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THE CACHE CORPORATION

WHAT IS CACHE?
CACHE is a not-for-profit organization whose purpose is to promote cooperation among
universities, industry and government in the development and distribution of computerrelated and/or technology-based educational aids for the chemical engineering profession.

CREATION OF THE CACHE CORPORATION
During the 1960s the rapid growth of computer technology challenged educators to
develop new methods of meshing the computer with the teaching of chemical engineering.
In spite of many significant contributions to program development, the transferability of
computer codes, even those written in FORTRAN, was minimal. Because of the
disorganized state of university-developed codes for chemical engineering, fourteen
chemical engineering educators met in 1969 to form the CACHE (Computer Aids for
Chemical Engineering) Committee. The CACHE Committee was initially sponsored by
the Commission on Education of the National Academy of Engineering and funded by
the National Science Foundation. In 1975, after several successful projects had been
completed, CACHE was incorporated as a not-for-profit corporation in Massachusetts to
serve as the administrative umbrella for the consortium activities.

CACHE ACTIVITIES
All CACHE activities are staffed by volunteers including both educators and industrial
members, and coordinated by the Board of Trustees through various Task Forces.
CACHE actively solicits the participation of interested individuals in the work of its
ongoing projects. Information on CACHE activities is regularly disseminated through
CACHE News, published twice yearly.
Individual inquiries should be addressed to:
CACHE Corporation
P.O. Box 7939
Austin, Texas 78713-7939
(512) 295-2708
FAX: (512) 295-4498
cache@uts.cc.utexas.edu
http://www.cache.org

CACHE NEWS
The CACHE News is published twice a year and reports news of CACHE activities and
other noteworthy developments of interest to chemical engineering educators. Persons
who wish to be placed on the mailing list should notify CACHE at the aforementioned
address. Contributions from CACHE representatives are welcome. This issue was edited
by Christine Bailor with contributions from a number of CACHE members and
representatives.

© CACHE Corporation
All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or
transmitted, in any form or by any means, electronic, photocopying, recording, or otherwise,
without the prior permission of the Copyright owner.
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CACHE Supporting Departments

This is a list of chemical engineering departments that support CACHE.
CACHE annually solicits universities for funds to carry out on-going CACHE activities
and nurture new projects.

Auburn University, Alabama
Brigham Young University, Utah
Bucknell University, Pennsylvania
California Institute of Technology
California State Polytechnic University, Pomona
California State University, Long Beach
Carnegie-Mellon University, Pennsylvania
Case Western Reserve University, Ohio
Christian Brothers University, Tennessee
City College of City University of New York
Clarkson University, New York
Clemson University, South Carolina
Cleveland State University, Ohio
Colorado School of Mines
Colorado State University
Cork Institute of Technology, Ireland
Curtin University of Technology, Australia
Dalhousie University, Canada

Ecole Polytechnique, Canada
Florida Institute of Technology
Georgia Institute of Technology
Hong Kong University of Science and Technology
Howard University, District of Columbia
Illinois Institute of Technology
Imperial College London, U.K.
Institut fur Verfahrenstechnik, ETH, Switzerland
Iowa State University of Science and Technology
Kansas State University
Kasetsart University, Thailand
Lafayette College, Pennsylvania
Lakehead University, Canada
Louisiana State University
Louisiana Tech University
Manhattan College, New York
Massachusetts Institute of Technology
McGill University, Canada
McMaster University, Canada
Michigan State University
Michigan Technological University
Mississippi State University
Monash University, Australia

New Jersey Institute of Technology
New Mexico State University
North Carolina A&T State University
Northwestern University, Illinois
Norwegian University of Science and Technology
Ohio State University
Ohio University
Oklahoma State University
Pennsylvania State University
Princeton University, New Jersey
Purdue University, Indiana
Queen’s University, Canada
Rensselaer Polytechnic Institute, New York
Rice University, Texas
Rose-Hulman Institute of Technology, Indiana
Rowan University, New Jersey
Ryerson University, Canada
San Jose State University, California
South Dakota School of Mines and Technology
Stanford University, California
State University of New York at Buffalo
Stevens Institute of Technology, New Jersey
Swiss Federal Institute of Technology (ETH)

Syracuse University, New York
Technical University of Denmark
Technion-Israel Institute of Technology
Technische Universitat Berlin, Inst. Process & Plant Technology, Germany
Texas A&M University - College Station
Texas Tech University
Trinity University, Texas
Tufts University, Massachusetts
Tulane University, Louisiana
Tuskegee University, Alabama
Universidad de las Americas-Puebla, Mexico
Universidad Autonoma de Yucatan, Mexico
Universidad de Concepcion, Chile
Universitat Kaiserslautern, Germany
Universitat Politecnica de Catalunya, Spain
Universitat Rovira i Virgili, Spain
Université Laurentienne, Canada
Université de Sherbrooke, Canada
Université Laval, Canada
University of Adelaide, Australia
University of Akron
University of Alabama, Huntsville
University of Alabama, Tuscaloosa

University of Alberta, Canada
University of Arizona
University of Arkansas
University of British Columbia, Canada
University of Calgary, Canada
University of California, Davis
University of California, Riverside
University of California, San Diego
University of California, Santa Barbara
University of Cape Town, South Africa
University of Cincinnati, Ohio
University of Colorado
University of Connecticut
University of Dayton, Ohio
University of Delaware
University of Florida
University of Houston, Texas
University of Illinois, Urbana
University of Iowa
University of Kansas
University of Kentucky
University of Louisville Speed Scientific School
University of Maribor, Slovenia

University of Maryland, Baltimore County
University of Maryland, College Park
University of Massachusetts, Amherst
University of Michigan
University of Minnesota, Duluth
University of Minnesota, Minneapolis
University of Mississippi
University of Missouri-Columbia
University of Missouri-Rolla
University of Nevada, Reno
University of New Brunswick, Canada
University of New Hampshire
University of New South Wales
University of Notre Dame, Indiana
University of Oklahoma
University of Pennsylvania
University of Pittsburgh, Pennsylvania
University of Queensland, Australia
University of Rhode Island
University of Rochester, New York
University of South Alabama
University of South Carolina
University of South Florida

University of Southern California
University of Tennessee, Knoxville
University of Texas at Austin
University of Toledo, Ohio
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Virginia Polytechnic Institute & State University
Washington University, Missouri
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Comments from the Editors
Peter Rony and Scott Fogler

This issue of CACHE News (No. 60 – Spring 2005) includes several manuscripts from the Sixth
International Conference on Foundations of Computer-Aided Process Design (FOCAPD 2004). To
quote from the July 2004 issue of CACHE News:
“The major theme of FOCAPD 2004, Discovery through Product and Process Design, reflects the
remarkable shift in the industrial sector. Princeton University Professor Christodoulos A. Floudas and
Dr. Rakesh Agrawal of Air Products and Chemicals chaired this conference with a goal to create an
academic and industrial dialogue, a critical assessment of existing enabling technologies, a discussion on
research, education, and industrial needs, and a forum of new directions, challenges and opportunities in
product and process design.
“FOCAPD 2004 was held at the Friend Center at Princeton University, Princeton, New Jersey, July 1116, 2004. This international conference attracted world-renowned experts from academia and industry,
researchers and practitioners from government laboratories, product and processing industries,
technology and consulting companies, and graduate students.”
Why publish such manuscripts in the online CACHE News? For several reasons: (1) The selected
manuscripts for this issue of CACHE News focus on the teaching, and significance, of product design, a
relatively new topic in undergraduate chemical engineering education; (2) The organization and
sponsorship of conferences on computing in chemical engineering is one of the primary activities of the
CACHE corporation; and (3) Most ChE faculty members in CACHE-supporting departments did not
attend FOCAPD 2004; e.g., there were 155 attendees – mostly from industry -- at FOCAPD 2004.

Also included in this issue is another manuscript in Ed Rosen’s series on the use of Femlab 3.1 in
chemical engineering education. Your CACHE News senior editor has carefully reviewed and tested this
model prior to publication. Both of us thank Mia Johansson (miaj@comsol.com) and Comsol, Inc.
(http://www.comsol.com/) for allowing us to use the Femlab 3.1 software for educational purposes.

Finally, there is a contribution from Ross Taylor and Harry Koojman, “ChemSep Case Book: Handling
Missing Components. ChemSep 5.0 and ChemSep-Lite are really interesting software. I am retired
now, but I would certainly enjoy using them in an undergraduate, separations class.

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Foundations of Computer-Aided
Process Design, FOCAPD 2004
July 11-16, 2004
Princeton University
Friend Center for Engineering Education
Princeton, New Jersey, USA
Co-Chairs
Christodoulos A. Floudas
Rakesh Agrawal
Princeton University
Air Products and Chemicals

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

FOCAPD 2004 - Princeton University, Princeton, New Jersey
C.A. Floudas and R. Agrawal
FOCAPD 1999 - Breckenridge, Colorado
M.F. Malone and J.A. Trainham
FOCAPD 1994 - Snowmass, Colorado
L.T. Biegler and M.F. Doherty
FOCAPD 1989 - Snowmass, Colorado
J.J. Siirola, I.E. Grossmann and G. Stephanopoulos
FOCAPD 1983 - Snowmass, Colorado
A.W. Westerberg and H.H. Chien
FOCAPD 1980 - New England College, Henniker, New Hampshire
W.D. Seider and Richard S.H. Mah

FOCAPD 2004
Foundations of Computer Aided Process Design

Theme:
Discovery Through
Product and Process Design
July 11-16, 2004
Princeton University
Friend Center for Engineering Education
Princeton, New Jersey, USA

FOCAPD 2004
Foundations of Computer Aided Process Design

Objectives
• In-depth review & assessment
of state of the art
• Current and future needs in
research, education & training
• New directions & challenges in
Product and Process Design

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

KEYNOTE ADDRESS: “The Coming Change in the Chemical Industry”
CHAIR: Christodoulos A. Floudas
SPEAKER: Patrick Gruber
SESSION TITLE: Integrated Product and Process Design
CO-CHAIRS: Ka Ng and Josef Kallrath
SESSION TITLE: Education, Training and Industrial Needs in Product and
Process Design
CO-CHAIRS: Michael Doherty and Gintaras Reklaitis
SESSION TITLE: Enabling Technologies in Product and Process Design:
Modeling and Simulation
CO-CHAIRS: Wolfgang Marquardt and Steven Jaffe
SESSION TITLE: Contributed Papers
CO-CHAIRS: Costas Maranas, Rafiqul Gani, Shinji Hasebe, Jose Pinto

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

SESSION TITLE: Enabling Technologies in Product and Process Design:
Optimization Methods and Applications
CO-CHAIRS: Efstratios Pistikopoulos and Basil Joffe
SESSION TITLE: Product and Process Design for Energy and the
Environment
CO-CHAIRS: Michael Malone and Claire Adjiman
SESSION TITLE: Enabling Technologies in Product and Process Design:
Operations
CO-CHAIRS: Marianthi Ierapetritou and B. Ogunnaike
SESSION TITLE: Challenges and Opportunities in Systems Biology
CO-CHAIRS: Andrew Hrymak and Mauricio Futran
CONFERENCE SUMMARY: “Progress since FOCAPD99 and
Challenges for 2009”
CHAIR: Rakesh Agrawal

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

(1) Keynote Address
(21) Plenary Presentations
(82) Contributed Papers/Poster Presentations
A. Process Design and Synthesis
B. Product Design and Discovery
C. Process Operations
D. Modeling, Optimization & Uncertainty

FOCAPD 2004

Keynote & Plenary Speakers

Foundations of Computer Aided Process Design

Andrew
McBrien

Fabio
Schoen

Eugene Mauricio
Schaefer Futran

FOCAPD 2004

Session Chairs

Foundations of Computer Aided Process Design

Steven
Jaffe

Mauricio
Futran

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Contributed Papers/Posters Session
A. Process Design and Synthesis
Rafiqul Gani
B. Product Design and Discovery
Jose Pinto
C. Process Operations
Shinji Hasebe
D. Modeling, Optimization & Uncertainty
Costas Maranas

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Europe
Asia
Central/South America
North America

• 150 conference attendees from 24 countries
• 113 academic, 36 industrial, 1 government
• 40 students and postdoctoral associates

FOCAPD 2004
Foundations of Computer Aided Process Design

USA
Canada
Puerto Rico
Mexico
Chile
Brazil
Argentina
Turkey
Israel
Hong Kong
Japan
Taiwan

Discovery Through Product
and Process Design

United Kingdom
Netherlands
Germany
Italy
Portugal
Denmark
Slovenia
Finland
Norway
Spain
Switzerland
South Korea

FOCAPD 2004

Discovery Through Product
and Process Design

Foundations of Computer Aided Process Design

•
•
•
•
•
•
•
•
•
•

Air Products and Chemicals
AspenTech
ATOFINA Chemicals
BASF AG
BP Chemicals
Bristol-Myers-Squibb
Cargill Dow
ClearwaterBay Technology
DuPont
Eastman Chemical

•
•
•
•
•
•
•
•
•

ExxonMobil
Emerson Process
Management
IBM
Invista
Process Systems Enterprise
Procter and Gamble
Rohm and Haas
Solutia
Symyx Technologies

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Advisory and Organizing Committee
L.T. Biegler
H. Britt
M.F. Doherty
R. Gani
I.E. Grossmann
S. Jaffe
S. Kim
M.F. Malone
C.D. Maranas
W. Marquardt
M. Morari
Ka Ng
B. Ogunnaike
C. Pantelides
E.N. Pistikopoulos
G.V. Reklaitis
W.D. Seider
J.J. Siirola
G. Stephanopoulos
G. Towler
A.W. Westerberg

Carnegie Mellon University
AspenTech
University of California, Santa Barbara
DTU, Denmark
Carnegie Mellon University
ExxonMobil
Purdue University and NSF
University of Massachusetts
Pennsylvania State University
RWTH, Aachen, Germany
ETH, Switzerland
Hong Kong University
University of Delaware
Imperial College, UK and PSE
Imperial College, UK
Purdue University
University of Pennsylvania
Eastman Chemical Co.
MIT
UOP
Carnegie Mellon University

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Sponsors
CACHE
AIChE
CAST Division AIChE
Princeton University
National Science Foundation

Air Products and Chemicals
AspenTech
BASF
Bristol-Myers-Squibb
Eastman Chemical
ExxonMobil
Invista
Mitsubishi Chemicals
Optience
Process Systems Enterprise

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Best Contributed Paper Awards:
• AspenTech
A. Yang, J. Morbach, W. Marquardt

• BASF
N. Kakalis, A. Kakhu, C. Pantelides

• ExxonMobil
A. Pfeiffer, J.D. Siirola, S. Haun

• Process Systems Enterprise
K. Furman, I.P. Androulakis

FOCAPD 2004
Foundations of Computer Aided Process Design

Opening Session
CHAIR: Christodoulos A. Floudas

KEYNOTE ADDRESS: “The Coming Change in the Chemical
Industry”
Patrick Gruber

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Registration:

(Room 101 of Friend Center)
• Sunday: 3 p.m. – 5:30 p.m.
• Monday to Thursday: 7 a.m. – 5 p.m.
• Friday: 7 a.m. – 12 noon

Hospitality:

(Room 113 of Friend Center)
• wine, beer, non-alcoholic beverages and snacks
• Monday, Tuesday, Wednesday from 10 p.m. – 11:30 p.m.

Meal Plan:

(Room 113 of Friend Center)
• served Monday, Tuesday, Wednesday
• breakfast from 7:30 a.m. – 8:15 a.m.
• dinner from 6 p.m. – 6:50 p.m.

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Thursday, July 15, 2004
• Trip to New York City
The Metropolitan Museum of Art
• Conference Banquet
The Prospect House

FOCAPD 2004
Foundations of Computer Aided Process Design

SESSION TITLE: Integrated Product and Process Design
CO-CHAIRS: Ka Ng and Josef Kallrath

“Towards a Product-Centered Chemical Industry:
Rethinking the Role of R&D and its Interaction with
Marketing and Business Strategy”
George Stephanopoulos
“The Integration of Process and Product Design”
James Wei

“Applications of High-Throughput Methodologies to
Product and Process Design”
W. Henry Weinberg

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Contributed Papers/Posters Session
A. Process Design and Synthesis
Co-Chair:
Rafiqul Gani
Assistant: Chrysanthos Gounaris
B. Product Design and Discovery
Co-Chair:
Jose Pinto
Assistant: Rohit Rajgaria
C. Process Operations
Co-Chair:
Shinji Hasebe
Assistant: Stacy Janak
D. Modeling, Optimization & Uncertainty
Co-Chair:
Costas Maranas
Assistant: Scott McAllister

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Contributed Papers/Posters Session
4:30-6:00pm: Oral Presentations (3-4 minutes each)
A Process Design & Synthesis
Room 101
B Product Design & Discovery
Room 004
C Process Operations
Room 006
D Modeling, Optimization & Uncertainty Room 008
7:00-8:00pm: Summary by Co-Chairs
8:00-10:00pm: Poster Session
10:00-11:30pm: Hospitality

Room 101

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

KEYNOTE ADDRESS: “The Coming Change in the Chemical Industry”
CHAIR: Christodoulos A. Floudas
SPEAKER: Patrick Gruber
SESSION TITLE: Integrated Product and Process Design
CO-CHAIRS: Ka Ng and Josef Kallrath
SESSION TITLE: Education, Training and Industrial Needs in Product and
Process Design
CO-CHAIRS: Michael F. Doherty and Venkat Venkatasubramanian
SESSION TITLE: Enabling Technologies in Product and Process Design:
Modeling and Simulation
CO-CHAIRS: Wolfgang Marquardt and Steven Jaffe
SESSION TITLE: Enabling Technologies in Product and Process Design:
Optimization Methods and Applications
CO-CHAIRS: Efstratios N. Pistikopoulos and Basil Joffe

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

SESSION TITLE: Product and Process Design for Energy and the
Environment
CO-CHAIRS: Michael Malone and Claire S. Adjiman
SESSION TITLE: Enabling Technologies in Product and Process Design:
Operations
CO-CHAIRS: Marianthi R. Ierapteritou and B. Ogunnaike
SESSION TITLE: Challenges and Opportunities in Systems Biology
CO-CHAIRS: Andrew Hrymak and Mauricio Futran
CONFERENCE SUMMARY: “Progress since
FOCAPD99 and Challenges for 2009”
CHAIR: Rakesh Agrawal
SPEAKERS: Michael Malone, John Perkins, and Jeffrey J. Siirola

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Sunday, July 11th
3-5:30 pm
6-8 pm
8-9 pm

Registration
Welcoming Reception:
Princeton University Art Museum
Opening Session
CHAIR: Christodoulos A. Floudas
KEYNOTE ADDRESS: “The Coming Change in the Chemical
Industry”
Patrick Gruber

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Monday, July 12th
7:30-8:20 am
8:25 am12:35 pm
8:25-8:30 am
8:30-9:30 am

Breakfast (Meal Plan)
SESSION TITLE: Integrated Product and Process Design
CO-CHAIRS: Ka Ng and Josef Kallrath
Introduction
“Towards a Product-Centered Chemical Industry: Rethinking
the Role of R&D and its Interaction with Marketing and
Business Strategy”
George Stephanopoulos
9:30-10:30 am “The Integration of Process and Product Design”
James Wei
10:30-11 am
Break
11 am-12 pm
“Applications of High-Throughput Methodologies to Product
and Process Design”
W. Henry Weinberg
12-12:30 pm
Discussion
12:30-12:35 pm Closing

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Monday, July 12th
6-6:55 pm
6:55-10:05 pm

Dinner (Meal Plan)
SESSION TITLE: Education, Training and Industrial Needs in
Product and Process Design
CO-CHAIRS: Michael F. Doherty and Venkat
Venkatasubramanian
6:55-7 pm
Introduction
7-8 pm
“Chemical Product and Process Design Education”
Warren D. Seider, J.D. Seader, and Daniel R. Lewin
8-9 pm
“Fostering Design Innovation in the University”
Karl T. Ulrich
9-10 pm
“Chemical Process Design”
Edward L. Cussler and Geoff D. Moggridge
10-10:05 pm
Closing
10:05-11:30 pm Hospitality

