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PREFACE

The development of genetic engineering and monoclonal antibody technology,
which started in the 1970s, has led to the introduction of a large number of new
products with application in many different areas. The most highly visible applications
have been in the area of human health care, with products such as human insulin,
interferon, tissue plasminogen activator, erythropoietin, colony-stimulating factors, and
monoclonal-antibody-based products. In addition, significant new products for
agriculture, the food industry, fine chemicals, and the environment are also under
intense development. Although products analogous to these new biotechnology
products had been made previously, the number and diversity of products, and the
number of companies involved, has grown tremendously. Experience in the
manufacture of these “biotech” products was very limited, and the technology needed
was seen by many as a limiting factor in the successful application of biotechnology.
Improvements in production technology were required, as well as a rapid increase in
the number of people involved in all of the different aspects of production. The field
of bioprocessing became a very important part of biotechnology.

Bioprocessing encompasses the many steps required to synthesize, isolate, and
formulate the products. There is a great deal of diversity in methods, and in the
equipment and facilities required. However, several key processes and types of
equipment are utilized in the production of most biotech products. The synthesis of
biotech products by microbes or by cells from higher organisms is generally carried
out in fermentors, although some new products are being synthesized in “bioreactors”,
or in animals. Alternatively, the synthesis of relatively small molecules can be carried
out directly by chemical methods, without the need for biological cells. The isolation
of the product from the fermentor broth or animal fluid generally involves initial steps
of clarification or concentration of the fraction containing the product; centrifugation,
precipitation, and filtration are the most common ways to accomplish this. Subsequent
purification and formulation steps are highly dependent on the nature of the product
and its application. Chromatographic procedures are used almost without exception
to separate pharmaceutical products from the remaining contaminants. For products
outside the pharmaceutical area, the final steps in manufacturing vary widely with the
type of product.

The field of bioprocessing involves many areas of expertise, and requires the
fulfillment of several sometimes conflicting criteria for success. Biological and
biochemical expertise are required to develop and conduct the processes for the
synthesis and purification of the products. A broad range of engineering expertise is
required to design and construct the many aspects of the manufacturing facility. This
includes the process equipment, the support systems that, for example, provide pure
water, clean steam, and waste handling, and the facilities that house the equipment.
Furthermore, an understanding of regulatory requirements from the viewpoints of
pharmaceutical standards (for example, Good Manufacturing Practices), environmental
concerns, and worker safety is also essential. Success is measured in terms of
reliability of the overall process, time from conception to routine operation, cost of
production, and satisfaction of regulatory requirements.
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The limited past experience with bioprocessing and the need to rapidly develop
manufacturing capacity, especially in the new biotech companies, have given rise to
a need for information that will allow the many individuals entering this field to
develop and operate the production facilities. This book was conceived to assist those
people with acquiring or expanding their knowledge of the bioprocessing field.

The book is subdivided into four sections, covering Process Systems, System
Components, Support Systems, and Facility Design. The first and third of these
sections reflect the fact that there are two types of equipment required in the plant: the
equipment in which the actual product is synthesized or processed (such as the
fermentor, centrifuge, and chromatographic columns) and the equipment that supplies
support for the process or the facility (such as the water system, steam generator,
waste system, and air conditioning). In the second section, System Components, are
described such components as pumps, filters, and valves, which are ubiquitous and not
limited to a certain type of equipment. The final section, Facility Design, covers
planning and designing the entire facility, including the requirements for containment
and validation of the process. There is some overlap in the topics covered, but this
is seen as useful because different perspectives and in some cases different points of
view are brought out.

Although this book has a wider scope than do most books on bioprocessing, it
cannot cover every aspect of bioprocess engineering completely. Where there is ample
literature already covering certain specialized fields, such as mammalian cell
bioreactors, the authors have been encouraged to refer to existing works, rather than
discuss those fields in detail. The emphasis has been on examining the systems and
components that are common to most or all biotechnology production processes,
instead of going into the particulars of all of the alternatives for each specific step in
bioprocessing.

