

22.1
22.2
22.3
22.4

22.5

23.

23.1

MIXING AND KNEADING FUNCTIONS ....... [ 714
21.3.1 Distributive Mixing . .. ... ... .. ctuineunennenn.. 714
21.3.2 Dispersive MIXING . . . . ..ottt ittt en e 715
THE MELTING FUNCTION . ........ ... .. ... .. ... 716
DEVOLATILIZATION FUNCTION .. ................... 720
MAJOR IMPROVEMENTS IN MACHINERY AND PARTS ... 723
21.6.1 Separate Feeding Twin-Screw Extrusion System ........ 725
21.6.2 Vent Stuffer .......... J e 727
21.6.3 Anticorrosion and Antiabrasion Metallic Materials ...... 728
REFERENCES . ... ... .. . i 731
MIXING IN RECIPROCATING EXTRUDERS ........... 735
by Chris Rauwendaal

THE KO-KNEADER, BACKGROUND .. ................. 736
PRINCIPLE OF OPERATION ........ ... ... ... ....... 737
MIXING MECHANISM IN THE KNEADER .............. 745
MODELING OF THE KNEADER . ... .................. 747
MACHINERY AND APPLICATIONS ................... 753
REFERENCES .......... ... ... ......... e 758
MIXING IN THE FARREL CONTINUOUS MIXER ....... 761

by Eduardo L. Canedo and Lefteris N. Valsamis

INTRODUCTION . .. .. i et e e i e e 762




xxiv Contents
23.2 STRUCTURE AND PRINCIPLES OF OPERATION ......... 762
23.2.1 Solids Conveying .. ...... ... ...ttt 765
2322 Melting .. ... .. .. e 765
2323 MIRING . . .ot e 767
23.24 Devolatilization . . ............... e e e 770
2325 Pumping .. ... e e e 770
233 MODELING .. .. ... e 773
23.3.1 Circumferential Flow . .......................... 775
23.3.2 Global Flow Models . .......................... 800
23.3.3 Scale-up Considerations .. ....................... 812
234 ROTOR DESIGN ... ... e 815
23.4.1 Single-Stage Rotors . . ............. ... .. ... ..... 816
2342 Two-Stage Rotors .. ............ ... ... ......... 821
23,5 CONCLUSION ... ... i e e e 825
NOMENCLATURE .. . ... . .. i 826
REFERENCES .. ... . .. . i e 827
SUBJECTINDEX .....i ittt ennnnnennonnnnennnss 831

AUTHORINDEX ...... ...t itiiiiiiiniennennnnns 845