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Tuesday, July 13th
7:30-8:20 am
8:25 am12:35 pm

Breakfast (Meal Plan)
SESSION TITLE: Enabling Technologies in Product and
Process Design: Modeling and Simulation
CO-CHAIRS: Wolfgang Marquardt and Steven Jaffe
8:25-8:30 am
Introduction
8:30-9:30 am
“Modeling and Simulation in 2004: An Industrial Perspective”
Herbert Britt, Chau-Chyun Chen, Vladimir Mahalec, and
Andrew McBrien
9:30-10:30 am “Process Modelling Technology: A Critical Review of Recent
Developments”
Constantinos C. Pantelides and Zbigniew E. Urban
10:30-11 am
Break
11 am-12 pm
“Molecular-Modeling Methods and Use for Product and
Process Design”
Phillip R. Westmoreland and Athanassios Z. Panagiotopoulos
12-12:30 pm
Discussion
12:30-12:35 pm Closing

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Tuesday, July 13th
4:30-6 pm and
7-10:05 pm

SESSION TITLE: Contributed Papers – Poster Session
CO-CHAIRS: Costas D. Maranas, Rafiqul Gani, Shinji
Hasebe, and José M. Pinto
4:30-6 pm
Oral Presentations by Authors of Contributed Papers
Parallel sessions with various themes will be led by individual
co-chairs.
Group A: Process Design and Synthesis
Group B: Product Design and Discovery
Group C: Process Operations
Group D: Modeling, Optimization and Uncertainty
6-6:55 pm
Dinner (Meal Plan)
7-8 pm
Critical Assessment of Contributed Papers
Each co-chair will deliver 15-minute summaries of the small
sessions to the whole group.
8-10 pm
Poster Session
10-10:05 pm
Closing
10:05-11:30 pm Hospitality

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Wednesday, July 14th
7:30-8:20 am
8:25 am12:35 pm

Breakfast (Meal Plan)
SESSION TITLE: Enabling Technologies in Product and
Process Design: Optimization Methods and Applications
CO-CHAIRS: Efstratios N. Pistikopoulos and Basil Joffe
8:25-8:30 am
Introduction
8:30-9:30 am
“Challenges and Research Issues for Product and Process
Design Optimization”
Lorenz T. Biegler and Ignacio E. Grossmann
9:30-10:30 am “Recent Advances and Trends in Global Optimization:
Deterministic and Stochastic Methods”
Panos M. Pardalos and Fabio Schoen
11 am-12 pm
“De Novo Protein Design: An Interplay of Global Optimization,
Mixed-Integer Optimization and Experiments”
Christodoulos A. Floudas, John L. Klepeis, J. D. Lambris, and
Dimitrios Morikis
12-12:30 pm
Discussion
12:30-12:35 pm Closing

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Wednesday, July 14th
6-6:55 pm
6:55-10:05 pm

Dinner (Meal Plan)
SESSION TITLE: Product and Process Design for Energy and
the Environment
CO-CHAIRS: Michael Malone and Claire S. Adjiman
6:55-7 pm
Introduction
7-8 pm
“Crystal Engineering for Product and Process Design”
Michael F. Doherty and Daniel A. Green
8-9 pm
“Model-based Experimental Analysis: A Systems Approach to
Mechanistic Modeling of Kinetic Phenomena”
Wolfgang Marquardt
9-10 pm
“Hydrogen as an Energy Carrier – Its Promises and
Challenges”
Rakesh Agrawal
10-10:05 pm
Closing
10:05-11:30 pm Hospitality
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Discovery Through Product
and Process Design

Thursday, July 15th
7:30-8:20 am
8:25 am12:35 pm

Breakfast (Meal Plan)
SESSION TITLE: Enabling Technologies in Product and
Process Design: Operations
CO-CHAIRS: Marianthi R. Ierapteritou and B. Ogunnaike
8:25-8:30 am
Introduction
8:30-9:30 am
“Hybrid Systems Modeling, Parametric Programming, and
Model Predictive Control – Impact on Process Operations”
Vivek Dua, Efstratios N. Pistikopoulos, and Manfred Morari
9:30-10:30 am “Design and Operation of Supply Chains in Support of
Business and Financial Strategies”
Conor M. McDonald and Gintaras V. Reklaitis
11 am-12 pm
“Discovery Informatics: A Model-Driven Multi-Scale Integrated
Framework for Product Design and Engineering”
Venkat Venkatasubramanian, James M. Caruthers, and
W. Nicholas Delgass
12-12:30 pm
Discussion
12:30-12:35 pm Closing

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Thursday, July 15th
12:45-7 pm
7:30-10 pm

Trip to New York City: The Metropolitan Museum of Art
Conference Banquet
Dinner Address: Dean Maria Klawe, School of Engineering
and Applied Science, Princeton University

FOCAPD 2004
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Discovery Through Product
and Process Design

Friday, July 16th
7:30-8:20 am
8:25-11 am

8:25-8:30 am
8:30-9:30 am

9:30-10:30 am

10:30-11 am

Breakfast (Meal Plan)
SESSION TITLE: Challenges and Opportunities in Systems
Biology
CO-CHAIRS: Andrew Hrymak and Mauricio Futran,
Introduction
“Challenges of Computer-Aided Design of Bioprocesses:
Opportunities Presented by Systems Biology”
Eugene J. Schaefer and Mauricio Futran
“Systems Biology: Using Systems Approaches to Manage
Biological Complexity”
Joel F. Moxley, Gregory Stephanopoulos, and Isidore
Rigoutsos
Break

FOCAPD 2004
Foundations of Computer Aided Process Design

Discovery Through Product
and Process Design

Friday, July 16th
11 am-12 pm

CONFERENCE SUMMARY: “Progress since FOCAPD99 and
Challenges for 2009”
CHAIR: Rakesh Agrawal
SPEAKERS: Michael Malone, John Perkins, and Jeffrey Siirola
12-12:30 pm
Discussion
12:30-12:35 pm Closing of Conference
Rakesh Agrawal
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Discovery Through Product
and Process Design

Contributed Papers/Posters Session
A. Process Design and Synthesis
Co-Chair:
Rafiqul Gani
Assistant: Chrysanthos Gounaris
B. Product Design and Discovery
Co-Chair:
Jose Pinto
Assistant: Rohit Rajgaria
C. Process Operations
Co-Chair:
Shinji Hasebe
Assistant: Stacy Janak
D. Modeling, Optimization & Uncertainty
Co-Chair:
Costas Maranas
Assistant: Scott McAllister
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Progress since FOCAPD99 and
Challenges for 2009
John Perkins, Mike Malone,
and Jeff Siirola
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Future Trends and Challenges
• Much slower growth in the developed world
• Accelerating growth in the developing world
• Increasing emphasis on environmental impact
minimization, energy minimization, alternative
raw materials, sustainability
• 5 X existing production capacity within 50
years for most commodities

FOCAPD 2004
Foundations of Computer Aided Process Design

Emerging Processes
•
•
•
•
•

Clean water
Biomass and coal gasification
Carbon sequestration
Photovoltaics, fuel cells, energy storage
Bioprocesses
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Product and Process Interaction
• Simple small molecules
• Functional molecules: dyes, drugs, solvents,
refrigerants, fire suppressants, fuel additives
• Mixtures and simple formulations
• Process counts: polymers, block copolymers, chiral
molecules, crystal polymorphs, structured products
• Product performs a process function
• Evaluation of consumer product candidates
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Chemical Product Engineering
• Stage-Gate® innovation process: Identify need,
Generate alternatives, …
• What tools might be brought to rational product
design?
• Basic chemicals
– Structure-property relationships
– Discovery Informatics
– Group contribution optimization
• Formulated products
• Structured products

FOCAPD 2004
Foundations of Computer Aided Process Design

Product Design
Analysis

Inputs

Specs

?

Inputs

? Specs

Market

Synthesis

Market
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Product Engineering Challenge
• Can systematic methods for chemical product
design be developed somewhat analogous to
those developed for chemical process design?
– Evolutionary modification
– Systematic generation
– Superstructure optimization
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Systematic Product Synthesis
A Collaborative Effort
• With other disciplines including physical
chemistry, materials science, physics, biology,
computer science, etc.
• Among industry, academia, and government
• With customers, and customer’s customers
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Questions
• Is there a systematic approach to chemical product
synthesis?
• What PSE tools can be used as enablers of product design?
• What will chemical engineers do better than scientists?
• What do chemical engineers need to understand about
business, markets, finance, …?
• What must we change in the curriculum? How – what can
be removed?
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FOCAPD 2004 Opportunities: Methods
•
•
•
•
•

Modelling
Optimization
Intelligent Experimentation
Product Design Education
…
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FOCAPD 2004 Opportunities: Challenge
Problems
•
•
•
•
•

Energy
Water
Life Sciences
Supply Chain
…
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FOCAPD 2004: Conclusions
• Major new challenge in Product Design
• ‘Opportunity’ Overload?
– Methods and Tools
– Challenge Problems
– Applications, applications, applications!

CHEMICAL PRODUCT AND PROCESS DESIGN EDUCATION
Warren D. Seider
Department of Chemical and Biomolecular Engineering
University of Pennsylvania
Philadelphia, Pennsylvania 19104-6393
J. D. Seader
Department of Chemical Engineering
University of Utah
Salt Lake City, Utah 84112-9203
Daniel R. Lewin
PSE Research Group
Department of Chemical Engineering
Technion, Israel Institute of Technology
Haifa 32000, Israel
Abstract
This paper discusses approaches for providing chemical engineering students a
contemporary experience in product and process design. Current trends and
issues in chemical engineering education are reviewed, as well as the interaction
between business decision-making and product and process design. Then, the
Stage-Gate product development process is examined as utilized by product and
process engineers and business decision-makers (BDMs). The overlap between
the Stage-Gate process and a template introduced to teach the steps in product and
process design is examined next. For product design, problems involving
molecular structure design, batch process synthesis and simulation, and
configured consumer product design are recommended for undergraduate
instruction. These involve quantitative synthesis and analysis to generate and
select from among alternatives.
Keywords
Product design, Process design, Simulators, Stage-Gate, Equipment design,
Configured product design
Introduction
This section is intended to examine several
trends and raise questions regarding
product and process design education, as a
frame of reference for the concepts
presented in subsequent sections of this
paper.
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As chemical engineering graduates
become more involved in: (1) nano- or
meso-scale analysis and synthesis, (2)
molecular modeling (quantum chemistry
and molecular simulations), (3) benchscale
genetic
manipulations
and
separations, and (4) 3D configured

consumer products, design synthesis
continues to be important, but on smaller
length and time scales. See, for example,
the proceedings of the workshop on
Frontiers in Chemical Engineering
Education (Armstrong, 2003). A key
question concerns how to blend the
associated engineering science and design
strategies into the chemical engineering
curriculum. In this regard, it is noted that
more involvement in microbiology,
molecular modeling, and structured
materials is being added gradually to the
curriculum, with an increasing number of
young faculty having completed doctoral
research at the nano- or meso-scale. Yet,
processing continues to be the principal
emphasis, especially in courses on
transport phenomena and chemical
reaction engineering.
Given the increasing emphasis on the
design of consumer products, design
instructors have been challenged to
introduce product design strategies. Since
product and process design activities are
often not easily decoupled, a challenge has
been to find a template that introduces the
steps in designing most products and
processes. Related challenges in product
design arise because most of the idea
generation and screening steps are
qualitative in nature, and the feasibility
analysis
step
often
involves
experimentation and possible consumer
testing. Since some form of quantitative
analysis is usually important in product
synthesis, educators are challenged to find
ways to enable design groups to examine
alternative ideas more quantitatively, using
experiments when necessary. This seems
to be an important requirement because
qualitative, rather than quantitative, design
studies are often not sufficiently
challenging and interesting for students.
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Other questions concern how to introduce
design throughout the curriculum and
whether to have one or two courses at the
senior level. Given the close relationship
between process and product design
concepts, the proposal to teach process
design first followed by product design
(Cussler and Moggridge, 2001) seems less
attractive. In addition, the placement and
conduct of capstone design projects
continues to remain a challenging
problem. Yet, a related concern is the
changing faculty orientation, with the
retirement of experienced process design
instructors, often replaced by young
faculty who have relatively little
experience with plant-scale equipment.
Finally, with the diversification and
growth of software and databases, the
opportunities for their use in obtaining
more realistic solutions to design problems
have grown significantly. It has become
more challenging to assist students in the
effective use of these extensive systems
without becoming overwhelmed by
details.
In this paper, our objective is to address
the strategies for introducing product
design concepts into the senior process
design courses. This paper expands upon
our introduction in “PSE and Business
Decision-Making in the Chemical
Engineering Curriculum” (Seider et al.,
2003). It adds more definition to the
mechanisms of business decision-making,
especially as regards the Stage-Gate
product development process (Cooper,
2001, 2002). Furthermore, it shows the
relationship between the steps in product
and process design and the steps in the
Stage-Gate process. Finally, it examines
case studies that involve quantitative
analyses in product design with foci on
molecular structure design, batch process

scheduling,
design.

and

configured

product

Product and Process Design
The design of chemical products begins
with the identification and creation of
potential opportunities to satisfy societal
needs and to generate profit. Thousands
of chemical products are manufactured,
with companies like Minnesota Mining
and
Manufacturing
(3M)
having
developed over 50,000 chemical products
since being founded in 1904. The scope of
chemical products is extremely broad.
They can be roughly classified as: (1)
basic chemical products, (2) industrial
products, and (3) consumer products. As
shown in Figure 1a, basic chemical
products are manufactured from natural
resources.
1. Basic chemical products include
commodity and specialty chemicals
(e.g., commodity chemicals – ethylene,
acetone, vinyl chloride; specialty
chemicals - difluoroethylene, ethyleneglycol mono-methyl ether, diethyl
ketone),
bio-materials
(e.g.,
pharmaceuticals, tissue implants), and
polymeric materials (e.g., ethylene
copolymers,
polyvinylchloride,
polystyrene).
2. The manufacture of industrial products
begins with the basic chemical
products, as shown in Figure 1b.
Industrial products include films,
fibers (woven and non-woven), and
paper.
3. Finally, as shown in Figure 1c,
consumer products are manufactured
from basic chemical and industrial
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products. These include integrated
circuits, dialysis devices, solar
desalination devices, drug delivery
patches, fuel cells, hand-warmers,
Post-it notes, ink-jet cartridges,
detachable wall hangers, cosmetics,
laundry detergents, pharmaceuticals,
transparencies for overhead projectors,
and many others.
Many chemical products are manufactured
in small quantities and the design of a
product focuses on identifying the
chemicals or mixture of chemicals that
have the desired properties, such as
stickiness, porosity, and permeability, to
satisfy specific industrial or consumer
needs. For these, the challenge is to create
a product that has sufficiently high market
demand to command an attractive selling
price. After the chemical formulation is
identified, it is often necessary to design a
manufacturing process.
Other chemical products, often referred to
as commodity chemicals, are required in
large quantities.
These are often
intermediates in the manufacture of
specialty chemicals and industrial and
consumer products.
These include
ethylene, propylene, butadiene, methanol,
ethanol, ethylene oxide, ethylene glycol,
ammonia, nylon, and caprolactam (for
carpets); together with solvents like
benzene, toluene, phenol, methyl chloride,
trichloroethylene, and tetrahydrofuran; and
fuels like gasoline, kerosene, and diesel
fuel. These are manufactured in largescale processes that produce billions of
pounds annually in continuous operation.
Since they usually involve small, welldefined molecules, the focus of the design
is on the process to produce these
chemicals from various raw materials.

Manufacturing
Process

Natural
Resources

Basic chemical products
(commodity and specialty
chemicals, bio-materials,
polymeric materials)

(a)

Basic
chemical
products

Manufacturing
Process

Industrial products
(films, fibers, paper, …)

(b)

Manufacturing
Process

Basic chemicals
Industrial products

Consumer products
(dialysis devices, Post-it notes,
transparencies, drug delivery
patches, cosmetics, ...)

(c)

Figure 1 Manufacture of chemical products
Business Decision-Making
As new chemical products are conceived,
companies in the chemical industry, and
many other commercial and governmental
organizations, have Business Decision
Makers (BDMs), typically within highlevel management. These persons receive
inputs from the many sources shown in
Figure 2a. The inputs, or proposals, often
originate from the ideas of Technical Sales
Groups, often known as Business
Managers, whose teams work with current
customers, seeking to learn about
customer needs. Inputs also originate
from the ideas of Technical Service
Groups (also known as Application
Groups), who interact closely with
Technical Sales Groups, working to
synthesize solutions using existing
technologies and promising laboratory
results. Often these ideas are fed to
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Product Development Groups (also known
as Research and Development (R&D)
Groups), who work to invent new products
and technologies. Their most promising
ideas and concepts are sent usually to a
Business Center in a request for a budget
to carry out an engineering study. When
approved, product and process systems
engineering work is undertaken to carry
out product and process synthesis, process
simulation studies, cost estimation, and
profitability analyses.
As promising
results are obtained, these are the basis for
proposals, or inputs, to the BDMs. In
recent years, especially for product design,
five product and process engineering steps
are carried out in a sequence that has
become known as the Stage-Gate product
development process (Cooper, 2001,
2002). After each step, as discussed in the
next section, a Real-Win-Worth (RWW)
evaluation is carried out, and when

promising the results are forwarded as

inputs

to

the

BDMs

for

approval.