The authors for each of the chapters in this book were requested to provide
information that would be of practical use in the design or operation of a bioprocessing
facility. The authors have relied heavily on the experience they have gained in the
performance of their jobs, and through interactions with their colleagues. In many
cases, we found differences of opinion as to the best tactic for solving the problems
encountered in bioprocessing. The authors were encouraged to explore the options
available, and to give their opinions on what they felt was the best approach. Their
differences in opinion demonstrate that the field of bioprocessing.is still developing
rapidly, which makes it both difficult and challenging. We hope this book will assist
the participants in the ficld to make progress more rapidly.

Bjorn K. Lydersen
Nancy A. D’Elia
Kim L. Nelson
May 1993



CONTRIBUTORS

Dan G. Adams

Quasar Engineering, Inc.
300 Phillips Blvd.
Ewing, NJ 08618

Harry Adey

Life Sciences® International
1818 Market Street
Philadelphia, PA 19103

Robert Baird

Genentech

460 Point San Bruno Blvd.
South San Francisco, CA 94080

John P. Boland

Raytheon Engineers & Constructors
30 South 17th St.

P. O. Box 8223

Philadelphia, PA 19101

Dr. Julian Bonnerjea
Celltech Ltd.

216 Bath Road
Slough SL1 4EN
Berkshire

UNITED KINGDOM

Dr. Marvin Charles

Lehigh University
Chemical Engineering Dept.
111 Research Dr.
Bethlehem, PA 18015

Nancy A. D’Elia
Hybritech Incorporated
P. O. Box 269006

San Diego, CA 92196

Phil De Santis

Raytheon Engineers & Constructors
30 South 17th St.

P. O. Box 8223

Philadelphia, PA 19101

Dennis Dobie

Fluor Daniel

301 Lippincot Centre
P. O. Box 950
Marlton, NJ 08053

Thomas Hartnett

Merck Research Laboratories
P. O. Box 2000

Rahway, NJ 07065-0900

Harry L. Johnson

Raytheon Engineers & Constructors
30 South 17th St.

P. O. Box 8223

Philadelphia, PA 19101

Hyman Katz

Pall Ultrafine Filtration Company
2200 Northern Blvd.

East Hills, NY 11548

Dr. Bjorn K. Lydersen
Hybritech Incorporated
P. O. Box 269006

San Diego, CA 92196

Jeff H. MacDonald
Millipore Corp.

5 Ember Lane
Horsham, PA 19044



viii Contributors

Jerry M. Martin

Pall Ultrafine Filtration Company
2200 Northern Blvd.

East Hills, NY 11548

Pio Meyer
Bioengineering AG
Sagenrainstrasse 7
CH 8636 Wald
SWITZERLAND

Dr. Kim L. Nelson
Quasar Engineering, Inc.
300 Phillips Blvd.
Ewing, NJ 08618

Tim Oakley
Celltech Ltd.

216 Bath Road
Slough SL1 4EN
Berkshire

UNITED KINGDOM

Casimir A. Perkowski

Raytheon Engineers & Constructors

30 South 17th St.
P. O. Box 8223
Philadelphia, PA 19101

Maria S. Pollan

Badger Design and Construction, Inc.

8313 Southwest Freeway
Suite 300
Houston, TX 77074

Eric A. Rudolph
Millipore Corp.

5 Ember Lane
Horsham, PA 19044

Paul Schubert

Pall Ultrafine Filtration Company
2200 Northern Blvd.

East Hills, NY 11548

Dr. Bhav P. Sharma
InterSpex Products, Inc.
1155 Chess Drive, Suite 114
Foster City, CA 94404

Rostyslaw Slabicky
Boehringer Ingelheim
Pharmaceuticals, Inc.
900 Ridgebury Rd.
Ridgefield, CT 06877

Dr. Gary L. Smith

Lilly Research Laboratories
A Division of Eli Lilly and Company
Lilly Corporate Center
Indianapolis, IN 46285-3313

Robert Stover
Tri-Clover

25665 Ranch Adobe
Valencia, CA 91355

David A. Stutzman

Raytheon Engineers & Constructors
30 South 17th St.

P. O. Box 8223

Philadelphia, PA 19101

Peter Terras
Celltech Ltd.