Technical Services,
Application Groups
Synthesize solutions using
existing technologies and
promising lab results

Ideas

Technical Sales,
Business Managers

Product Developers,
Ideas R&D Groups

Teams work with
customers to respond
to needs

To invent
new products

Promising
Projects
(Requests for
engineering
funding)

Ideas

Business
Center

Project
Rejected

Project
Funded

Manufacturing Sites

PSE Work in Stage-Gate
Development Process

Work to reduce
operating problems

Promising
Projects

Promising
Results

Product and Process Synthesis
Process Simulation Studies
Cost Estimation
Profitability Analysis

Inputs to
Business
Decision
Makers

(a) Input sources

Inputs

Concept Approved proceed to next step

Business
Decision Makers

(Usually to prepare a
more detailed evaluation
- keeping capital limits in
mind)

(often high-level
managers)

Concept
Rejected

Concept Recycled
for further study given reviews (basis
for decision)

(b) Decisions
Figure 2. Business decision making
Another source of inputs for BDMs
originate at the Manufacturing Sites,
which often work to resolve operating
problems, leading to ideas for variations
on existing products, retrofits, or even new
processing methods. Often these ideas are
fed to the Product Development groups,
with engineering studies undertaken, as
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described above. Here, also, the most
promising results provide inputs to the
BDMs.
Finally, it is important to note that most
business areas have a group of financial
analysts who carry out detailed economic
analyses, including sensitivity and

uncertainty analyses, to accompany inputs
to the BDMs.
Figure 2b shows the inputs processed by
the BDMs, with decisions issued in three
principal categories: (1) the concept is
approved with the authors of the proposals
authorized to proceed to the next step of
the Stage-Gate process, (2) the concept is
recycled for further study, given reviews
that are the basis for the decision, and (3)
the concept is rejected. Note, however,
that rejected proposals are often not
entirely rejected. In many cases, research
and development managers find some
combination of time, equipment, and
motivated employees able to rework the
proposal with a “new look.”
Stimulating Idea Generation and Product
Design
To stimulate idea generation and product
design, increasingly, BDMs have instituted
new corporate policies that include:
Fifteen Percent Rule (3M), in which
employees are allowed 15% of their
time to work on projects of their own
choosing.
Tech Forums, which are organizational
structures that encourage technical
exchange in specific areas, including
physics, life sciences, product design,
and intellectual property.
Stretch Goals to stretch the pace of
innovation. For example, at 3M, a
goal is set at 50% of annual sales to be
comprised of products introduced over
the last four years. A second goal is
for 10% of annual sales to be
comprised of products introduced over
the last year.
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Process
Innovation
Technology
Centers, in which chemical engineers
and material scientists help researchers
scale-up bench-scale concepts. Areas
for development and scale-up include
coating, drying, and inspection and
measurement.
Six Sigma, in which design strategies
are utilized to increase quality control.
These approaches are discussed by
Gundling (2000) and Coe (2000). Brief
discussions are provided also by Seider et
al. (2004).
Corporate Alliances
In recent years, the more profitable
companies are focusing on specialty and
industrial chemicals with only a handful of
companies remaining that focus on a full
range of diversified chemical products. As
a result, few single companies remain
having
the
technical
skills
and
manufacturing resources to produce
complex products alone. For example,
when designing a new fuel cell, a design
team may determine that company X is
well-suited to manufacture a new porous
anode and cathode, company Y is best for
the manufacture of a new co-polymer (for
thin films), and company Z is best to
assemble the fuel cells comprised of the
specialty and industrial chemicals from X
and Y. This challenges design teams and
BDMs to arrange for consortia of
companies to collaborate in product design
and manufacture.
Stated differently, as product design
proceeds, decisions are needed regarding
how deep the designing company can
penetrate into the “food chain.” In a
typical scenario for fuel cells, the company
may plan to develop a new porous anode

cost estimation, and profitability analysis)
in process design courses has become well
defined.
More recently, with more
emphasis being placed on product design,
the Stage-Gate product development
process was introduced by Robert G.
Cooper (2001, 2002 – www.proddev.com).
This five-step process is
illustrated in Figure 3 and is discussed
briefly below.

during the first year, followed by a process
to produce the polymer during the second
year, and acquire a company with a fuelcell assembly line during the third year.
New PSE Concepts in Design Courses
Over the past decade, the role of process
systems engineering (PSE) concepts (such
as process synthesis, process simulation,

Evaluate
each
feasible
product

Screen
superior
cocepts

Concept

Idea generation
Customer visits

Feasibility
For each concept,
make performance
measurements
e.g., aging test

Evaluate for
the winning
manufacturing
options

Evaluate
the winning
process

Product
Introduction

Manufacturing

Development
Manufacturing
options generated
- pilot plant
testing

Scaleup
Design
optimization

Produce product
prototypes

Evaluate and
prepare sales
forecasts

Plant construction,
startup, operation
Manufacturing
process optimization
to meet final customer
specifications
Marketing and product
launch documentation
prepared

Figure 3. Stage-Gate product development process
Stage-Gate Product Development Process
As shown in Figure 3, each of the steps in
the product development process is
followed by a gate at which a Real-WinWorth (RWW) evaluation is carried out,
with positive results presented to the
BDMs who provide approval to proceed to
the next step. In the Real evaluation, the
extent of reality is assessed for a potential
product. The Win evaluation assesses the
competitiveness of the product with
competitors in the market place (and the
ability of the customer’s manufacturing
facility to accept the product, when
applicable). Finally, the Worth evaluation
assesses the anticipated financial reward of
the new product. Next, let’s examine the
five Stage-Gate steps and the RWW
evaluation at each step. Notice that the
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latter becomes more quantitative as the
Stage-Gate process proceeds. Also, notice
that the steps differ somewhat with the
type of chemical product.
Step 1 – Concept
This is one of the most creative steps in
which ideas are generated, keeping in
mind customer needs.
In this step,
customer requests are translated into
product requirements.
Through an
iterative process, the requirements are
reviewed with the customers and refined
as necessary.
Product concepts are
generated to achieve these requirements.
Then, for the best concepts, the RWW
evaluation is applied. The Real analysis
evaluates whether the perceived needs for
the concept are technically realistic and

whether the business opportunity is
potentially
realistic,
given
limited
information at this stage. Under Win
analysis, at this point, usually just patent
information is available to address
potential competition in the marketplace.
For Worth analysis, only crude estimates
of costs and profitability are possible at
this stage. Inputs to the BDMs consist of
the superior concepts, which they screen
for acceptability.
Step 2 - Feasibility
In this step, for each accepted concept, a
rigorous feasibility study is undertaken.
Usually
this
involves
laboratory
experimentation,
with
performance
measurements made that correspond to the
anticipated product performance.
For
example, an aging test may be devised to
assess the product durability. Again, the
RWW analysis is applied to those products
identified as feasible. In this gate, the
Real analysis confirms that feasibility
specifications are met. The Win analysis
begins to assess the ability of the customer
to utilize the feasible product (often in
manufacturing facilities).
Finally, the
Worth analysis is refined after feasibility is
confirmed. Given more promising inputs,
the BDMs screen the feasible products.
Step 3 – Development
This step involves generation of the
manufacturing options; that is, process
synthesis for basic and industrial
chemicals, and synthesis of the assembly
line for configured consumer products.
Often, these options are screened using
process simulation and pilot-plant testing.
In this case, the most promising processing
concepts are evaluated using RWW
analysis.
Under Real analysis, the
assessment focuses on workability of
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existing processing techniques. Here, a
process that involves a complex separation
of solid species might be given a low Real
evaluation.
Under Win analysis, the
manufacturing process might be compared
with others to judge its comparative ease
of construction and operation. Under
Worth analysis, as the manufacturing steps
are identified, more meaningful cost
estimates may be possible. Once again,
the BDMs evaluate the most promising
results, accepting those that meet higher
criteria.
Step 4 – Manufacturing
This step involves the final design. The
manufacturing process is scaled-up and
optimized when appropriate. Again, the
RWW analysis becomes more critical.
Under Real analysis, the assumptions of
scale-up must be carefully assessed.
Under Win analysis, a more carefully
conducted comparison of potential
operability and controllability with other
processes would be assessed.
Under
Worth analysis, the cost estimates should
be refined using more detailed methods
and databases, enabling a more
quantitative
assessment.
And,
consequently, the BDMs assessment
should be more critical, given that
approval leads to the construction of the
manufacturing plant.
Step 5 – Product Introduction
This step involves construction of the
manufacturing plant, start-up, and
operation, with emphasis on quality
control.
To achieve the product
specifications, the process is optimized.
Marketing and product launch documents
are prepared. In the RWW analysis, under
the Real analysis, the realities of the
anticipated channels to the market are

evaluated. At this point, the Win analysis
focuses the ease of control and operation
as compared with other manufacturing
alternatives. Finally, the Worth analysis
involves sales forecasts for the new
product. Preferably, these sales forecasts
include firm commitments by buyers.
When the BDMs approve these inputs,
operation of the plant proceeds as planned.
Template for Product and Process
Design
In our textbook, Product and Process
Design Principles: Synthesis, Analysis,
and Evaluation (Seider et al., 2004), a
template for teaching product and process
design is introduced. This template was
reviewed in our recent manuscript (Seider
et al., 2003).
Herein, space is not
available to reproduce this review or even
the template, which resides in a figure that
requires one full page. Rather, this section
addresses the relationship of this template
to the Stage-Gate product development
process. Beginning with a potential design
opportunity, the template shows the step,
Create and Assess the Primitive Problem,
which involves identifying needs,
generating ideas, interviewing customers,
setting specifications, surveying the
literature (especially patents), and carrying
out marketing and business studies. Then,
if necessary, a step is carried out to Find
Chemicals or Chemical Mixtures that
Have the Desired Properties and
Performance. These two steps correspond
to the Concept step in the Stage-Gate
process.

plant testing and preparation of a
simulation model are included under
Development of Base Case. Note also that
the methods of Detailed Process Synthesis
and Plantwide Controllability Assessment
also correspond to the Development step.
Finally, the Detailed Design, Equipment
Sizing, and Optimization step in the
template corresponds, in part, to the
Manufacturing step in the Stage-Gate
process. However, for the design of
industrial and configured consumer
products, special considerations are
required for equipment sizing in the
Product Design step.
Quantitative Analyses in Product
Design
Until recently, much of the emphasis in
chemical engineering design courses
focused on the manufacture of commodity
chemicals.
Using heuristic and
algorithmic methods of process synthesis,
as well as process simulators and formal
optimization
methods,
quantitative
analyses have been actively employed.
The recent shift toward the design of
chemical products has made it more
difficult to identify design problems
suitable for quantitative analysis, in
general, and for seniors in chemical
engineering, more specifically.
This
section discusses several kinds of product
design problems that are well suited for
quantitative
analysis
by
chemical
engineering seniors.
Molecular Structure Design

When a process is necessary to
manufacture the chemicals, the Process
Creation and Development of Base Case
steps in the template correspond closely to
the Feasibility and Development steps in
the Stage-Gate process. Note that pilot31

In the Concept stage of product and
process design, for those primitive designs
in which desired properties and
performance are specified, it is often
necessary to identify chemicals and

chemical
mixtures
to
meet
the to estimate these properties, the
optimization problem:
specifications. As discussed by Seider et
2
al. (2004), examples include: (1) thin
2
spec 2
⎛ Tg − Tgspec ⎞ ⎛ W − W spec ⎞
⎛
⎞
min
ρ
ρ
−
polymer films to protect electronic
⎜
⎟
w.r.t. ⎜⎜ ρ spec ⎟⎟ + ⎜ T spec ⎟ + ⎜⎜ W spec ⎟⎟
devices, having a high glass-transition n
⎠
⎝
⎠ ⎝
g
⎠ ⎝
temperature and low water solubility, (2)
where n is a vector of group numbers, is
refrigerants that boil and condense at
solved using GAMS to yield the polymer
desired temperatures and low pressures,
repeat unit, -((CH2)3(CHCl)6)- (Seider et
while not reacting with ozone in the
al., 2004).
earth’s stratosphere, (3) environmentally
friendly solvents for cleaning, for
Optimization problems of this type can be
example, to remove ink pigments, and for
solved using the basic features of GAMS
separations, as in liquid-liquid extraction,
without the need to learn the methods of
(4) low-viscosity lubricants, (5) proteins
constrained optimization. Given limited
for pharmaceuticals that have the desired
time in a design course, it is also possible
therapeutic effects, (6) solutes for hand
to circumvent the optimization techniques
warmers that remain supersaturated at
by having the students use the group
normal temperatures, solidifying at low
contribution methods to check whether
temperatures when activated, and (7)
specified polymer repeat units have the
ceramics having high tensile strength and
desired properties.
low viscosity for processing. Often design
problems are formulated in which the
Process Synthesis and Simulation of Batch
molecular structure is manipulated, using
Processes
optimization methods, to achieve the
desired properties.
For this purpose,
In the Feasibility and Development stages
methods of property estimation are
of product and process design, the scale of
needed, which often include group
production of a specialty chemical often
contribution methods, and increasingly,
leads to selection of batch operating
molecular simulation (using molecular
modes.
This is often the case for
dynamics and Monte-Carlo methods).
pharmaceuticals,
such
as
tissue
plasminogen activator (tPA), which is
As an example, consider the search for a
manufactured in quantities on the order of
polymer film to protect an electronic
80 kg/yr. After process synthesis, as
device (Seider et al., 2004). Given that the
illustrated for the design of a tPA process
device will operate at temperatures below
by Seider et al. (2004), an initial process
50°C, a glass transition temperature, Tg, at
flowsheet has been formulated with a
100°C is specified. Since a fairly dense
recipe of batch operations. Batch process
layer having small water absorption is simulators, like BATCH PLUS (Aspen
needed, a density, ρ, of 1.5 g/cm3 with Tech) and SUPERPRO DESIGNER
solubility, W, of 0.005 gH2O/g polymer
(Intelligen, Inc.), when given this
are specified.
In the initial solution flowsheet and a recipe of operations for
(Derringer and Markham, 1985), polymer
each equipment item, carry out material
repeat units were created involving seven
and energy balances and prepare an
molecular
groups:
-CH2-,
-CO-, operating schedule; that is, a Gantt chart.
-COO-, -O-, -CONH-, -CHOH-, and With equipment sizes and costs estimated
CHCl-. Using group contribution methods (as well as profitability analyses) usually
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using other software (e.g., Aspen IPE), the
designs can be adjusted to reduce the cycle
time, by eliminating bottlenecks, and to
improve an economic objective function.
Using the tPA process as an example,
Seider et al. (2004) show that the process
synthesis and simulation strategies can be
taught using approaches that closely
parallel those for the design of commodity
chemical processes, such as that for the
hydrodealkylation of toluene. This
treatment does not involve the formal
optimization of the equipment sizes or
operating parameters, although for more
comprehensive coverage in a design
course, it is possible to focus on optimal
sequences and schedules for batch
operation.
Configured Consumer Products
When the primitive design problem,
developed in the Concept stage, leads to a
configured industrial or consumer product,
much of the design activity is centered on
the three-dimensional structure of the
product.
Typical chemically related,
industrial and consumer products include

hemodialysis devices, solar desalination
units, hand warmers, multilayer polymer
mirrors, integrated circuits, germ-killing
surfaces, automotive fuel cells, insect
repelling wristbands, disposable diapers,
ink-jet cartridges, transparencies for
overhead projectors, sticky wall hangers,
and espresso coffee machines, among
many others. In many cases, the product
must be configured for ease of use and to
meet existing standards, as well as to be
easily manufactured. Increasingly, when
determining the product configuration,
distributed-parameter models, involving
ordinary and partial differential equations,
are being created. Simple discretization
algorithms are often used to obtain
solutions, as well as finite-element
packages, like FEMLAB and FLUENT.
Hemodialysis Device. As an example,
consider the design of a hemodialysis
device, a disposable, sterilized module that
sells for under $10.00. Note that an
existing product, the C-DAK 400 artificial
kidney contains 10,000 hollow fibers/unit,
as shown schematically in Figure 4, with
60,000,000
units
sold
annually.

4 cm
Blood
to body

Blood
from body

22cm

Dialysate
Solution

10µm
200 µm

24 cm

(a) Single tube
(b) Complete module

Figure 4. Hemodialysis device
In the design procedure, which is provided
in detail by Seider et al. (2004), a design
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configuration is postulated, including the
blood flow rate (200 ml/min) and the

dialysate flow rate (500 ml/min). Then,
the mass-transfer coefficients for transfer
of urea across the membrane and the
pressure
drop
are
estimated.
Subsequently, the mass-transfer model
(ODEs) for urea concentration in the
bloodstream as a function of time is
solved.
As necessary, the design is
adjusted until the urea nitrogen level
(BUN) in the bloodstream is reduced from
100 to 30 mg/dL in four hours.
CVD of Polysilicon. Another design
involves the chemical vapor deposition
(CVD) of polysilicon in integrated circuit
(IC) manufacture. For example, an IC
transistor involves the generation of a
topography in which a gate straddles a
doped region of the substrate, in between
the source and drain.
Together, the
topography performs the function of a
switch. Here, the gate is a portion of the
overall structure that is made from
amorphous silicon (referred to as
polysilicon), set down onto the original
silicon substrate often by the rapidthermal,
chemical,
vapor-deposition
(RTCVD) process, involving parallel
electrodes at low pressure. In one process,
it is desired to deposit a 500 Å film on an
8-cm wafer, which sits on top of the lower
electrode (Armaou and Christofides, 1999;
Christofides, 2001), as shown in Figure 5.

RF power source, at 13.56 MHz
frequency, is used to generate a plasma
(chemically reactive mixture of ions,
electrons, and radicals) at 500 K, which is
transported by convection and diffusion to
the surface of the wafer where they react
and deposit amorphous silicon. In product
design, the objective is to examine this and
other configurations for this reactor, to
assure that a uniform thin film, containing
few impurities, is obtained. As shown by
Seider et al. (2004), the Navier-Stokes
equations with species mass balances for
SiH4, SiH3, and SiH2 are formulated.
These can be solved using FEMLAB to
determine the film thickness, with the
design adjusted as necessary to achieve
more uniform thicknesses.
Espresso Machine Design. To improve
the quality, particularly the taste, of coffee,
Espresso is prepared in a machine that
injects high-pressure steam (20 atm)
through a cake of ground coffee. In a
conventional machine, shown in Figure 6,
the user manually loads ground coffee into
a metal filter cup, locks the cup under the
steam head, and then opens the steam
heater.

Feed Gas

Electrodes

Showerhead

L

Effluent Gas
Plasma Reactor

Substrate

dw
dt

Figure 5. Plasma-enhanced CVD reactor

Figure 6. Conventional Espresso machine

The reactor is fed with 10% SiH4 (silane)
in He at 1 torr through a showerhead. An

A product design problem of current
interest involves identifying all of the
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sources of variance in the quality of the
coffee produced using the conventional
machine, and improving the design to
reduce the variance in the quality. For this
purpose, product design strategies using
Six-Sigma methodology to identify the
most significant sources of variance, and
integrated design and control methods to
attenuate them, are considered by Lewin et
al. (2004).
Young Faculty Perspectives
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When projecting the nature of design
courses over the next decade, it is
important to recognize gradual changes in
the composition of chemical engineering
faculties. With the recent advances in
experimental synthesis methods at the
nano- or meso-scale, a large fraction of
young faculty have recently completed
doctoral research on structured materials,
protein structures, …, and similar applied
chemistry, physics, and biology projects.
It follows that these young faculty are
more interested in the design of configured
consumer products such as biochemical
sensors, integrated circuits, multilayer
polymer mirrors, and the like, rather than
the design of commodity chemical
processes. This provides added incentives
for developing new approaches for
teaching product design.
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FOSTERING DESIGN INNOVATION
IN THE UNIVERSITY
Karl T. Ulrich
The Wharton School and
Department of Mechanical Engineering and Applied Mechanics
University of Pennsylvania
Philadelphia, PA 19104 USA

Abstract
The Weiss Tech House at the University of Pennsylvania is an incubator for technological innovation by
undergraduates.
Keywords
Design, innovation, product design, product development, technological innovation, entrepreneurship.
Introduction
Five years ago, The University of Pennsylvania
(Penn) created a “hub” system. At Penn, a hub
• is a stand-alone, non-residential entity designed to
create a sense of community around specific areas of
student interest,
• falls directly under the direction of the Provost and
does not reside within any particular school,
• is inherently interdisciplinary and is explicitly charged
with cutting across school boundaries,
• pursues a mission of broadening students’ educational
experiences,
• attracts students not normally exposed to its area of
focus in their coursework,
• is largely run by students, with guidance by one or
more faculty and staff members.
Currently there are four hubs at Penn: the Kelly
Writer’s House, the Civic House, the Student Performing
Arts House, and the Weiss Tech House.
Weiss Tech House
Weiss
Tech
House
(http://www.techhouse.upenn.edu) encourages and supports students in the
development and commercialization of innovative
technologies. The technological domains of interest are
broad, including, but not limited to, information, energy,
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materials, manufacturing, communication, entertainment,
medicine, and transportation.
The primary constituency of the Tech House is
undergraduate students interested in technological
innovation. However, the Tech House is inclusive, and
seeks involvement from graduate students, faculty, staff,
and members of the outside business and technical
community.
Tech House Goals
•
•
•
•
•

Infect undergraduates with the excitement of
technological innovation.
Provide an action-oriented context to motivate
learning.
Foster the development of problem solving skills
critical for successful innovation.
Nurture an innovation community at Penn,
including Penn alumni.
Provide knowledge and infrastructure resources
that enable innovation.

Programs and Activities
Student Innovation Fund. The House operates an
“innovation fund,” with the primary objective of creating a
“feasibility hurdle” for projects receiving house support. A
student committee considers proposals by project teams.

Successful teams receive modest seed funding, generally
$1000 at a time, intended primarily for project materials.
This mechanism has the secondary benefit of teaching in a
friendly, low-risk way the financing process for a new
venture.
Project Space. A central organizing element of the
house is the “project.” Active projects may apply for a
project “bay.” A project bay is a physical location with a
workbench, storage shelves, and a lockable cabinet.
(Project bays are really only essential for the development
of physical technologies. Teams focused on information
technologies make use of computer workstations
distributed around the House.) The bays have physical
boundaries, but are not fully enclosed. These bays give
students a reason to be on site and provide a visual
indicator of project activity. Bays are provided for one
semester, with extensions possible if the project is active.
Mentors Program. The mentors program brings in
knowledgeable people from outside the Tech House. The
program is intended to be of value both to the mentor and
to the students. Two types of mentors are currently
involved in the Tech House. First, graduate students from
the Law and Business Schools at Penn serve as mentors
for an entire academic year. Second, “innovators in
residence” – usually experienced professionals-- spend
one or two days at the Tech House. Recent mentors
include John Osher, creator of the Crest Spinbrush, and
Josh Kopelman, founder of Half.com.
Lab. The goal of the lab is to provide basic build-andtest resources for mechanical and electronic devices.
Specialized laboratory and shop resources are provided by
existing university facilities. However, to be a magnet for
inventive students, the Tech House provides excellent
electronics and mechanical prototyping resources. An
important goal of the lab is to encourage student
“hacking” whether or not this activity is officially
recognized as a project.

Figure 2. Innovator-in-residence John Osher,
inventor of Crest SpinBrush..
Physical Environment
The physical environment is designed to support the
House’s goals and programs. The House is substantially
“open plan” with the following elements:
Common area. The common area is an open area that
can be configured either for workshops or for informal
interactions around tables and whiteboards.
Computer workstations. The computer workstations
are intended to serve flexibly three purposes: (1)
temporary mentor desks, (2) project areas for teams
working on information technologies, and (3) work areas
for students engaged in administrative projects, such as
web site maintenance, house publicity, etc.
Project bays. These bays are relatively small physical
areas (approximately 6’x10’) demarcated by half-height
partitions and include enough space for a workbench,
lockable cabinet, and materials storage.
Lab/Shop. The shop is fully enclosed for noise and
access control, but has windows so that shop activity is
clearly visible. The shop is directly accessible from the
project bay area.
Offices. There are two offices, both of which have
large windows into the main House spaces.
Administrative area. The administrative area is an
open office area for the program assistant and several
work-study students. This area also includes mailboxes,
office machines, and files.
Administration
The Tech House is a campus-wide initiative under the
Provost. Day-to-Day operations are administered by a
Director—Anne Stamer. The author—Karl Ulrich—is
Faculty Director. Two Student Directors oversee the
House’s programs. Each program is run by a student
committee.
For more information, consult the website:

Figure 1. Amit Gupta, a engineering student,
working on a prototype in one of the project
bays.

Weiss Tech House at The University of Pennsylvania.
http://www.tech-house.upenn.edu.
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Chemical Product Design
E.L. Cussler and G.D. Moggridge
University of Minnesota (USA) and Cambridge (UK)
Abstract
Chemical product design includes deciding what to make, as well as how to make
it. Because chemical products play an increasingly prominent role in the chemical
industry, their design should receive increasing prominence. We propose a four step
procedure as a template around which to organise ideas for designing chemical products.

I

Introduction
Chemical product includes choosing what product we will make. It precedes

chemical process design, which deals with how we plan to make the product chosen. In
the past, most of those involved in the chemical enterprise emphasised process design,
because the enterprise was focussed on perhaps fifty commodity products. For these
commodities, price was the key, and efficient production was the route to low prices.
This strategy correctly dominated the efforts of the chemical industry in the twentieth
century.
Now the goals of the chemical enterprise have become much broader. These
goals include not only the fifty or so commodity chemicals, but several thousand high
value added chemicals. Many of these are pharmaceuticals. The broader goals of the
chemical industry also include chemical mixtures, often with specific microstructures,
like detergents and coatings.

The goals include polymers processed to have

characteristics desired in filters or films.

These broader goals mean that chemical

professionals now participate in a wider variety of business decisions. These include
deciding what to make.
In this article, we suggest a four step template by which we can decide which
chemical products we want to make. Because of the enormous variety of products which
are possible, we should not expect this scheme to work perfectly in every case, but it can
serve as a mental checklist for organising our thinking. The four steps are as follows:
1.

Needs We must decide what needs our product will fill.
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2.

Ideas We must generate ideas which could satisfy these needs.

3.

Selection We must efficiently select the best ideas.

4.

Manufacture We must design the process for making our product.

The first three steps of this template are unique to product design, but the fourth step
includes the more familiar topics of process design. We will give details of each of these
four steps in the body of this article.

II.

Needs
In defining chemical needs, we must remember that the product is not for

ourselves, but for our “customers”. We must begin by asking our customers what they
require. We use the term customers in a loose sense here: we do not necessarily mean
those who will buy our product, but rather those who will benefit from its chemistry.
These may be companies or government agencies, rather than individuals.
The consensus among marketing organisations is that the best way to get this sort
of information is by face to face interviews with customers.

Fewer than ten such

interviews risks missing significant information, while more than fifty gives duplication.
One group of customers merits particular attention, the “lead users”. These are the
people most expert in the product, who will benefit most by its improvement.
Frequently, these lead users will have good suggestions for improvements.
The needs recorded from interviews will be a hodgepotch of conflicting and
incomplete statements, of varying relevance and practicality. Our task is to organize
these needs as groups and to edit them into a cogent list. We expect to drop some stated
needs, either because they appear impractical or beyond our company’s expertise or
mission.
The needs should then be ranked, for example as essential, desirable and useful.
The essential needs are those without which the product cannot succeed. We will aim to
achieve as many desirable needs as possible, particularly if our competitors’ products fail
to do so.

We are unlikely to design explicitly for the useful needs, although we

understand that we gain if our product can fulfil these, too. The way in which needs are
organized will depend on the product being considered. This will usually be easy if we
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aim to improve an existing product. The more innovative the proposed product, the
harder it is to satisfactorily define the needs.
Next, we must convert our qualitative list of needs into specifications, including
as much quantitative and chemical detail as possible. When this occurs, the role of
marketing declines and that of engineering rises. We can develop specifications via three
steps:
1.

Write complete chemical reactions for any chemistry involved.

2.

Make mass and energy balances important to the product’s use.

3.

Estimate the rates of any important changes which occur during the product’s use.

These steps will lead to a set of ideal product specifications. We should examine these
carefully, because they are often entirely impractical. If this is the case, we must revise
our specifications to be more realistic. These revisions may lead us to abandon the
project altogether. If the only way of meeting customer requirements is to break a law of
thermodynamics, we should stop product development now. This type of rapid, critical
examination is sometimes known as a “chicken test”, after a Canadian method for testing
airplane engines for their capacity to fly through flocks of geese: the Canadians threw
frozen chickens into the engines.
The final step in the Needs stage is to specify a benchmark. This is an existing or
idealized product against which we can measure our new design. If we cannot beat the
benchmark, the product is not worth developing. In some cases, when an innovative new
product is being contemplated, no obvious benchmark will be available. We may be able
to envisage an idealised benchmark by analogy with similar products

Example: Water Purification for a Family The World Health Organization (WHO)
estimates that 1.7 billion people do not have access to a clean water supply. Lack of pure
water is the world’s biggest cause of child death. In the absence of major civic projects,
the point of demand is the family. Imagine that a large non-governmental organization is
interested in producing a water purification unit suitable for use by individual families in
third world countries. Interviews with governmental and non-governmental agencies
working in such countries reveal the following list of needs:
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Essential
Supply a family with safe drinking water
Inexpensive
Desirable
Rural focus
Simple to operate
Useful
Environmentally sustainable
Assess these needs, and suggest a benchmark.
Solution: The first question is how much water we need to purify. One person requires
five litres of drinking water per day and typically uses about 50 litres for cooking,
cleaning and washing. A household might have ten persons, so a minimum reasonable
requirement would be 100 litres per day.

A five year lifetime will be desirable, so the

total through put will be around 200,000 litres.
Because waterbourne diseases are the greatest threat, we must remove protozoa,
bacteria and viruses. Toxic materials are sometimes a problem, but it is probably not
useful to focus on these – the variety is great, the problem is usually local and a better
solution is often preventing discharge. While the WHO guidelines for microbial removal
are useful to have in mind, to see these high standards as an absolute requirement might
be a mistake. A less effective device will be more useful than one which no one can
afford.
Cost will be critical. We are aiming at some of the poorest people in the world.
Interviews in Nepal suggest that a purchase price of $15, with an annual operating cost of
$5, is the most that the rural population can afford. This is a stringent requirement, one
we may not be able to meet. Moreover, the rural focus means that the device must
operate in the absence of a power supply. The product must be easy to explain and to use
by those with little experience of technology.

The need of “Environmental

sustainability” is vague, so we ignore it for now.
Finally, we choose chlorination as a benchmark. This has the advantage of being
simple, cheap and well established, but clearly has problems in terms of supply, use and
discharge of chemicals. Still, our device must be more attractive than local chlorination
if it is to succeed.
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III

Ideas

Once we have chosen specifications for our target product, we need some good product
ideas. In principle, we only need one idea, the one which we will manufacture. In
practice, product development requires up to one hundred ideas in order to find one truly
worth pursuing.
publications.

To get these product ideas, we will depend on people more than

The most important people are those on the team responsible for

developing the specific product. We will normally assemble this team for free-ranging
discussions which aim at generating possible answers. How to run such “brainstorming”
discussions is carefully described in the literature, and so is not detailed here. We
mention only that these discussions should initially be non-critical, and that all
participants should be treated as equals. Discussions of new chemical products are
sometimes curtailed for reasons as trivial as that the boss’ spouse disagrees with some of
the ideas suggested.
In addition to depending on the product team, we should pay special attention to
customers who already are using existing, similar products. Other human sources –
consultants, private inventors, and the like – are often less useful. Literature has widely
ranging value. Patents and trade information from competitors is often more useful than
archival literature.

Other methods for idea generation use schemes for developing

chemical synthesis. In most cases, the key is the product development team.
We now have our hundred or so ideas of widely varying quality. We must
somehow sort through these ideas to locate the best five or so for further developments.
Evaluating all of the items thoroughly will normally take more resources than we will
ever have, and will take much more time than we have. We must find fast ways to screen
ideas.
We suggest proceeding with two stages. First, we should try to sort the ideas on
completely qualitative grounds, reducing the number to perhaps twenty. Later, with a
bare minimum of quantification, we should try to screen the surviving ideas, aiming to
get just the five or so we think are best. To reduce the number of ideas to twenty, we
begin with a list of all the ideas. We first can remove redundancy. Often this redundancy
will occur because some ideas are special cases of others. For example, in a discussion of
better barriers for landfills, one idea could be:
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“The barrier should capture mercury”
A second idea might be:
“The barrier should adsorb all heavy metals except calcium”
The first idea is just a special case of the second. In addition to removing redundancy,
we want to drop ideas which are obvious folly. In doing so, we should be cautious,
because some silly ideas may contain dreams. Sometimes, we can benefit from keeping a
separate list of these flawed dreams, just to serve as a stimulus to later development.
Normally, the efforts to remove redundancy and folly will still leave us with around
seventy ideas.
To reduce the number of ideas further, we should try to organise them into
categories. How this can be done depends on the ideas generated: there seems to be no
general strategy. Once such an outline is made, it may expose gaps, which may imply
repeating the brainstorming. More often, we will find that large groups of ideas will be
inconsistent with our organization's objectives or its strengths. These groups of ideas can
be dropped, a major simplification. These steps commonly cut the number of ideas to
meet our target of twenty. One note of caution, however: many of our best ideas will
cluster under a single heading. Because we don’t want to overspecialize too soon, we
should consider choosing at least one idea beyond this cluster for the next stage of
product development.
We must now reduce our twenty surviving ideas down to five or fewer. We will
not have the resources to make detailed calculations for the twenty survivors, so we need
approximate but quantitative tools which let us continue the screening, but on a more
rational basis.
One common method for this screening is to choose five or fewer key attributes
shared by most of the surviving ideas. These attributes will include factors like scientific
maturity, ease of engineering, risk of failure, and cost. We should choose factors which
are different for different products. For example, even if safety is the most important
product attribute, we gain nothing by choosing safety if all our potential products are
equally safe.
Once these key attributes are chosen, we need to assign weighting factors to each.
We will normalise these weighting factors, assuming values which sum to one. This
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implies that all the products which we are still considering are capable of satisfying all
attributes, at least to a limited extent. If there is one attribute which is truly essential, we
should drop all ideas which can’t satisfy this constraint, and continue our evaluation of
the survivors.
On the basis of these attributes and their weighting factors, we now score all of
our ideas relative to a convenient benchmark. We may find it convenient to assign the
benchmark scores of five, and then to choose scores from each new product between one
(poor) and ten (excellent). We then calculate an average weighted score for each product.
The potential products with the highest scores are those which we choose for further
development.
Example: A Pollution Preventing Ink A printing company prints personal checks with
lithographic ink containing the carcinogenic solvent methylene chloride (CH2Cl2).
Workers at this company also clean the presses by wetting a shop rag with the same
solvent, and scrubbing down the press. This works well. The trouble is that much of the
methylene chloride evaporates and so risks workers’ health and censure from the
environmental authorities. Also, the soiled rags have recently been reclassified as a
hazardous waste.
The company clearly needs to use a different ink, one which has less negative
environmental impact. Some ideas for this ink are shown in Table I. Sort these ideas to
identify those most worth pursuing.
Solution The ideas easily break into four groups, as shown in Table II. The
numbers in parentheses refer to the designation of ideas in Table I. The first group in
Table II involves changes to the printing presses. Because the company does not want to
make the enormous capital investment involved in changing the presses, this group is
deferred.
The second group of ideas involves either containing the solvent or using a
different solvent. These ideas are the easiest to implement, and hence the most tempting
for further development. The third group of ideas implies the invention of a new ink, a
more major effort than the substitution of a new solvent.
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Table II. Ideas for a New Lithographic Ink with Reduced Solvent
1.
2.
3.
4.

Don’t use a solvent.
Switch solvents.
Clean the press with robots.
Change the press.

5.
6.

Use an electrostatic ink.
Use a laser printer instead of the current
design.
Change ink chemistry.
Recycle all of the solvent.

7.
8.

17. Have workers wear a self-contained
breathing apparatus.
18. Use a solvent mixture.
19. Use a solvent which dissolves the ink.
20. The solvent in the ink should differ from the
cleaning solvent.
21. Use a non-volatile solvent.
22. Use partial cleaning of specific components
of the press.
23. Steam clean the press.
24. Clean the press with air.

9. Clean the press with a high-pressure spray.
10. Extract the solvent from the rags used to
clean the press.
11. Do the whole process in a clean room.
12. Isolate all equipment.
13.
14.
15.
16.

Clean the press less often.
Clean the press in a fume hood.
Print more checks at a time.
Mix the current solvent methylene chloride
with other solvents.

25.
26.
27.
28.

Put the press in a car wash.
Clean the press by brushing.
Clean the press by burning.
Make the lithography more like a jet printer.

29.
30.
31.
32.

Don’t use checks.
Use a disposable press.
Use oil to trap the solvent.
Make checks by photocopying

Table II Sorted Ideas for a Pollution Preventing Ink The numbers in parentheses refer to the ideas
suggested in Table I.
I.

Improve Current Printing

3. Freeze (new)

A. Change Press (4)

B. Replacement of CH2Cl2 (2, 20)

1. Isolate Press (3, 11, 12, 14, 17)
2. Use Laser Printer (6)
3. Use Photocopying (32)

1. Non-volatile solvent (21)
2. Oil as Solvent (31)
3. Solvent Mixtures (16, 18)

B. Change Cleaning

III.

1. Less Often (13, 15)

Solvent-Free Ink Chemistry (1, 7)
A. Electrostatic Ink (5)

2. Other Solvents (9, 23, 24, 25, 27)

B. “Solvent which Dissolves Ink” (19)

II. Use a New Solvent
IV. Don’t Use Checks (29)

A. Change CH2Cl2 Operation
1. Recycle (10)
2. Burn (27)

The final idea, “Don’t Use Checks”, may initially seem foolish; but remember the
increasing number of electronic money transfers.

The company may decide that

electronic data processing which replaces handwritten checks is like the automobile
which replaced the horse-drawn buggy. If so, then printing checks may be like making
buggy whips.

Thus this fourth idea should be carefully considered in further

development.
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IV

Selection
From the good ideas, we must choose the best one to take forward for production.

Because all the remaining ideas are promising ones, this decision will involve
considerably more effort than we put into cutting the number of ideas from one hundred
down to around five in the screening just described. The decision will involve making
estimates based on chemistry and engineering. At the same time, we still wish to develop
our product as quickly as possible and do not want to put resources into exploring
products we will end up rejecting.
Our first step in selecting between the remaining ideas is to estimate how each
will perform relative to the specifications we have set. In order to do this, we must gather
more information about each idea. This will involve firming up exactly how each idea
will work; we may need to do some simple experiments to achieve this; we will certainly
need to carefully explore the literature. As we generate more detailed information on
each idea, the idea itself will change and become clearer. Thus there may be an iteration
between the Ideas and Selection stages.
Having made an assessment of each idea against each specification, we must now
make an overall comparison between the ideas. In some cases, particularly where the
identified needs are primarily technical, this will be easy once good estimates of
performance have been made. In other cases, subjective judgements will be necessary.
In such cases it is often useful to proceed by drawing up a decision matrix of attributes, as
described for screening ideas. However, we previously were interested in making quick
decisions to eliminate the weak ideas. Now we are considering strong ideas and want to
make a careful decision. While the methodology of the decision matrix remains the
same, we must now put a lot more effort into evaluating each idea.

Example: A Device Which Allows Wines to Breath David Anderson, an alumnus of
the University of Minnesota, is the owner for the best wine store in Minneapolis-St. Paul.
He says that wines – especially red wines – improve if allowed to “breathe” by exposing
them to air before drinking. Oxygen in the air reacts to reduce the “hard” and “soft”
tannins which naturally occur. Such exposure enhances flavour, allowing both fruit taste
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and aroma to be more clearly perceived. The amounts of oxygen required vary widely.
Uncorking the bottle for 15 minutes before drinking is useless, but exposing wines to
excessive oxygen will turn them into vinegar. One good way is to pour the wine from the
bottle into a decanter, leaving any residue behind. Several pours between decanters is
better. Mr. Anderson even has one friend who pours the wine into a larger glass, covers
the glass with his hand, and gives the wine a good shake.
Estimate the aeration needed in a product which can let wine breathe in only a
few minutes.
Solution: Aeration can make a startling difference, especially for cheap, freshly opened
wine. We tried four methods of aeration:
1.

Open the bottle for 15 minutes.

2.

Decant into an open pitcher and let the wine sit two hours.

3.

Decant the wine fast three times, entraining air.

4.

Shake for ten seconds in a large glass.

Then we tested the wine.
The first method is useless, as David Anderson suggested. The other three give
roughly similar taste improvements. Another method, putting wine in a blender, aerates
it excessively, dramatically reducing flavour.
These results are consistent with estimates based on mass transfer, as shown in
Table III. Our selected design – whatever it is – should give around one transfer unit.
Any engineering solution meeting this specification will give about the same
performance. However, we suspect that the success of a “wine breather” will depend
strongly on the aesthetics of the aerator’s design. It is our own confidence in our lack of
ability in this aesthetic area which inhibits us in developing this product.

I.

Manufacture
By this stage, we have decided which chemical product we want to manufacture.

We have identified a customer and that customer’s product needs. We have generated
ideas to fill that need, and we have selected the best idea. We are ready to decide how we
will make the product.
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Table III Four Methods for Letting Red Wine Breathe

Method

Uncork bottle for fifteen

Mass Transfer

Wine

Coefficient

Area/Volume
2

3

Time

NTU

(cm/sec)

(cm /cm )

(sec)

10-3 (a)

3/750

900

0.004

10-3 (a)

100/750

7200

1

20 ?10 −3 (b )

0.4(b)

120

0.5

7 ?10 −3 ( c )

300/30

10(c)

0.7

minutes

Decant into pitcher two
hours before serving

Decant three times,
entraining 0(5 cm3) air

Shake 30 cm3 wine twenty
times in a
2

300 cm glass

(a)

Estimated from the free convection caused by ethanol evaporation.

(b) Estimated from observed 5 cm3 of 0.1 cm bubbles entrained in each decantation.
(c)

Estimated from penetration theory with a penetration time of one shake (0.5 sec).

The very wide range of chemical products possible means that we will need to
consider a wide range of manufacturing methods. To provide some initial guidance for
manufacture, we find it useful to think of four types of product. The first type is some
sort of device, especially for a medical application. Examples include the artificial
kidney and the osmotic pump for drug delivery. The manufacture of these devices
normally depends on mechanical engineering more than on chemistry and chemical
engineering. We will not discuss mechanical devices because this topic is thoroughly
described elsewhere.
The other types of chemical products can be roughly classified as shown in Table
IV. The first type, commodity chemicals, made in amounts exceeding 107 kg/year,
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normally have molecular weights less than 100 daltons. Their manufacture often uses
gaseous reagents, supported catalysts, and purification via distillation.