216 Bath Road
Slough SL1 4EN
Berkshire

UNITED KINGDOM



Contributors

ix

P. William Thompson
Rotherwood Engineering
70A Gore Road
Burnham

Bucks SL1 7DJ

UNITED KINGDOM

A. Mark Trotter

Pall Ultrafine Filtration Company
2200 Northern Blvd.

East Hills, NY 11548

Jack Wilson

ABEC, Inc.

6390 Hedgewood Drive
Allentown, PA 18106



CONTENTS

PrC aCE & o v s e e e e e e e e e e e e e

(00071} 75 1510 170) oA

PART I PROCESS SYSTEMS .....ccca0s500n0ssmnaovwnssss

k.

Fermentor Design . .. ... .ottt e
Marvin Charles and Jack Wilson

Large-Scale Animal Cell Culture . ........... ... .. ... ... ......
Gary L. Smith

Cell Separation SyStEmS . .. ... ..ttt
Bhav P. Sharma

Tangential Flow Filtration Systems for Clarification and Concentration . .
Eric A. Rudolph and Jeff H. MacDonald

Chromatography Systems . .. ... .. ... ..t innnnens
Julian Bonnerjea and Peter Terras

PART I SYSTEM COMPONENTS ........................

6.

10.

11.

Vessels for Biotechnology: Design and Materials . ................
Pio Meyer

Piping and Valves for Biotechnology ........... ... ... ... ...
Harry Adey and Maria S. Pollan

PHIMPS ¢ ; c s oncmsmes 66 o ppopmpEuaes csssses aommmws o
Robert Stover

Cartridge Filtration for Biotechnology . ........................
Jerry M. Martin, A. Mark Trotter, Paul Schubert and Hyman Katz

Pressute Relief . svcsississssnnspnanpomies s et ss @mmesEs s s
Nancy A. D’Elia

Instrumentation and Control of Bioprocesses . ...................
Thomas Hartnett

119



xi1 Contents

PART Ill SUPPORT SYSTEMS ..c:sscassssssssansumnnnsss 469

12. Cleaning of Process Equipment: Design and Practice .............. 471
P. William Thompson

13. Sterilization of Process Equipment . ...............c.coieenn.. 499
Tim Oakley

14. Pharmaceutical Water Systems: Design and Validation ............. 523
Rostyslaw Slabicky

15. Utilities for Biotechnology Production Plants . ................... 575
Dan G. Adams

16. Biowaste Decontamination Systems . .............c.ccieuueen... 611
Kim L. Nelson

17. Heating, Ventilating, and Air Conditioning (HVAC) ............... 641
Dennis Dobie

PART IV FACILITY DESIGN .......... ..., 669

18. Programming and Facility Design . ...................cou.o... 671
Harry L. Johnson and David A. Stutzman

19. ProjectPlanning . ... ... ittt e 709
John P. Boland

20. Containment Regulations Affecting the Design and Operation of
Biopharmaceutical Facilities . . .. ....... ... ... ... ..., 729
Casimir A. Perkowski