The process

engineering involved has cost as its primary focus. This type of chemical product was
the focus of chemical industry growth in the last century.
The two other types of chemical products shown in Table IV are much harder to
describe. The more obvious type, the ten thousand or so high value added chemicals, are
exemplified by drugs. These compounds have molecular weights typically in the range
of 500 – 700 daltons. Their chemical structure is normally well defined, though often
one of many available isomers. The finished products are crystalline, of exceptionally
high purity.

Once such a high value added product is identified, it is normally

manufactured as quickly as possible, because the first manufacturer will usually
command two thirds of the market. The need for purity and speed, plus the small
amounts to be manufactured, dictate the use of dilute solutions and generic equipment.
Manufacture is more like gourmet cooking than like petroleum refining.

Table IV

Different chemical products are manufactured differently
Commodity Chemicals

High Value Chemicals

Microstructured
Products

Key Factor

Cost of Product

Speed of Manufacture

Function, from
microstructure

Examples

Ethylene, Ammonia

Penicillin, Viagra

Paint, Detergent

7

4

Amount made

> 10 kg/year

< 10 kg/year

< 106 kg/year

Typical Molecular
Weight

100

600

> 100; often > 104

Phase during Synthesis

Gas

Dilute Solution

Concentrated Solution
or Melt

Chemical Reactor

Dedicated, Continuous,
Plugflow

Generic, batch, stirred
tank

Ranges widely

Common Separation

Distillation, Absorption

Extraction, Adsorption

Ranges widely

The third type of chemical product, which is the most heterogeneous, commonly
has a useful microstructure. This large group of products includes many “speciality
chemicals”. Manufacturing ranges widely, and product properties are often a function of
product history. For example, polymer properties are affected by molecular weight
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distribution, and paint quality changes if the paint is frozen. The process engineering
required is normally a compromise between the first two types.
At this point, we should have sufficient information to convince ourselves that we
had selected the best idea and that it has a high probability of success. Inevitably, there
will be gaps in our knowledge of the details of exactly how the product will work.
Before going further, we must fill in this missing information. This missing information
may be obtained by literature searches, by consulting experts and by conducting
experiments. It may be tedious, time consuming and expensive, which is why we put it
off until we decide to proceed. Because of the diversity of the information which is
missing, we cannot effectively generalise about how to find it.
Finally we specify the process by which we will make the product. This is where
chemical product design and traditional process design finally merge. Typically, there are
differences of emphasis in the process design for a high value-added chemical product as
compared to a commodity chemical. For commodity chemical manufacture, minimizing
cost and maximizing efficiency the goal. Economies of scale, continuous processing and
good heat integration are normally required. For high value-added chemical products, we
are usually producing much smaller quantities. The emphasis is speed, not optimization.
Batch reactions in non-dedicated equipment are the norm.

Because these products

usually involve delicate large molecules, separations tend to focus on extraction,
adsorption and crystallisation rather than distillation.

VI

Conclusion
Process design is a well established subject, with effective heuristics to aid

practitioners and teachers. As diverse chemical products increase in importance, we
need to place the design of these products on a similar footing. As we have outlined,
there are significant differences in the design for specialty products for commodity
products. For this reason, a simple mapping of conventional process design onto new
challenges in product design is unlikely to be effective. In this article we have outlined a
possible four step scheme for tackling chemical product design. We hope that this
scheme will provide a basis for further development.

35

Acknowledgements
This article is based on our book Chemical Product Design (Cambridge
University Press, 2001) and on our entry of the same title in the online edition of the Kirk
Othmer Encyclopaedia of Chemical Technology. These in turn drew on K.T. Ulrich and
S.D. Eppinger Product Design and Development (3rd edition McGraw-Hill, 2004). The
work was partially supported by the US Air Force (F49620-01-1-0333), the National
Science Foundation (CTS 0322882) and the Petroleum Research Fund (39083-AC9).

36

MODELING AND SIMULATION IN 2004: AN
INDUSTRIAL PERSPECTIVE
Herbert Britt*, Chau-Chyun Chen, Vladimir Mahalec and Andrew McBrien
Aspen Technology, Inc.
Cambridge, MA 02141

Abstract
The use of advanced modeling and simulation tools for both design and operations has long since become
routine in industry, and their development has been well documented at previous FOCAPD meetings.
Nevertheless many long-existent needs and new requirements are not met, and both the enabling
technologies and application of these tools continues to evolve. This paper provides an industrial
perspective on the current state of modeling and simulation technology, with an emphasis on recent
developments, emerging technologies, and new industrial applications that promise to have a significant
impact on industrial practice and economic effectiveness, as well as gaps requiring further research.
Three main subject areas are covered. The first is physical property modeling, the technology for
representing the properties and phase behavior of material. The second is systems and architectures for
modeling and simulation. The third is design environments that enable effective use of models.
Keywords
Modeling, Simulation, Optimization, Physical Properties, Process Design, Real-Time Optimization.
Introduction
The topics in this paper have been the focal point of
FOCAPD meetings since their inception. Many of the
technologies discussed here were presented at FOCAPD
meetings in the 1980s, with an expectation of rapid
adoption. In fact, with the exception of steady-state
simulation, adoption has been relatively slow and limited,
and only recently has progress been made on unified
environments for the development and application of
consistent models throughout the plant lifecycle.
In this paper, we present our perspective on the current
state of modeling and simulation technology and related
applications. We discuss recent developments, industrial
applications that can now be successfully addressed, areas
where more work is needed, and our thoughts on future
directions.
Physical Property Modeling
From pharmaceuticals and polymers to extraction and
refining, industrial processes hinge upon the physical and

* To whom all correspondence should be addressed

chemical properties of materials. Without accurate,
consistent thermophysical properties, engineers cannot
reliably simulate, compare, design, optimize, and estimate
the cost of industrial processes and new products.
Most industrial processes involve complex mixtures of
chemicals, i.e., products, byproducts, isomers, solvents,
catalysts, entrainers, and more. Compositions never remain
constant. They change with variations in feedstocks,
operating conditions, and product specifications. Even
small changes in product properties can have critical
processing and product quality consequences. Without
access to reliable physical property models and data,
companies cannot take full advantage of their process and
economic models to reduce capital and operating costs,
meet regulatory requirements, and achieve product quality
goals.
Although large physical and chemical property
databases exist, they cannot supply all the data industrial
enterprises require. The best approach is to leverage
databases with powerful, consistent, first principles

consideration is that the solution chemistry must be
accurately represented in terms of ionic species and
association/dissociation reactions.
Figures 1 and 2 show the ability of the eNRTL model
to represent aqueous organic electrolytes and mixedsolvent electrolytes, respectively.
1.02
1

C10
C9

0.98

Water Activity

modeling tools that interpolate, extrapolate, and predict
properties from laboratory data or validated parameters.
The ability to generate consistent property data with
first principles models delivers many benefits. Companies
that start with accurate, consistent data develop better
products, processes and designs and reduce time to market.
They can rapidly assess the performance and
manufacturability of new products. They can run virtual
tests for dangerous chemical reactions, design new product
grades, and optimize processes and equipment during
design and operation. Equally important, companies that
standardize on property models and data ensure
consistency throughout the process asset lifecycle.
Traditional methods for physical property modeling
are well understood (Chen and Mathias, 2002) and will not
be considered in this paper. Instead, we will briefly
consider recent and current developments in six areas that
we believe will have a significant impact on the practice of
physical property modeling over the next several years.
Collectively, these developments extend the range of
systems and properties that can be effectively modeled in
industrial practice, given the data available.

C8

0.96
0.94

C5

0.92

C7

0.9

C1
C2

0.88

C6

C3

0.86
C4
0.84
0.00

0.02

0.04

0.06

0.08

0.10

Mole Fraction Electrolyte

Figure 1. Water activity vs. electrolyte
concentration for various aqueous sodium
carboxylates and model representation (from
Chen et al., 2001).

Achievements in Modeling Electrolyte Systems
1

Mean ionic activity coefficient

The presence of ionic species and the related solution
chemistry make modeling the properties and phase
behavior of electrolyte systems unique. However, progress
over the past two decades enables rigorous modeling of
chemical processes with electrolytes. Of particular
significance is the continuing development of the
electrolyte NRTL (eNRTL) model, a semi-empirical Gibbs
energy expression that has been developed and proven for
aqueous strong and weak electrolytes (Chen et al., 1982)
and ionic liquids (Belveze et al., 2004). Recently the model
has been extended for aqueous organic electrolytes (Chen
et al., 2001) and generalized for mixed-solvent electrolytes
(Chen and Song, 2004), including electrolytes in nonaqueous solvents. The eNRTL model has evolved into a
comprehensive thermodynamically consistent framework
for modeling virtually all types of electrolyte systems
encountered in industry today.
The eNRTL model contains two contributions: one
from local interactions that exist in the immediate
neighborhood of any species, and the other from the longrange ion-ion interactions that exist beyond the immediate
neighborhood of an ionic species. The model uses the
segment-based NRTL expression (Chen, 1993) to account
for the local interactions and the unsymmetric PitzerDebye-Hückel (PDH) formula (Pitzer, 1980) to account for
the long-range interactions
Similar to the NRTL model for chemical systems, the
eNRTL model is a correlative model, not predictive. While
there are no adjustable parameters in the PDH term, the
local composition term requires binary parameters that
must be determined from experimental data before the
model can be reliably used to interpolate and extrapolate
phase behavior of multi-component systems. Another
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Figure 2. The best fit with the eNRTL model
and the experimental data for potassium
chloride in methanol-water mixtures (from
Chen & Song, 2004).
In spite of the success in modeling electrolyte
thermodynamics, there are a number of important areas
that require new developments and innovations. For
example, more high quality experimental data are needed
to identify binary interaction parameters. A critical related
issue is the proper identification and scientific validation of
the actual chemical species that exist as a result of the
electrolyte solution chemistry. The arbitrary introduction of
nonexistent chemical species that are sometimes created to
fit and reconcile experimental data (called the “speciation
approach”) puts into question the validity of the entire
compilation of interaction parameters.
A strong need remains unfilled for a predictive model
for electrolyte thermodynamics. Recent attempts to extend
UNIQUAC and UNIFAC to model electrolyte solutions
are less than satisfactory (Iliuta et al., 2002). Proper

Advances in Polymer Process Modeling
Polymer process modeling is another area in which
there have been tremendous accomplishments. Merely ten
years ago, few engineers would have foreseen the
possibility of rigorously modeling polymer processes with
conventional process simulators. When heat and mass
balance calculations were needed, polymers were often
approximated as heavy hydrocarbons. When engineers
attempted to model polymerization chemistries, they either
had to limit their efforts to modeling only single-phase
reactions or use polymer thermodynamic models with
composition-dependent interaction parameters that offered
little extrapolation capability. Lack of experimental data
and engineering models for polymer thermodynamics
gravely limited the value of early polymer modeling
efforts. Consequently, these models offered only limited
value in describing the behavior of industrial polymers,
especially for multiple phase reaction systems. Typically,
even these simple reactor models could not be integrated
into process simulators for process studies.
Today, proven polymer thermodynamic models, such
as the polymer NRTL activity coefficient model of Chen
(1993) and the PC-SAFT EOS of Gross and Sadowski
(2002), with composition-independent model parameters,
have become available for use in process simulators to
allow for interpolation and extrapolation of phase behavior.
Rigorous mathematical equations that describe the
development of polymer molecular structure are an integral
part of unit operation models (reactors, mixers, flashes,
etc.) to allow for computation and tracking of polymer
molecular structure and the corresponding product quality.
Numerous polymerization kinetic models have been
integrated into commercial simulators. Multi-phase
equilibrium calculations are an integral part of unit
operation models including reactor models.
Central to the task of polymer modeling is the ability
to compute and track the development of molecular
structure such as polymer chain length, polymer molecular
weight distribution (MWD), copolymer composition,
polymer particle size distribution, etc. Fig. 3 shows the
representation of MWD using a four-site Ziegler-Natta
polymerization model that computes the MWD from the

reaction mechanism, reaction rate constants, and reactor
conditions.
0.8
Experimental
Predicted
Site Type 1
Site Type 2
Site Type 3
Site Type 4

0.6
weight fraction

molecular insights and theoretical rigor are yet to be
structured into the UNIQUAC/UNIFAC equations to
account for the presence of ions. Other un-met needs
include engineering models for viscosity and densities of
electrolyte solutions (Gorensek et al., 2003).
Perhaps the biggest opportunity lies in the
development and compilation of public databanks for
electrolyte solution chemistries and model interaction
parameters. This effort would require skilled
thermodynamicists to take measurements, compile, review,
and selectively include experimental data for use in the
determination of interaction parameters. Such a public,
validated databank would be of tremendous, lasting value.
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Figure 3. Representative MWD and
deconvolution results indicating that a four-site
kinetic model is sufficient (from Khare et al.,
2004).
Today’s process simulators provide innovative
modeling capabilities to address additional polymer
modeling issues, i.e., mass transfer and structure-property
relationship. Mass transfer plays a more important role in
polymer systems than in conventional chemical systems.
For example, the addition polymer propagation reaction
rate is controlled by the mass transfer rate of monomers
through the viscous polymer melt. Polymer producers
define product quality in terms of specific end-use
properties rather than polymer molecular structure. For
example, polyolefin producers are concerned about Melt
Index (MI) or Melt Flow Ratio (MFR). Therefore, it is
essential that polymer modelers find ways to relate end-use
properties to polymer molecular structure.
Process simulators are now routinely used to model
practically all major polymer production processes.
Engineers and chemists use process models to help them
develop new catalysts, design new processes, monitor and
control polymer production and grade transitions, and
design new product grades. Numerous publications have
appeared recently that describe achievements in polymer
process modeling. Examples include modeling of lowdensity polyethylene tubular reactor process (Bokis et al.,
2002), modeling of gas-phase polypropylene processes
with stirred-bed reactors (Khare et al., 2004), modeling of
nylon-6 polymerization processes (Seavey et al., 2003),
modeling of slurry high-density polyethylene processes
(Khare et al., 2002), etc. Chen (2002) lists some additional
success stories reported by industry.
Polymer process models are increasingly used online
to serve as monitoring systems and to improve existing
control systems (Froisy et al., 1999; Schmidt and Mähling,
2001). This is due to advancements in integrated process
modeling systems and on-line state estimation technology
for large-scale first principle models (Papastratos et al.,
1999). It is now straight forward to build and validate a
steady state polymer process model, to convert the steady
state model to a dynamic one that incorporates controllers,
to bring the steady state model online as online calculators
for process monitoring purposes, to bring the dynamic

A critically evaluated database of kinetic parameters
for polymerization would have tremendous value. The
industry needs the rate constants as a basis for development
of high quality polymer process models, but individually
they lack the resources to measure, regress, evaluate and
compile the kinetic parameters. The IUPAC’s continuing
efforts in developing such a database for free-radical
polymerization (Buback et al., 1995 and 2002) are an
excellent contribution.
ln Newtonian viscosity (Pa.s)

model online and have the model state variables validated
with real time data, to apply the dynamic model on line as
look-ahead predictors, to apply the dynamic model as
operator training simulators, etc. The online validated
dynamic model can then be used to generate linear statespace models to be used with model predictive controllers.
While polymer process modeling is becoming widely
used, innovations in polymer process modeling technology
are needed to address unsolved challenges and new
opportunities resulting from the inherently complex
polymer chemistry and physics.
One problem that has drawn attention recently is the
computation of phase equilibrium for polymer systems
while taking into account the bivariate distributions of
polymer molecular weight and chemical composition in
various phases (See Fig. 4). Industrial polymers are
polydisperse. After the feed polymer phase separates, the
molecular weight distribution of polymer in the light phase
will be different from that in the heavy phase. Recently,
Behme (2003) introduced an efficient algorithm for solving
two-phase (VL and LL) phase equilibrium calculations for
polymer systems with molecular weight distribution.
Research is on-going to enhance robustness of the
algorithm.
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Figure 5. Newtonian viscosity of polystyrenestyrene solutions at T = 333.15 (K) and Mw =
366000 (g/mol) (from Song et al., 2003).
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Figure 4. A two-phase TP flash for a mixture
containing a polydisperse polymer (from Behme
et al., 2003).
Another important area is the modeling of polymer
solution viscosity. Recent works of Song et al. (2003) and
Novak (2003) have provided useful models that accurately
correlate available viscosity data for polymer systems.
However, it is not known whether such models provide the
predictive power to extrapolate beyond available data
ranges or simple polymer-solvent systems. Fig. 5 shows
the correlation of viscosity data for a polystyrene-styrene
solution.
Due to the high viscosity of polymer solutions,
modeling diffusion-limited mass transfer is a critical issue
in accurate representation of polymer systems. Specialized
models or empirical correlations are often introduced to
account for the impact of diffusion-limited mass transfer.
However, it would be highly desirable to have wellstructured methodologies in process simulators to address
this critical issue, and we expect to see developments in
this area within the next few years.

Process modeling is not practiced extensively in the
pharmaceutical industry except for solvent recovery and
emission reduction studies. Recently we identified a new
application area where physical property modeling can
bring much benefit to the pharmaceutical industry. The
industry deals with hundreds of new drug candidates each
year. Chemists and engineers need to develop process
recipes for these new molecules and the recipes often
involve multiple reaction steps and separation steps such as
crystallization or extraction.
A critical consideration in the pharmaceutical process
design is the choice of solvents and solvent mixtures, from
among hundreds of typical candidates, for reaction,
separation, and purification (Frank et al., 1999; Kolar et al.,
2002). Phase behaviors, such as solubility, of the new
molecules in solvents or solvent mixtures weigh heavily in
the choice of solvents in the recipe development. Little if
any experimental data are available for the new molecules.
Although limited solubility experiments may be taken as
part of the trial and error process, solvent selection is
largely dictated by researchers’ preferences or prior
experiences. Predictive models that allow for computation
of phase behavior are desperately needed. Existing
solubility parameter models such as that of Hansen
(Hansen, 1999) offer little predictive power. Group
contribution models such as UNIFAC (Fredenslund et al.,
1975) and its derivatives are also inadequate due to missing
functional groups and the collapse of functional group
additivity rule with large, complex molecules.

We have developed a NRTL-based segment
contribution activity coefficient (NRTL-SAC) model for
fast, qualitative estimation of solubility of organic
nonelectrolytes in common solvents and solvent mixtures.
Conceptually, the approach suggests that one account for
the liquid nonideality of mixtures of small solvent
molecules and complex pharmaceutical molecules in terms
of a few pre-defined conceptual segments with predetermined binary interaction characteristics. Examples of
the conceptual segments are hydrophobic segment, polar
segment, and hydrophilic segment. The number of
conceptual segments for each molecule, solvent or solute,
is not determined from molecular structure, but rather from
regression of available experimental phase equilibrium
data for systems that contain the molecule. The molecular
make-up in terms of these conceptual segments becomes
molecular descriptors for the solvent and solute molecules:
hydrophobicity X, polarity Y- and Y+, and hydrophilicity
Z. In practice, we first develop a molecular descriptor
databank for common solvents. Then we determine
molecular descriptors for new drug molecules from the
limited experimental data that may become available.
Once the molecular descriptors are identified for
solvent and solute molecules, the model offers a practical
tool for chemists and engineers to qualitatively estimate
activity coefficients and compute solubilities in
pharmaceutical process design (Bakken et al., 2003). The
model is:

ln γ I = ln γ IC + ln γ IR

Impact of Molecular Simulation
With the ever-increasing computing speed, molecular
simulation has evolved dramatically over the past twenty
years. It has impacted process modeling in a number of
ways: 1) help elucidate fundamental physical and chemical
interactions and support development of new theories and
models, 2) complement experiments for data generation
especially for systems that are not readily amenable to
existing experimental procedures, and 3) provide an
alternative approach to extend and improve on existing
applied thermodynamic models (Chen and Mathias, 2002).
While we do not foresee use of rigorous ab initio
calculations any time soon for process modeling and
simulation, we see other benefits from molecular
simulation. One example is the recent use of the COSMOSAC quantum mechanical model (Lin and Sandler, 2002),
a variation of COSMO-RS (Klamt and Eckert, 2000), for
the prediction of activity coefficients of highly non-ideal
chemical systems. The model computes thermodynamic
properties in three steps:

2.

(1)

where the combinatorial term, γI is computed from the
Flory-Huggins term for the entropy of mixing and the
R
residual term, γI , is set equal to the local composition (lc)
contribution of the polymer NRTL model (Chen, 1993).
As an example, Fig. 6 shows the calculated solubilities
vs. the experimental solubilities for hydrocortisone in 11
different solvents at 298.15 K. The chemical structure of
hydrocortisone is represented by the molecular descriptors,
(X, Y-, Y+, Z), of (0.401, 0.970, 1.248, 0.611).
C

3.

The activity coefficient of a molecule i in solution S is
determined solely from the σ-profiles of the component
molecules and the surface segment interactions
ln γ i / S =

1.E-02
Calculated Solubility (mole frac)

The screening charges originating from the
solvation of the solute molecule are
determined from quantum mechanical
calculations with the “Conductor-like
Screening MOdel” (COSMO).
The screening charge density is discretized
into finite surface elements to produce the σprofile, which represents the number of
surface elements with a given charge density.
The σ-profile enables prediction of the excess
Gibbs energy of any mixture and the activity
coefficients of various components through
exact statistical thermodynamics.
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is the Staverman-Guggenheim combinatorial

activity coefficient of component i in solution S, and
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(2)

Γ j (σ m )

is the activity coefficient of a surface segment with charge
density σ m in a solution j.
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Figure 6. Hydrocortisone Solubility in 11
Different Solvents at 298.15 K (from Chen and
Song, 2004).
NRTL-SAC works well not only for small molecules,
but also for oligomers and polymers. We are extending the
NRTL-SAC model to cover organic salts so that the model
can be applied to all pharmaceutical molecules.

While COSMO-SAC is generally less accurate than
the UNIFAC group contribution method, COSMO-SAC
has proven to be a viable predictive model that is
complementary to UNIFAC, especially for systems where
UNIFAC methodology fails either due to missing UNIFAC
groups or inadequacy with the functional group additivity
rule. The application of COSMO-SAC requires a library of
σ-profiles for each molecule of interest. Such a library
could be as valuable to industry as the DIPPR or UNIFAC
databanks. We strongly encourage its development.
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Figure 7. Comparison of TXY phase diagram prediction results for water - 1,4-dioxane at 760 mmHg with
NRTL (left), UNIFAC-Dortmund (mid-left), UNIFAC (mid-right) and COSMO-SAC (right). NRTL practically
duplicates the experimental data. All four models correctly represent the minimum azeotrope, but UNIFAC
incorrectly predicts a liquid phase split (from Oba et al., 2003).
Opportunities with Cellular Process Modeling

Role of Property and Process Models in Product Design

The emergence of bioinformatics promises an
unprecedented volume and complexity of data. Such
biological data reflect highly complex relationships in
multiple scales, from gene sequence, to proteomics, to
protein-protein interaction, to sub-cellular and cellular
systems, to morphology, physiology, to whole organisms.
The exploitation of this biological data has become a new
challenge and a dramatic opportunity for drug discovery
and many other fields. In-silico biology (first principles
modeling of biological systems) will become a technology
driver to transform this biological data into knowledge for
drug discovery R&D and personalized medicine
(Hatzimanikatis, 2000; Tomita, 2001).
Among potential benefits from in-silico biology are
knowledge discovery and management, target validation,
and lead optimization. The human genome encodes the
complete set of all possible pharmaceutical targets. Virtual
cell simulators provide the mathematical modeling
framework to capture human knowledge of metabolic and
signaling pathways and facilitate biological simulations
with predictive power to assist in drug discovery.
Biological cells can be characterized as a living
chemical plant, with chemical components, reaction and
signal pathways, material and energy flux, etc. Cellular
“chemical plant” behaviors are subject to various
physiochemical and biological constraints such as material
balance,
electroneutrality,
reaction
stoichiometry,
thermodynamic constraints, flux capacity constraints,
kinetic and regulatory constraints.
Development of virtual cell simulators, as a
computational framework for whole cell modeling and
simulation, are at its infancy and it promises to be a new
world for human imagination and creativity. We expect
such a simulator would facilitate modular and iterative
development and validation of biological cell models based
on a hierarchical assembly of metabolites, proteins, genes,
metabolic networks, cellular pathways, enzymatic reaction
and transport mechanisms, gene circuit, regulatory
networks, intracellular organelles and structures, etc.

The chemical industry has experienced a rapid shift
from commodity chemicals into specialized chemical and
biochemical products (Cussler and Wei, 2003). Commodity
chemicals are increasingly produced in the developing
countries while chemical producers in the developed
countries must move to specialized chemical products that
compete on performance and quality rather than
manufacturing cost.
This shift creates new demands, requirements, and
opportunities for process modeling technologies and tools:

-

-

-

-

Instead of solving large-scale systems of
nonlinear equations for simulating continuous,
highly integrated petrochemical plants,
specialty chemical producers are interested in
quickly and rigorously modeling the dynamic
behavior of relatively small batch reactors
with overhead condensers.
Instead of using process models for the purpose
of heat and mass balance calculations, polymer
producers use models to design new product
grades. These models help them understand
how polymerization chemistries, process
recipes, and equipment design affect the
development of polymer molecular structure.
Such molecular structure and resulting product
properties determine the quality and grades of
the product they sell.
Instead of equation-of-state models for dew
point and bubble point calculations, lubricant
producers require predictive viscosity models
for solvent-polymer additive mixtures as their
products are sold based on its impacts on
solution viscosity.
Instead of being concerned with fluid
properties such as vapor pressure, heat
capacities and densities, medicinal chemists are
interested in solubilities at physiological
conditions for millions of drug-like molecules

in the compound libraries that they screen in
discovery of lead molecules.
However, like chemical process design for large-scale
petrochemical plants, the keys to success in chemical
product design are: 1) the fundamental understanding of
underlying chemical and physical phenomena (molecular
structure, chemical reactions, thermophysical properties,
mass transfer, etc.) and 2) the molecular insights required
to develop first principles models to correlate and predict
chemical and physical properties and phenomena. The
challenge with product design will be met by coupling past
achievements in process modeling with new knowledge
that captures the essence of the fundamental driving forces
and physical laws that ultimately determine the quality of
products we discover and design.
One intriguing area for product design is lead
molecule discovery and optimization in drug R&D. As a
result of high throughput screening and combinatorial
chemistry, a major opportunity emerges with the modeling
and predictions of absorption, distribution, metabolism,
excretion and toxicity (ADMET) for candidate drug
molecules. Current modeling efforts are primarily based on
neural networks, empirical rules, or group contributions
that offer little fundamental understanding. Models that are
based on molecular insights or first principles are
desperately needed to advance the state-of-the-art, and they
offer a fertile area of activity for chemical engineers.
Computer-Aided Molecular Design (CAMD) (e.g.
Ostrovsky et al., 2003) is a promising area which exploits
optimization technology (MINLP) similar to that used for
process design. However, practical industrial application
has yet to be demonstrated.
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Historical Perspective
Early development of process simulation started with
sequential modular simulation (M.W. Kellog in the late
1950s) and progressed rapidly towards a capability to
model complex flowsheets while allowing a significant
degree of customization—best exemplified by the
FLOWTRAN system developed by Monsanto (Seader et
al., 1987). In parallel, an intriguing alternative developed
in the form of equation-oriented simulation that originated
in mid 1960s from the work by Sargent and Westerberg
(1964).
Sequential modular simulation offered the ability to
solve the pressing business problem of that era, namely to
compute heat and material balances, and matured into the
®
ubiquitous commercial simulators Aspen Plus (from
Aspen Technology (AspenTech), www.aspentech.com)
®
(from Simulation Sciences (SimSci),
and Pro/II
www.simsci.com). They offered significant advantages
from an end-user viewpoint, such as:

-

Rapid modeling of large flowsheets,
Extensive libraries of physical property
models, unit operation models and component
databanks,
Limited need to initialize calculations due to
built-in algorithms to select tear stream and
initialize models,
Modular architecture that enabled custom
models to be included in the simulation.

-

-

Inherent weaknesses have been:

-

-

Slow convergence of recycle systems where
recycle to feed ratio is high,
Systems with complex recycles or high degree
of heat integration are slow and difficult to
converge and require significant expertise,
Optimization is limited to process flowsheets
with a very small number of variables and
without complex recycles or heat integration.

The desire to optimize a plant design or find the best
operating conditions has continued to drive the research in
equation oriented simulation until today, resulting in a
large body of work by the students of Sargent and
Westerberg and in the first equation-oriented simulator,
SPEEDUP (Pantelides, 1988). SPEEDUP was a primarily
an equation-oriented model writing environment with the
ability to solve various types of problems (e.g., steady-state
and dynamic simulation, optimization). This direction
continued in SPEEDUP’s conceptual successors
[ASCEND from Carnegie Mellon (Piela et al., 1991);
gPROMS from Imperial College (Barton and Pantelides,
1994) and Process Systems Enterprise Limited (PSE),
www.psenterprise.com); and ACM from AspenTech],
which, among other things, extended the capabilities to
include dynamic optimization and parameter estimation.
In parallel to the “SPEEDUP branch”, an effort began
at Shell Development in the late 1970s to optimize the realtime operation of large, continuous plants (ethylene plants
and refinery units). The business need to implement
process optimizers in a profitable manner rapidly oriented
this effort towards development of an equation-oriented
simulator that was supported by a library of models
(Gochenour and Preston, 1987). Conceptually, this was
very similar to the sequential modular simulators of that
era, the main difference being the equation-oriented
approach to solution. While successful in optimizing plant
operation in real time, this effort highlighted the strengths
and weaknesses of the equation-oriented approach, such as:
Strengths:
- Ability to converge highly complex flowsheets,
- Rapid convergence from a good starting point,
- Ability to easily solve flowsheets with any set
of feasible specifications, not just those on
“inputs”.

Weaknesses:
- Need for an excellent starting point, which in
real-time applications was provided by the
plant,
- Initial assembly of a large flowsheet required
that each node of the network be initialized
separately and that the flowsheet be assembled
step-by-step,
- Handling of the phase transitions that take
place as operating conditions vary requires
techniques vastly different than those used in
closed form models for sequential modular
simulation,
- Optimization of flowsheets with a large
number of degrees of freedom could not be
routinely handled by even the most advanced
SQP algorithms of the day (Powell, 1978).
The need for cost-effective commercial real-time
optimization (RTO) solutions resulted by the early 1990s in
DMO from the DMC Corporation (Renfro et al. , 1987;
Tsang and Meixell, 1988), an equation-oriented system that
solved the issues of optimization with a large number of
degrees of freedom, as well as development of models
capable of converging through phase transitions. However,
DMO had not solved the issue of initialization and the need
to gradually assemble a flowsheet from its converged
subflowsheets.
In parallel with the above developments, HyproTech
introduced a computational architecture for interactive
simulation that combines sequential modular computation
with certain elements of the equation oriented approach
(Svrcek et al., 1984). This easy to use paradigm, delivered
to the user’s desktop in early PC and Windows versions,
has created a mass market of everyday engineering users.
Progress to Date
AspenTech has been fortunate to assemble personnel
and technologies that represent all three simulation
approaches: sequential modular, equation based, and
interactive. This has enabled us to combine the strengths of
both the sequential modular and equation based approaches
in Aspen Plus Version 11:

-

-

-

Good initialization of a flowsheet is provided
by sequential modular iterations through a
flowsheet,
Equation-oriented mode of the models can
handle multiple phase transitions, such as
vapor/liquid/liquid and liquid/solid systems,
Physical property models provide analytical
derivatives,
The optimization algorithm has been enhanced
to enable solutions of systems with an order of
magnitude larger number of degrees of
freedom, as well as mixed integer NLP models,

-

-

-

Architectural ideas from ASCEND have
formed a basis for a new generation equationoriented system architecture, capable of
handling engineering simulations, multi-time
period models, and mixed integer LP and NLP
systems,
®
Aspen Custom Modeler (ACM) can be used to
develop equation-oriented models (with modelspecific initialization procedures) to run within
Aspen Plus or any simulator that supports the
CAPE- OPEN standard (Braunschweig et al.,
2000),
Degrees of freedom and structural analysis
tools ensure feasible specifications, and
User specifications are similar to those for
sequential modular simulators. The switch
between the sequential modular and equationoriented algorithms is simply a choice of
another convergence method.

Therefore, this integrated architecture represents a
major step toward the goal of model centricity (consistent
models and solutions for all applications). There is only
one version of the plant model because sequential modular
and equation-oriented models and algorithms are
implemented within a single architecture. Any changes to
the process flowsheet are applicable to both modes of
convergence.
From a plant lifecycle viewpoint, this means that a
model that is developed for optimization of plant operating
conditions can be readily used for plant revamp design.
Changes to the plant optimization model, dictated by the
need to accurately represent plant operation, are
immediately available for process engineering studies.
In parallel with the work at AspenTech, SimSci
created ROMEO software for RTO by integrating the Shell
software for RTO with PRO/II. Since ROMEO also
combines the sequential modular and equation based
approaches, it shares many of the characteristics of the
AspenTech RTO software, although each product has its
own unique strengths.
Academic research on RTO implementation and on
interactions between process control and RTO continued
throughout this time, e.g. at McMaster University under
Tom
Marlin,
John
MacGregor,
and
others
(www.macc.mcmaster.ca). Also, PSE has continued the
aggressive commercial development of gPROMS as a
general purpose equation-based modeling system that
intrinsically integrates simulation and optimization, for
both steady-state and dynamic analyses.
Benefits to Process Design and Plant Operation
The integration of the equation-based and sequential
modular approaches enables engineers to tackle problems
that had been unsolvable in practice. Most importantly, the
same model can be used for many different applications,
since a user can set specifications on and optimize over any

feasible set of variables. Some of the business problems
that can be solved through use of the integrated sequential
modular/equation-oriented capability are:

-

-

-

-

Optimal sizing to meet design targets for a
given plant throughput, e.g. size distillation
towers so that the tray loading is at a specified
value, or size heat exchangers in a network to
operate at the target approach temperatures,
Maintain plant operation at optimum, e.g.
optimize reactor conversion and associated
plant operation over time to determine the best
trade-off between operating and catalyst
regeneration costs,
Prediction of operating conditions at the
capacity constraint, e.g. what is the feed rate to
a distillation tower when it operates at a tower
flooding limit on a given tray, or what is the
feed rate to a furnace at its radiant heat density
limit?
Computation of un-measured equipment
performance indicators for use in multivariable
control, e.g. downcomer filling and jet flooding
for current operating conditions in a distillation
tower or radiant heat density in a furnace.

Another model centricity milestone was the integration
of steady-state and dynamic simulation in a single, easy to
use environment (HYSYS). With this integration,
operability, control, and safety studies can be conducted
simultaneously with and using the same assumptions as the
process design.
Clearly, we could continue by listing many other
business problems that now can be solved very
successfully in a daily practice of the engineering
community. An example of such applications, which
exploits the use of equation-oriented modeling for designtype problems, is presented at this conference by Myers
and Hanratty (2004).
Future Direction for Modeling and Applications
The ultimate goal of modeling and simulation is to
enable the process industries to make the best decisions in
all aspects of enterprise operation (plant design, plant
operation, supply chain management, regulatory
compliance, etc.). A fundamental requirement is to enable
usage of consistent models as decision support tools in all
of these areas. This business need dictates our views on
future technology directions.
We believe that models will become an even more
ubiquitous, fundamental basis for decision making, largely
transparent to the user. Better decisions will be enabled by:
- Models being available whenever a decision needs
to be made,
- Consideration of the entire solution space and
associated uncertainty,
- Ability to routinely solve problems that today
require special attention or have no solutions,

-

Consistency of all models that support a related set
of business processes.

New Types of Solutions
Process Design: Effective methods have been
developed for process synthesis in areas where physical
characteristics enable special methodology, such as heat
exchanger networks (Linnhoff, 1993) or separation systems
(Westerberg and Wahnschaft, 1996). Often these methods
utilize some simplification of the general MINLP problem.
For example, Aspen Water solves the waste-water system
design problem by exploring possible topologies using
MILP, then using NLP to optimize the detailed conditions
within this structure, then iterating to explore other
structures.
However, design of a general plant structure is a
MINLP problem with complex nonlinear subproblems.
Widespread adoption of these methods in practice will
require a significant investment in software for both
problem formulation and solution that can readily be used
by design engineers. Recent work on MINLP methods for
design (e.g., Lee and Grossman, 2003) shows industrial
promise.
Control & Optimization: Current practice employs
distinct models and algorithms for advanced process
control and for real-time optimization. This division
originates in limited capabilities (40 years ago) to develop
plant models. Consequently, the control field proceeded
with empirical models (linear or nonlinear), while realtime optimization employed steady-state models to
optimize large continuous plants. There has been
substantial application of non-linear controllers in industry,
but still based on empirical models. A promising direction
is the combination of empirical and first-principles models,
which could lead to a merger of advanced control and realtime optimization into a single discipline and the ability to
handle
steady-state
optimization
and
dynamic
optimization/control problems in a consistent way (e.g.,
transition to a new steady-state).
Guarantee of optimal results: Global optimization is a
tool to improve decision quality (e.g. better gasoline
blending) and not just an interesting research topic. Recent
developments (Floudas, 1999) offer the potential to solve
real-world problems and are being implemented in
commercial software. While initial applications may be for
specialized problems, we expect their use to be widespread
Uncertainty: Today’s modeling and design
applications typically provide a single point solution that is
based on data and assumptions which will never be exactly
correct. We see the potential for a major paradigm shift to
solutions which deal with risk and uncertainty—either that
provide a better understanding of the solution variability
and causal factors, or that provide a solution that explicitly
takes uncertainty into account. There has been a great deal
of work in this area (see Cheng et al., 2002 for a review),
and we feel that it will see industrial application.

Empirical modeling: Data driven statistical techniques
such as neural networks, latent variable methods, and
image analysis can be used to predict, monitor or control
behavior of processes that are difficult to model from first
principles or may not even be measurable by traditional
instrumentation. We believe that significant benefits can be
obtained from using a combination of first-principles
models and empirical methods (e.g., Model-based SPC).
Such a development is likely to provide a further stimulus
for advancements in this arena.
Approximations and extensions of first principles
modeling: Advances in computer hardware and modeling
software have enabled us to build more and more details
into models. This leads to two types of issues in practice: is
the model so complex that an average user cannot use it,
and can the available solution methods solve the problem
and do so in a reasonable amount of time?
Computational requirements for physical property
calculations (particularly for dynamic simulation) have
been significantly lowered through use of simplified
thermo-physical models that also provide correct
®
derivatives (e.g. Aspen Dynamics ). Recently there have
been promising developments that would significantly
lower computational requirements for models with a large
number of components (Briesen and Marquardt, 2003).
These developments have the potential to make accurate
results available at an order of magnitude lower cost. There
are several potential business uses for such technology, and
we expect that it will rapidly develop and become widely
available.
An opportunity for more rigorous models is in the area
of fluid dynamics. Typically, process models are developed
with a detailed treatment of physical properties, phase
equilibrium and reaction kinetics but with simplified fluid
dynamics, while CFD models treat fluid dynamics
rigorously, but with highly simplified or ignored chemistry.
There is great benefit from models that treat both chemical
and physical phenomena accurately, for example in reactor
and design and analysis. Recently, commercial software
vendors have begun to tackle this problem (Zitney et al.,
2002; Bezzo et al., 2000).
Model Centricity (model consistency)
In addition to process simulation and optimization, the
process industries utilize numerous other modeling and
optimization tools for specific business problems, such as
production planning, scheduling, and distribution. Each
application has been approached from a different
viewpoint, using the most appropriate technology and
devising a user paradigm specific to the business task at
hand. As an example, traditionally there are separate
modeling/optimization environments used for production
planning (simplified models/plan production over multiple
time periods) and for plant optimization (rigorous
models/optimize for current operating conditions).
Theoretically, one could use rigorous models to
compute the operating constraints and then modify the

planning model correspondingly. In practice, this happens
only as an exception and many planning models do not
represent the true capabilities of the plant. If models that
are used to make various business decisions are not
consistent and accurate, then the business decisions
themselves are not consistent and accurate. Significant
opportunities will be missed.
How can we achieve model consistency throughout the
decision making process? With the current disparate
application-specific modeling environments, this can be
accomplished by adjusting parameters in one model based
on predictions from another model (“reference model”).
However, this still leaves us with multiple modeling
environments, multiple software systems, and multiple
interfaces to maintain. Models will be consistent in the
vicinity of the operating point where the update was last
carried out, but they may not be inherently consistent.
What is needed is software that can model a variety of
physical systems and is architected to deliver consistent
solutions for a variety of business problems. This will be
the subject of the next section.
Future Direction in Software for Modeling
Our goal is to be able to model systems represented by
any type of network or flowsheet, where network nodes are
modeled at the level of accuracy dictated by the business
application. Network models would have node models
from different domains. One could configure planning and
scheduling models that consist mostly of simplified
models, but that model selected nodes by using more
accurate models from process simulation, or one could
configure plant optimization models that use high accuracy
models in critical areas of the plant, while using simpler
planning or scheduling models for the remainder of the
plant.
Process simulation is a simulation with one set of
events. Simulation of a production schedule is a simulation
with multiple sets of events. A simulation infrastructure
with event management capabilities could handle both
types of simulation, as shown in Fig. 8.
Scheduling Event Manager
Monitors externally imposed events (e.g. arrival of a feedstock, change
of the operating mode on a process unit) and sets conditions for the
Model Framework to simulate or optimize.