21. Validation of Biopharmaceutical Facilities . ..................... 745
Robert Baird and Phil De Santis

Glossary of Abbreviations . .. ............iiuiiiiiiriiinenennnn. 783

IUER, : sonvmesisisssmmummuuan e 8666 bpasBReEEE 6835353 nbmn 785



PART I

PROCESS SYSTEMS







Fermentor Design

Marvin Charles and Jack Wilson

Contents
1.1 Design PhiloSOPhY . «cwsssmmanmsssss sasmemnsssssas 5
1.2 The Interactions Between Oxygen and Heat Transfer . . ......... 8
1.3 OXy0en TIanster . . - s sennsnsovsmnmcs i s PRamaaEs 548 $a80 11
1.3.1 Theoretical Considerations . . .. ................... 11
1.3.2 Increasing OTR, and the Consequences . ............. 13
1321 Foaming . ..........0uiiunenennnnnnnn. 14
1322 GasHoldup . ............ciiiiin.... 14
1.3.23 Gas Linear Velocity ..................... 15
1:3.24 Gassed POWEr .cwocswsssssssasanasiisas 17
1.3:2:5 PIESSURE : «sicvsvusnocsssssmmbpasessiis 20
1.3.2.6 Oxygen Enrichment ..................... 20
133 Agitation . ...t e 20
1.3.3.1 TipSpeedand Shear . .................... 21
14 Heat'Transler s s :scs:ssnnnnmseaissss sameanssis o 23
141 BaSiCSuissssssisssssnaanmmemasissombimass o ia 23
142 RealitiesS . ... ...ttt eineennn. 26
1.5 BrothRheology .......... ... i, 27
1.5] DEBNtonS =i ::::: naonmewnsssssss a0mnEss s 28
1.5.2 Rheological TYPES: : . ::ssscsnssssssisonmneadsss 29
16 MIXING .ottt ittt e e e e e 32
1.6.1 Impellersand Baffling ......................... 32
1.6.2 RUeDIOEY sovmassssssssmmonmmmassss popnenss s 35

1.63 Mammalian Cells . ... .... ..., 35




Fermentor Vessel Design . ... ...t 37

1.7.1 Safety/Codes ::::::ssmmamsmmmnsssssmmmmpnia ¢+ os 39
1.72 Materials ... s ssssssanmensmsss s Sammamns s 3 5 39
173 Welds . oo oo v v oo rmmnmbmmda s issbmmmunessas 40
174 Finish . ... e 40
1,75 ClEanabilify ; . : c 2 s ssmammmons ce s o v vmmmmmwm s o wo 41
1.76 NOZZRS : s cs::5: anpoaeamEmss et e Bumas s oo m 41
127 JackefS :i:iss:sammumaanpessss seuuspnisssns 42
178 COlS wve v vnvnsmmbsanmansssss hboRERES s § 58 43
179 Baffles ....... ..t e 43
1710 SPATERES w rssssssmmppmmeman v oo o momwmmm e v oo 44
1711 MaliWays s:v:s:csmpnuonnommisst s spumues s i o 44
1.7.12, StaticSeals ¢ ::::s sovenavenmssss prsunees 8§ Fo 45
1.7.13 Sight'Glasses i : : s s s somavmnsmmss s s nausmEss 5 5o 45
1.7.14 Drain Valve . . ... ..ot e it e e 45
1.7.15 Steam LockS . . ... ii i e 45
Agitation System Design . ... ... ...l i 46
1.8.1 Drive LOCAtON « s s : s s sawmunmsss ¢35 aamanssvsss 46
182 SedlS cowecerecrenromuibsdsisi is5i00nEmd55 8 47
1.8.3 Shaft Vibration ............... .. .. .. ... 48
1.8.4 Shaft Orientation . ................ccuuiuuuenn... 51
Desigh EXaMple: ;s ss:iscssommumpnsmsssss somensisss 52
19.1 DesignBasis . ........c.c0iimiiiiniininn. 52
192 ASolution............iuniiiininnenenan, 54

1.9.2.1 Overall Balances and Sizing ............... 54

1.9.2.2 Preliminary Sizing Calculations ............. 54

1.9.2.3 Projected Fermentation Histories ............ 57

1.9.24 Sizing Calculations Revisited . ... ........... 60

1.9.2.5 BrothCooldown . ............ccvuuuun... 60
1.9.3 Mechanical Design .. ........c.cuvin .. 62

1931 VeS8l ;. :::svuupmnaswssss yopuonms s § 8 62

1.9.3.2 Agitation System . ........... .00, 63
ConClusion . ... oottt e e 63

References . . ...civ it e e e e 64




1 Fermentor Design 5

In this chapter we consider only agitated vessels for aerated, aseptic fermentations.
Many other vessel types with distinct advantages for specific applications have been
proposed, and a few of these have been used for limited commercial applications. In
most cases, however, their advantages do not outweigh those of the agitated tank
(namely, that it is better understood, offers more reliable scale-up, and is easier to
adapt to multiple products), which is likely to remain the dominant fermentor type for
the foreseeable future. Information about other fermentor types is given in the
references [1, 2a, 3a].

We address the basics of sizing and designing fermentor vessels and their agitation
and aeration systems. We also discuss popular misconceptions and design pitfalls.
We work through a somewhat detailed design example at the end of the chapter.

Finally, this chapter is not a complete design manual. Rather, it is a guide that
illustrates how a good design engineer thinks, some of the methods he (or she,
understood throughout) employs, and the kinds of information and resources he needs
to do his job best. It should benefit not only those beginning to study the basics of
fermentor design (students and practicing engineers), but also those interested in
buying fermentors and complete systems.

1.1 Design Philosophy

The objective of rational design is to produce the plans necessary to build economical
systems that satisfy well-considered performance criteria. Two generalizations worth
noting are:

(a) The purpose of a fermentor is to provide a contained (protected), controlled,
homogeneous environment, in which a fermentation can be performed safely
and practically to achieve particular objectives.

(b) Objectives usually are defined rather loosely for lab applications, and tend to
become tighter with increasing scale. A high degree of flexibility usually is
a major objective in the lab. Reliability, safety, cost, and compliance with
regulatory requirements usually are primary factors for production equipment.
These transcendent criteria are touchstones for ordering the priorities of more
specific performance criteria, such as mixing quality, oxygen transfer, and
heat transfer.

The realization of process objectives depends on reliable operation of an entire
system, of which the fermentor is only one part; therefore, rational design of the
fermentor requires careful consideration of how it is integrated into the process. The
designer should, therefore, consider from the outset factors such as plant scheduling,
space constraints, relationships between fermentor productivity and throughput rates
of downstream equipment, containment and validation requirements, utilities
requirements, potential interruptions in normal plant operation, overall labor
requirements, and operating versus capital costs. Monitoring/control, sterilization
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methods, and the number and types of addition vessels also must be considered as
early in the design process as possible, particularly with regard to how they affect
overall process requirements.

The designer usually must use information obtained at a scale much smaller than
the one for which he is designing. Very frequently, he must start while the
fermentation still is being developed at lab scale. And so he enters the mystical world
of fermentation scale-up. Much has been written about scale-up criteria, but what has
not been written usually is more important than what has been written. Published
scale-up criteria usually fall into one or more of the following types:

(a) primarily theoretical, and based on assumptions and gross simplifications that

are not valid for most fermentations;

(b) single-parameter objectives (such as maintenance of oxygen-transfer level);

(c) experiments in which observations are limited to those required to study

single-parameter objectives;

(d) experiments involving scale-up from very small to small;

(e) experiments done under very idealized conditions, which are impractical for

commercial applications.

Some of the popular scale-up methods (so-called) come in the form of correlations,
which either are implied or are inferred to be scale-independent and to have a wide
range of applicability. Unfortunately, most are not. Others are cast as rules of thumb,
subject to similar implications or inferences. Most of these are based on very limited
observations of specific fermentations.

The critical factors missing in all of the methods are integration and the recognition
that what is important at one scale may not be important at another. These missing
factors can lead to very significant problems, since just about every aspect of a
fermentation influences most other aspects. The reality is that sound design requires
a great deal of compromise, based on a wide range of real experience doing real
fermentations at meaningful scale. Rational scale-up is not a simple textbook exercise.

The various methods and rules alluded to above are presented in many references
[4, 5a, 6], and are not repeated here. But you are cautioned to bring to such readings
all the critical thinking you can muster, and to seek experienced counsel.

Design is an applied art, not a science. It requires the consideration of a host of
interrelated factors, many of which are risk assessments and value judgments;
therefore, the design engineer must apply experience and judgment in reaching
reasonable compromises without attempting to violate the laws of physics. In general,
there is no such thing as the ideal fermentor. The engineer who forgets the basic
principle that “good enough is better than perfect”, and attempts to optimize a
satisfactory design, probably won’t see the system built in his lifetime, and probably
should be in some other line of work.

The designer must balance theory with the application of quantitative, empirical
correlations and various rules of thumb. Lest the novice be led astray, it is important
to note right away that many of the so-called quantitative methods leave a great deal