Distributed Simulation Manager
Enables specification of a network model consisting
rd
of node simulators (models) that originate from 3
parties and reside across geographically distributed
locations.

Sim & Opt Executive (simulate, optimize)
Assembles a model of a network and
solves it in a single or multi-time period
(simulation, optimization) for a single set
of events, I.e. single set of conditions.

Network Node
Model (See
Figure 9)

Figure 8. Conceptual Architecture for Generic
Simulation Infrastructure.

At the heart of the architecture is the ability to assemble
network models consisting of node models that can operate
in either sequential modular or equation oriented mode as
shown in Fig. 9.
Model API

architecture enables, for instance, a dynamic
tank model to be a part of the plant model.
The described architecture also streamlines a number
of model management issues (case management, library
management, implementation in a plant environment, and
imbedding within decision making tools, etc.).

Model Framework
EO Model Executive
(single & multi-time period)

Modular Calculation
Executive

Network Node Model API
EO Model Executive
Closed form
calculation
Model Equations Generation
(engineering, planning, …)

EO Solvers

Network Node: Equation Oriented Model

Initialization
Network Node:
Closed Form Model

Figure 9. Network Node Model for Generic
Simulation Infrastructure.
In order to facilitate deployment of models within any
business application, the entire model behaves as a
software service, communicating though a defined API
(data and methods). The model framework, which has
some similarities to the “model server” described by
Pantelides and Britt (1995), generates either single or
multi-time period models, while each network node is
represented by a model that can operate as an equationoriented model or as a closed form model. Let us consider
how this architecture can create various types of simulation
and optimization systems:

-

-

-

-

Simulation for process design & optimization:
Node models are typical engineering models
of today. In addition, each model can operate
as a steady-state or as a dynamic model,
thereby enabling seamless transition between
steady-state and dynamic simulation, and it
can be solved through sequential-modular or
equation-oriented methods.
Production planning:
Any node that can
operate under several different operating modes
(as in refinery planning) is replicated into a
corresponding number of nodes. Each node
model can be a simplified, linear model (as is
the case in most planning systems today) or by
more accurate non-linear models that could be
either approximate non-linear models or
rigorous nonlinear models.
Multivariable process control: The entire
process unit could be represented by a single
empirical model (as it is common today) or by a
network of empirical and first principles
models.
Simulation of a schedule: The Scheduling Event
Manager shown in Fig. 8 interprets a schedule
generated through additional methods. The

Collaborative Process Design Environments
Process and product design involves many disciplines
and is highly collaborative. Models and data are shared
among users and disciplines both informally and in a
formal process of approval and issuing. It is estimated that
engineers spend 60% of their time searching for data from
disparate sources, collating and transcribing the data, and
filing the results. While we have no quantitative data, the
time spent duplicating models for different purposes and in
reconciling their differences is certainly also significant.
The opportunity cost is high. The construction industry
consortium FIATECH (www.fiatech.org) has estimated
that improved collaborative design processes have the
potential to reduce time to plan and implement a capital
project by 20-50%, reduce capital costs by 15% and reduce
operating costs by 2%, which typically would yield a 2
point increase in Operating Return on Net Assets.
However, it is not meaningful to converge all
applications used across the design life-cycle into a single
integrated system; each discipline has unique objectives
and workflow, places different requirements on process
and data models, and requires specialized functionality in
their tools and applications.
A number of software architectures have been
proposed that attempt to minimize data transcription time
and cost and reduce the opportunity for error. In the
simplest form, tools are connected directly by interfaces
(Fig. 10). This approach can offer a simple and easy-toimplement solution for data exchange between a few tools.
However, the cost becomes prohibitive in anything other
than simple cases—if we have N tools in a system, we
must construct N*(N-1) interfaces.

Figure 10. Point to Point Integration.
If a standard interface that translates the internal data
to a standard neutral exchange format is provided for each
application, only N interfaces are required. This
simplification demonstrates the power of data exchange
standards (which applies equally to any of the other
architectures discussed here). Data exchange standards

have been highly successful in domains in which the design
is defined predominantly as geometric CAD parts, such as
aerospace, where the STEP standards (International
Organization for Standardization, 1994) have had
enormous impact. In contrast, process designs are
characterized by large quantities of highly complex and
inter-related non-geometric data. Efforts to develop
standards for design data exchange in the process industries
have been at least partially successful where a dedicated
team of practitioners has been assembled. The most
relevant example is pdXi (Motard et al., 1995) for process
design data, but the POSC-CEASAR standard
(www.posccaesar.com) for the even more data intensive
detailed design and engineering disciplines is also a good
example.
Standards have also been demonstrated to be
technically effective for integrating components into
process
design
tools,
such
as
CAPE-OPEN
(www.colan.org). However, the limited uptake of the
standard limits the business case for adopting it, and vice
versa.
The architecture in Fig. 10 facilitates data exchange
but does not provide management or security of the data
exchange or work flow. Thus, this approach is best suited
to a single-user performing a set of closely coupled
analyses, such as simulation and heat exchanger design.
AspenTech has directly interfaced its major design tools
with Aspen Plus and HYSYS to support this workflow.
The so-called “hub and spoke” architecture (Fig. 11)
does provide workflow management and security of data
exchange. In a hub and spoke implementation, tools are
located among their respective users, and each is connected
to a central database. Data are exchanged by being stored
in the database then retrieved by tools used later in the
design life-cycle. This approach suffers two distinct
limitations. Firstly, any data that must be transferred
between tools must be represented in the schema (ideally,
an industry standard) of the central database. As new tools
are integrated, the schema must be extended. In practice,
schemas cannot be extended arbitrarily; at some point they
must be re-engineered. This is a major task, and data
migration is a serious problem. Secondly, the central
database is a common failure point.

Figure 11. Hub and Spoke Architecture.
The hub and spoke architecture does provide a highly
flexible, dynamic and concurrent environment. In the
special case of a team of engineers of the same discipline,

collaborating on the same design (for example, a lead
engineer and one or more process engineers designing a
single process unit), this advantage far outweighs the
disadvantages of hub and spoke, and this architecture is
close to ideal. COMOS-PT (Becker, 2002) and Aspen
Zyqad™ exemplify this approach.
The limitations of hub and spoke for disparate
workgroups and disciplines are overcome in the so-called
“publish and subscribe” architecture (Fig. 12). Again the
tools are located among their respective users, but they are
connected to a data transport bus. Data are exchanged by
being “published” by the authoring application; all
applications “subscribe” to receive any classes of messages
that might contain data that they might use. The data
transport bus delivers published data to each of the
applications subscribed to a particular message class. This
architecture can be built with a high degree of redundancy,
and information buses feature guaranteed delivery of
messages – should the bus fail, the messages will not be
lost but will be delivered from a cache once the bus is restarted.

Figure 12. Publish and Subscribe
Architecture.
Although bus-based architectures are architecturally wellsuited to support disparate workgroups, they do not
intrinsically manage and coordinate the work process.
Workflow management systems (Jablonski and Bußler,
1996; Lawrence, 1997), e.g., Staffware, FlowMark, or
COSA, have been applied successfully in banks, insurance
companies, administrations, etc. to manage the flow of
work between participants, according to a defined
procedure consisting of a number of tasks (McCarthy and
Bluestein, 1991). However, they have very limited support
for the creative dynamics of design processes; rather, they
typically assume a statically defined workflow that cannot
be changed during execution. In this type of system,
dynamic design processes can be supported only to a
limited extent (e.g. the rigid procedure for approving a
document might be supported). Recently, this problem has
been addressed in a few university prototypes (see e.g.,
Derniame et al., 1998; Georgakopoulos et al., 1999).
Document Management Systems, such as Documentum
and Matrix One, store design documents in a database that
records the evolution of documents (i.e. their versions) and
aggregates them into configurations. DMSs typically
include workflow components, but again, these suffer from
the restrictions discussed above.

A few domain-specific approaches have been
developed which are better tailored to design processes in
chemical engineering. For example, n-dim (Levy et al.,
1993; Westerberg et al., 1997) is a distributed and
collaborative computer-aided environment for process
engineering design; KBDS (Banares-Alcantara and
Lababidi, 1995) deals with the management of design
alternatives and design histories. However, neither system
provides comprehensive support for the management of the
work products, activities, and resources. AHEAD (Jager et
al., 1999; Westfechtel, 1999) is a research prototype that
aims to go beyond current commercial systems.
During a plant’s operational life-cycle, design is
ongoing (e.g., during revamps and debottlenecking).
Equally, the data derived during design can be highly
valuable to support day-to-day operations such as RTO,
maintenance, troubleshooting and equipment substitution.
The design data, if available, are an asset in their own right
throughout the plant’s life. In addition to facilitating data
exchange and work flow integration, successful
infrastructures will also support creation of the information
asset as the design progresses. A life-cycle database might
be one application connected to the information bus to
collect messages and build the information asset as the
design progresses (Fig. 13).

critical business problems (e.g. Beltrame and McBrien,
1996). Several current industrial collaborations, each of
which involves leading chemical, petroleum, engineering,
licensing, and software firms, are resulting in sustainable
and repeatable progress to solve these problems in practice.
It is hoped that academic research will identify means to
build further upon these significant successes with more
formal treatments.
Conclusions
As we have seen, significant advances in technology
have been made over the past few years in each of the three
areas covered in this paper: physical property modeling,
simulation and optimization, and collaborative design.
Notably though, only steady-state simulation and related
physical property modeling have achieved universal
adoption. To cite just a few remaining “gaps”:

-

-

Many seemingly mature technologies such as
dynamic simulation and synthesis methods
remain the domain of specialists,
Mature, generic tools for design optimization
and for handling uncertainty are not available,
Industry standard data models for process
design and plant asset data have not been
widely adopted.

Thus, there remain huge opportunities for both the
wider industrial application of mature technologies and
continued technology development. However, with some
exceptions, the gaps are not a result of inadequacies in the
underlying math and chemical science technologies.
Rather, they result from a combination of factors, such as:

Figure 13. Publish and Subscribe Architecture
with Information Asset Database.
Collaborative design is an emerging field, and
although most of the difficulties are practical, they have
proven to be resistant to progress. Today, each owner
company and engineering contractor has its own work
processes. The work process has a significant impact on
what data must be exchanged in an information package
(including how the data must be structured). Until work
processes are aligned, each client/contractor pairing will
require a bespoke implementation of the infrastructure.
Conversely,
competitive
differentiation
between
contractors arises in part from their work processes.
Equally, today’s bidding environment disincentivises data
exchange.
Our conclusion, after having been actively involved in
several public and proprietary efforts to develop
collaborative systems and standards, is that business goals
will need to be aligned if the potential savings from
collaborative design are to be achieved. Nonetheless, users
and vendors of the technologies are collaborating
pragmatically and are successfully finding solutions to

-

-

-

Absence of proven, repeatable, broad-based
economic return.
Immature understanding of how to formulate
problems and package available technology for
practical solutions to real problems of
industrial interest.
Shortcomings in usability (by non-experts) and
sustainability in available software, both in
engineering and online applications.
Difficulties in finding a successful model for
how to develop standards for data, models, and
workflow, and ensure that they are adopted.
With the exception of CAPE-OPEN, such
success as there has been has arisen when a
vendor has worked with its own customer base
to develop a de facto standard.

As we have seen in this paper, application
development has largely proceeded along two tracks—
model/simulation-centric and design/data-centric—while
properties represent a third, more or less independent, area.
While it is important to maintain a focus in each of these
three areas in order to successfully address the gaps

discussed above, their convergence is also necessary to
realize the full promise of CAPD. Thus, we foresee:

-

-

-

The development of product design software
with built-in engineering and mathematics
analogous to that available today for process
design, as well as support for integrated
product and process design.
Emergence of matched modeling and
optimization approaches that enable true model
centricity and global optimization. For
example, cost models that are compatible with
design optimization solutions.
Software architectures that combine the
model/simulation-centric and design/datacentric tracks, largely achieved by treating
models as another form of information asset in
Fig. 13, separate from specific applications.

Progress will result from the continued partnership of
academia, manufacturers, and software vendors.
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THE INTEGRATION OF PROCESS AND PRODUCT DESIGN
James Wei
Princeton University
Princeton, NJ 08544
Abstract
The current chemical engineering curriculum emphasizes product engineering, which was
appropriate in an era when we had many large-volume and long-lived products, which
needed a continuous process of cost reduction. Today, in the rapidly growing products
of polymers, biomedical devices, and information material, the products tend to be smallvolume and short-lived, which needed continuous improvements in product properties
and customer appeal. The study of molecular structure property relations is the principal
intellectual tools in product design. In principle, product design is concerned with the
question "what would have the desired properties", and product design is concerned with
the question "how to make it". In practice, there should be a strong integration between
the two in creating a new or improved product. Traditional process design concentrated
on the meter scale of process equipments, and the hundred-meter scale of plants. In the
future, chemical engineering design must also integrate the complexities involved from
the nanometer scale of molecules to the ten thousand kilometer scale of global
environment and sustainability.
Keywords
Product design, Process design, Integration of complexities
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product at ever-lower cost over many
years.
The concept of Product Life
Cycle suggests that there is a spring time
when the product is not yet proven and
the creative pioneers stand to generate
much excitement and to make great
gains; followed by a summer time when
a successful product generates many fast
followers coming out with improved or
me-to products; followed by an autumn
time when the innovation pace has
slowed down and the main competitive
tool for a stable product is in continuous
cost-cutting; and ended with a winter
time when the main challenge is to be a
competent care taker to keep things
going as long as possible. This is shown
schematically in Figure 1.

Introduction
A dynamic profession such as
chemical engineering must keep on
evolving and changing to adapt to the
most important needs of the world.
There was the time when we had a
parade of exciting new products sold in
large volumes at healthy profit margins,
and remained dominant in the
marketplace for many decades, such as
nylon and chlorofluorocarbons. The
chemical
engineering
curriculum
concentrated on process engineering,
based on the assumption that we already
know what products to make, and the
assignment is how to make these
commodity products with increasing
efficiency and safety. The world today
presents a dual impact to the process
engineers: a slow down of the
introduction of exciting new commodity
products to enchant the consumers, and a
diminished opportunity for improving
process efficiencies after many years of
effort for the mature commodities.
In the meantime, the most
innovative
chemical
engineering
researchers have enlarged the menu by
investigating the science and invention
of new products, particularly in the
polymers, the biomedical devices, and
the informational materials. In these
new fields, both the risk and the reward
are much greater than in traditional
mature areas. These new products tend
to be made in small quantities, and tend
to have short product life cycles, as the
rate of new product introduction is
prodigious. Success in these new fields
depends more on the immediate need of
designing the product to improve its
properties and consumer acceptance, and
less on the long term need of making the

Figure 1 Product Life Cycle
The products of the chemical
industry occupy all four seasons in the
life cycle, and the chemical engineering
community needs to service all four
phases by teaching both product and
process engineering, and how they are
integrated.
There was a time when a
commercial transaction was mainly a
two party affair: the manufacturer sells a
product and receives payment, and the
customers receive a product that satisfies
their needs. Then came the discovery of
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dry cleaning fluid, and swells in water.
What should DuPont do with this
discovery? The first totally synthetic
polymer was bakelite, made from the
low cost materials of phenol and
formaldehyde, which was widely used to
make low cost electrical appliances. For
this more elegant material, the problem
of manufacturing would be much more
difficult and expensive, so that the
product must command a high price per
pound as well as a large volume of sale.
DuPont has been in the business of
rayon manufacturing and marketing, and
thought about a synthetic polymer to
replace silk for stockings, which had a
very large volume of sale and a price of
$2 per pound. A pair of knit stockings
consumes only 10 grams of polymer.
But stockings need to be washed and
ironed, so this material would not be
suitable.
Carothers and his coworkers
needed to find a polymer that has all the
good qualities of the first material, but
should not dissolve in dry cleaning fluid
or swell in water, should have a high
enough melting point, and can be
manufactured from readily available raw
material to make profit at a price below
$2. They turned to the condensation of
diamines and diacids to make
polyamides, which have much higher
melting points than polyesters. By 1934,
they made a polyamide with a 5-carbon
diamine and a 10-carbon diacid, with a
melting point of 190 C. The problem of
swelling in water is related to the ratio of
the number of polar groups to the length
of the hydrocarbon chains, so that there
would be more swelling when the carbon
chains are shorter in the monomers. The
other problem is the lack of a ready
source of supply of 10-carbon straight
chain material, such as decane as raw
material.
By 1935, they made a

the hazard of vinyl chloride in cancer,
the Exxon Valdez oil spill, and the
demise of the chlorofluorocarbons due to
the ozone hole. Therefore today, besides
the seller and the buyer, every
commercial transaction also has a third
party - the public and the environment.
The design of a product and its process
must consider factors far beyond the
factory and the customer, to include
complexities and scales ranging from the
nanometer of molecules to the ten
thousand
kilometer
of
global
environment.
The Case of Nylon: integration of
product and process design
An often-mentioned folklore
states that at the beginning, a chemist
invents a new product, and then the
chemical engineers are summoned to the
office of the vice president to design a
process, to make the product with
economy and safety. In reality, there is a
great deal of integration between these
two investigations and designs. It would
be instructive to follow the story of the
development of nylon, as the steps
involved were well documented.
(Hounshell and Smith 1988, Hermes
1996)
Wallace
Carothers
jointed
DuPont in 1928 to investigate a number
of scientific questions in the nature of
polymers. He was able to make a
condensation polymer with a 3-carbon
dihydric alcohol with a 16-carbon
dicarboxylic acid, in a molecular still to
remove the byproduct water and shift the
equilibrium to a material with the
molecular weight of 12,000.
This
polymer has sufficient tensile strength
when cold stretched, and a handsome
appearance; but it also has a melting
point below 100 C, is partially soluble in
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In the chronicle above, it is clear
that the initial concerns were principally
about the product, and the final concerns
shifted more and more towards the
process. However, much of the decisions
made, such as the switch from polyester
to polyamide, and the decision to make
nylon 66, can be considered to be the
best compromise between the optimal
product design and the optimal process
design.
Process research and
development continued at DuPont and
other places for many decades, resulting
in ever-higher quality and efficiency.
Nylon is now a commodity, and the fiber
division of DuPont has been sold to
Koch Engineering, to make room for
more innovative new products.

polyamide with the 6-carbon diamine
and the 6-carbon diacid, which will be
called nylon 66 with a melting point of
250 C. This seems to be the right
material at last, as benzene can be the
raw material with six carbons, readily
extracted from coal tar or crude oil.
Nylon 66 was still not ready for
manufacturing, and parallel efforts were
launched in product and process
investigations. The first target was to
make nylon at $0.80 per pound, with a
plant capacity of 8 million pounds per
year. Benzene extracted from coal tar or
crude oil required the development of a
process
to
hydrogenate
into
cyclohexane, which is oxidized to make
cyclohexanol and then adipic acid. Half
of the adipic acid is converted to
adiponitrile and then to hexamethylene
diamine. A new fiber spinning method
needed to be developed, and a prototype
is the existing technology of rayon,
which is spun from solution into fibers,
as it does not melt. They tried to
dissolve nylon in hot phenol or
formamide, and to pump the hot syrupy
solution through spinnerets into fibers,
then to evaporate the solvent. Melt
spinning makes more sense for nylon,
but it has to be done at 260 C with heat
resistant spinnerets. Silk stockings are
sized and dyed before they are knitted
into stockings, and similar processes
must be worked out for nylon fibers.
The first knitting test at a textile mill at
Maryland was a disaster, as the fibers
snagged at knitting machines and the
product had the color of gunmetal. After
numerous product and process problems
were solved, DuPont finally authorized
in 1938 $8.5 million to build a 4 million
pound a year plant at Seaford, Delaware.
Nylon stockings went on sale at
Wilmington stores in 1939.

The case of Chlorofluorocarbons:
integrating
complexities
from
molecular to global scales
In 1928, Charles Kettering gave
Thomas Midgley an assignment. He
said, "Home refrigerators are on the rise,
but the refrigerant is sulfur dioxide
which is not safe.
The press is
clamoring for a ban on the 'killer
refrigerators'. You assignment is to find
a refrigerant that is nonflammable and
nontoxic." (Bowden 1994, McGrayne
2001) Midgley did a brilliant analysis
and came out with chlorofluorocarbons
in three days.
He looked at the
nonmetals in the periodic table, shown in
Figure 2, and observed that flammability
decreases from the left to the right, and
toxicity decreases from the bottom to the
top, thus fluorine is the element that
should receive the most attention.
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The success of freon led to
numerous other uses, including air
conditioning, blowing aerosols, cleaning
computers and fire extinguishing in
space capsules. The sales volume rose
to 2.5 billion pounds a year in 1988.
The extremely stable freon cumulates in
the atmosphere to 0.6 parts per billion,
and rises to the stratosphere at 20 to 40
kilometers above earth, is broken into
chlorine free radicals which consumes
the ozone needed to protect earth from
deadly ultraviolet radiation. The 1987
Montreal Protocol called for the
substitution of CFC with less damaging
products, and the current choice is HFC
134a, which is CF3-CH2F with no
chlorine atoms. The story is not ended
here for long, as this compound is found
to be a greenhouse gas related to global
warming. This story demonstrates that
the design of a product involves
considerations that range from the
molecular structure to the global
environment.

Figure 2
Midgley's analysis showed
that the least flammable and toxic
element is fluorine.
He knew that fluorinated methane has
too low a boiling point, and he
considered
the
set
of
chlorofluorocarbons shown in Figure 3.
The top three rows are flammable, and
the left border is toxic, which leaves
seven compounds to choose from that
are neither flammable nor toxic.

Teaching Product
Princeton

Engineering

at

I have been teaching a course for
several years in Princeton on "Molecular
Structure & Property: Product Design",
and I am in the process of finishing a
manuscript. The course has three major
components: history and organization of
new product innovations, molecular
structure and property relations, and
recent cases of product design.

Figure 3
Midgley showed that CFC
with at least one fluorine and at most
one hydrogen atom are less flammable
and toxic.

(A).
The first four weeks of the
semester are concerned with the
following topics:
• Historic Product Innovations
• Organization and Phases of Product
Development

He settled on CCl2FH as having the
appropriate boiling point, and created
freon, as a benefit for customers for
many years who would have the luxury
of home refrigeration without the danger
of deadly refrigerator leaks.
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• Marketing
• Safety, Health and Environment
• Design
• Future Challenges in Product
Innovations
We begin by the description of
some of the most distinguished new
product innovations in history, which
also give concrete examples to serve as
illustrations of the general principles
covered in subsequent chapters. The
initial motivation of product innovations
can be divided into to the market-pull
innovations and the technology-push
innovations. Examples of the marketpull innovations include:
vulcanized rubber, Goodyear, 1839;
celluloid,
Hyatt,
1870;
aspirin,
Hoffmann, 1898; tetraethyl lead,
Midgley, 1921.
Examples of the
technology-push innovations include:
synthetic
mauve,
Perkin,
1856;
penicillin, Fleming, 1928; teflon,
Plunkett, 1930; Post-It, 3M, 1973.
William Perkin discovered the synthetic
dye mauve in 1856. He was an 18-yearold student of chemistry who had a
home laboratory, and he was trying to
synthesize quinine for malaria treatment,
and found instead a black tar in his tube.
He dipped a piece of silk into the tar, and
found that it turned to a brilliant purple
color, and found that is was also fast; so
he started the modern synthetic chemical
industry as an accident.
The search methods used in the
discovery can also be divided into: (i)
Luck, such as in the discovery of mauve
by Perkin, the discovery of penicillin by
Fleming, and the discovery of teflon by
Plunkett. (ii) Sweat, such as in a random
search of numerous substance involved
in the discovery of Salvarsan for syphilis
by Ehrlich, the discovery of carbon
fibers for the filament in incandescent
bulbs by Thomas Edison, and the

discovery of taxol after the screening of
65,000 natural and synthetic compounds.
(iii) Planning, such as in the systematic
and
logical
discovery
of
chlorofluorocarbons by Midgley in three
days, based on qualitative associations
and trends in the periodic table of
elements, and on comparing the physical
and chemical properties of the
chlorofluorocarbons.
Historians and the press often
truncate their stories of innovations at
this discovery stage, and neglect the
equally exciting stories of the
development efforts from an interesting
discovery to a valuable product - that
would have to be designed to be superior
in the marketplace to any existing
product, can be manufactured with
reasonable raw material and process
equipment, and to make a profit to repay
the investment in research and new
plants. The story of the development of
nylon took 10 years from discovery to
silk stockings in the stores. Another
well-documented
story
was
the
introduction of the cancer drug taxol,
which was extracted from the bark of
slow growing century-old Pacific yew
trees, and proven effective against
refractive ovarian and breast cancer. But
the development took 30 years, as many
difficult problems had to be overcome:
it takes the high dose of 10 to 20
mg/kg.day to be effective; the yield is
very small, as the concentration of taxol
in the yew bark is only 40 parts per
million, and it takes about six trees to
treat one patient; Pacific yews are found
only in the Northwest, and it takes a
hundred years to grow a tree to 60 feet
tall and 30 inches in diameter, and
environmentalists were alarmed about
the destruction of these old trees (the
problem was
solved
with the
development of semi-synthetic taxol that

28

water, fuel for Tomahawk missiles, ink
for inkjet printers, zeolite adsorbents to
separate normal from iso-paraffins, and
controlled drug release devices.
Historically, Green Engineering
began with attempts to clean up the plant
effluents as an add-on activity to wellestablished products and processes. This
stopgap
method
has
limited
effectiveness.
Gradually, the work
broadened to the cleanup of spills, went
upstream to re-design the processes, and
more recently to re-design the products
to minimize on the use of potentially
hazardous and irreplaceable substances.
The designers of a product need to take
all of these into consideration. A design
project is assigned at this point, giving
adequate time for the students to read the
literature and to consult experts,
culminating in an oral presentation and a
written report in the third part of the
course.

derives from the needles of the common
English yew); it has an abysmally low
water solubility of 10 ppm by weight, so
that its solubility must be greatly
increased to inject into the blood stream
(the problem was solved by the
development of an emulsion with castor
oil); the mechanism of action of taxol
was not known, so that there was little
confidence in its scientific standing (the
problem was solved when Susan
Horowitz discovered that the mechanism
involves cell microtubules, which are
used in cell growth and function).
Marketing is one of the least
understood subjects in engineering, as it
involves the inverse paradigm of
inductive logic. Engineering students
are used to learning immortal principles
handed down by Olympian scientists
such as Newton and his law of motion,
Maxwell and his equation of electromagnetism, and Carnot and the Second
Law of Thermodynamics, and derive
results from these theories to solve
practical problems. Marketing is the
exact opposite, of trying to extract
guiding information from thousands if
not millions of voices, from people in
the street who are incoherent and
inconsistent. The customers are always
right, but how do we find out what they
are not articulate enough to say?
Product innovation must begin by first
finding out what are the real needs of the
marketplace, how the product can
enhanced the lives of the customers, how
much do they want to buy and at what
prices. The innovators must also study
the products already in the marketplace,
what are their volumes and prices, what
are their strong points, and what are the
weak points that offer an opportunity for
improvement. The course discusses a
range of products from the most simple
to the most complex: bottled drinking

(B). The next 7 weeks are devoted to the
study of molecular structure and
property relations, which is the
intellectual
toolbox
of
product
innovations.
• Search methods
• Literature and database
• Quantitative predictions from theory
• Quantitative correlations
• Qualitative associations and trends
• Strategies of Random Search
• Research frontiers of structure property
relations
The forward search can be
thought of as establishing a function y =
f(x1, x2,...am). Here y is the property in
question, which can be:
• Structural - bond lengths and angles,
conformation, symmetry
• Physical - density, boiling and melting
points
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• Chemical - reactivity, kinetics
• Thermal - heat and free energy of
formation, entropy
• Biological - toxicity, pharmaceutical
activity
• Economic - price, volume of sale
The parameters x1 to xm are
either structural parameters or other
properties that are more readily
available. The quickest way to search
for a property y may be to look them up
in a database, a handbook, a research
journal, or the more modern electronic
methods of a CD or a web address. The
molecular structure of the substance, and
a few physical-chemical properties can
be computed from first principles, or
more often from semi-empirical methods
involving empirical parameters and force
fields, such as the heat capacity of a biatomic molecule. This involves the use
of software such as Gaussian,
HyperChem and Atomic Microscope.
Many more properties can be estimated
by correlations with molecular structure,
or with other more commonly available
properties, such as the boiling points of
normal paraffin with the number of
carbons, and by the group contribution
methods, such as the boiling points of
numerous organic compounds with
heteroatoms.
This involves using
statistical software, which can be a
spreadsheet as Excel, and group
contribution method software such as
Cranium. Qualitative associations and
trends are relied upon when the more
quantitative and data-intensive methods
are not available, such as the case of
Midgley's use of the periodic table to
single out fluorine as the most promising
element for a nonflammable and
nontoxic compound.
The reverse search can be
formulated as the reverse function x =
g(y1, y2,...yn), where x represents the

main quest for the product engineers for
a suitable product, and y1 to yn are a set
of properties that are desired. With a
traditional handbook of properties, this
reverse search is very laborious and time
consuming. Some electronic databases
are now equipped with a reverse search
capability, so that one can ask for "all
compounds that boil between 0 and 1 C,
and have a density less than 1". The
availability of reverse search capabilities
is still in its infancy, and one usually has
to fall back on combining the forward
search with interpolation to simulate a
reverse search. For instance when three
points {xa, xb, xc} in the X-space has
been forward mapped to three points in
the Y-space {ya, yb, yc}, which forms a
convex space containing the desired
point y*, one can attempt a linear
representation of y* by the three y points
and project that the desired structure x*
has the same linear combination by the
three x points. When these methods
have been exhausted, the next resort may
rely on qualitative associations and
trends, as well as unproven rumors and
folklores. The last resort would be the
random search, which was used
successfully by Ehrlich in a search for an
arsenic-based cure of syphilis, by Edison
for a filament for the incandescent lamp,
and by the National Cancer Institute for
a cure of cancer that resulted in taxol.
Combinatorial chemistry is a muchdiscussed new method that has not yet
made any major discoveries.
For the academicians and
researchers, molecular structure-property
relations is a fertile field for research
advances: theoretical understanding of
structure-property
relations,
measurements and compilations of more
comprehensive databases, synthesis of
new materials and measurements of their
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by 42 feet wide, and is 65 feet above the
floor, shown in Figure 4. It is divided
into: nine central rectangular panels,
which tells stories from the Old
Testament, such as God Creating the
Sun and the Moon, and the Fall and
Expulsion from Eden;
four corner
spandrels contain stories, such as David
and Goliath; twelve inverted triangles
contain seven prophets and five sibyls;
twelve triangular lunettes and two coves
for the ancestors of Christ.

properties, and predictive methods for
more properties of more substances.
(C). The last 3 weeks are devoted to
presentations and discussions of
contemporary
cases
of
product
development. It is very useful to have
guest lecturers from industry to describe
and to analyze recent cases of new
product development, which adds reality
to basic principles. We have had guest
lectures on the development of the
synthetic lubricant Mobil-1, which is a
poly alpha olefin, on the missile fuel for
increasing the maximum range of
Tomahawk, and on the cancer drug
taxol.
Then we have the oral
presentations of the student design
projects, which has included: hair
removing cream based on a cancer drug,
impact resistant polymer faceplate for
cellular phones, foot warmer powered by
shoe insert that generates electricity
upon compression, and disposable
contact sun glasses.

Figure 4 Ceiling of the Sistine Chapel

(B) The structure of the central panel of
the Creation of Adam has a scale of 18
feet by 8 feet, shown in Figure 5. The
energetic and dynamic God on the right
is wrapped in a cloak, extending a finger
of his right arm to animate a finger of
the left arm of the totally inert Adam,
sprawling on the left; the left arm of God
is wrapped protectively around the not
yet created Eve, who stares at Adam her
future mate.

The Case of Sistine Chapel Ceiling:
Integrating Complexity in Design
Chemical engineers hav been and
should continue to derive new ideas and
concepts on the successful design and
optimization of complex artifact by other
disciplines. Michelangelo and Leonardo
da Vinci were both successful engineers,
skilled in the design and execution of
large and complex military and civilian
works. Let us look at Michelangelo’s
ceiling for the Sistine Chapel. (Seymour
1972, deVecchio 1992, Partridge 1996)
The design can be divided into four
different scales:
(A) The structure of the overall ceiling
has an impressive scale of 131 feet long

Figure 5 The Creation of Adam
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(C) The structure of the figure of the
Delphic Sibyl has a scale of 9 feet by 5
feet, shown in Figure 6. This most
lovely woman in the entire ceiling is
seated, but with restless energy endowed
by the sinuous twists in her body, or
contraposto - her eyes are looking to the
left, her arms are pointed to the right, her
hips are twisted to the left, and her knees
are turned to the right.

Figure 7 God in the Creation of
Sun and Moon
Michelangelo designed the entire
ceiling and executed the painting over a
period of four years.
The process
encountered many technical problems
that needed innovative solutions. Fresco
was the technique used, which starts
with a plaster made of lime, sand and
water. Each of the first two rough coats
of plaster were applied and then allowed
to set. In the meantime, the artist made a
full-scale cartoon of the image the he
intended to paint, transferred the outlines
of the design onto the wall from a
tracing made of the cartoon. The final
smooth coat of plaster was then
trowelled onto as much of the wall as
can be painted in one session. The
boundaries of this area were confined
carefully along contour lines, so that the
edges or joints of each successive
section of fresh plastering were
imperceptible. The tracing was then
held against the fresh plaster and lined
up carefully with the adjacent sections of
painted wall, and its pertinent contours
and interior lines were traced onto the
fresh plaster. As the wall dried and set,

Figure 6 The Delphic Sibyl
(D) The structure of the single head of
God in the Creation of Sun and Moon
has a scale of 3 feet by 2 feet, shown in
Figure 7. It shows a majestic God,
charged with authority and purpose, with
flowing gray hair, moustache and long
forked beard, and stern eyes surveying
his creation. He is advancing with his
right arm pointed towards the sun, and
his left arm pointed towards the moon.
Once again, notice the consistent
symbolism of the dominant and
energizing right side, and the passive
and receiving left side.
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global warming. Figure 8 shows six
scales, from molecular to colloidal, from
particles to equipment, and from plant to
global environment. This span of 16
orders of magnitude is becoming the
drawing board of chemical engineers.

the colors were imbibed into the surface
and bound with the lime and sand
particles. This gave the color great
permanence and resistance to aging,
since they were an integral part of the
wall surface, rather than a superimposed
layer of paint on it. The painter must
work fast while the plaster was wet, but
cannot correct mistakes by overpainting.
To paint on the ceiling, a scaffold
must be built so that the painter could lie
on his back to apply the plaster, to attach
a cartoon or sketch to the ceiling, to
score the plaster through the sketch, and
to apply the paint with the brush. There
was plenty of opportunity for the plaster
and the paint to drip into the painter's
eyes.
Michelangelo designed the
scaffold out of flat wood with brackets
built from the wall, near the top of the
windows. He also built zigzag ladders
from the floor to the platform. The area
covered was 131 x 42 = 5502 square
feet.
It has been estimated that
Michelangelo painting on the average of
6 square feet per day, roughly the size of
the head of God! The coordination of
almost a thousand pieces of 6 square feet
pieces must have been enormous task to
ensure that the outlines and colors have
continuity and harmony. No wonder
fresco wall painting went out of
existence after Raphael, and was not
revived till the 1920s by Diego Rivera.
The
world
of
chemical
engineering design was traditionally
concerned with processing equipments
in meter scale, and with systems such as
refineries and chemical plants in
hundreds of meters. The degree of
complexity has been greatly expanded
by recent events from the nanometer
scale of molecular design to the 10,000kilometer scale of global environment of
phenomena, such as the ozone hole and

Figure 8 Six scales of chemical
engineering: molecule, colloid, particle,
reactor, plant, and global.
Conclusion
In the world of today, the
prosperity of the chemical engineers
depends on the creation of a stream of
new products that are often sold in small
quantities and with short product life
cycles.
In service to these needs,
chemical engineering research and
education should be focused on these
new demands. We need to teach product
engineering as a complement to the
teaching of process engineering, and to
integrate these two topics. We need to
emphasize the subject of molecular
structure-property relations as the
principal tool of product engineering.
We also need to integrate these designs
involving a complex set of scales from
the nanometer of molecules to the ten
thousand
kilometers
of
global
environment.
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1

Femlab 3.1: The Vertical Heated Plate
by
Edward M. Rosen
EMR Technology Group
A vertical heated plate exposed to air has been the subject of experiments, analysis and academic
exercises (Goldstein, 2004, Yang, 2002 ). It is the purpose of this study to compare Femlab 3.1
simulation results to the analytical solution and data.

Problem Description
An isothermal vertical plate at temperature Tw is exposed to air at T∞ . The vertical distance
along the plate is the x direction and its velocity is u. The horizontal direction perpendicular to
the plate is the y direction and its velocity is v.
For this study Tw = 115 C and T∞ = 20 C . Physical properties are evaluated at the average
temperature, 67 C and are considered constant. These temperatures are chosen to be consistent
with selected data (McAdams, 1955).

The Analytical Solution
After simplifications the applicable (boundary-layer) equations are (Bejan, 1995, Boelter, 1948,
Goldstein, 2004, Kays, 1993, Schlichting, 1955)
Continuity

∂u ∂v
+
= 0
∂x ∂y

Hydrodynamic

u

Energy

∂θ
∂θ
∂ 2θ
u
+v
=α 2
∂x
∂y
∂y

∂u
∂x

+ v

(1)

T − T∞
∂u
∂ 2u
=υ 2 + g w
θ
∂y
T∞
∂y

(2)

(3)

2
Introducing a stream function ψ by putting u =

∂ψ
∂ψ
and v = and substituting
∂y
∂x

into Eqs (1 -3) results in
∂ 2ψ
∂ 2ψ
−
=0
∂x ∂y ∂x∂y

(4)

T − T∞
∂ 3ψ
∂ψ ∂ 2ψ ∂ψ ∂ 2ψ
+g
υ
=
−
2
3
∂y ∂x∂y ∂x ∂y
T∞
∂y

(5)

∂ψ ∂θ ∂ψ ∂θ
∂ 2θ
−
=α
∂y ∂x
∂x ∂y
∂y 2

(6)

Setting (Schlichting, 1955)

ψ = 4 υ c x 3 / 4 ξ (η )
η =c

y
4

x

(7)
(8)

where

c=4

g (Tw − T∞ )
4 υ 2 T∞

(9)

the velocity components become
u = 4 υ x1 / 2 c 2 ξ '

(10)

v = υ c x −1 / 4 (η ξ ' − 3 ξ )
and the temperature distribution is determined by θ (η ) . Substituting Eq (7) into Eqs (5) and (6)
leads to the following ordinary differential equations:
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ξ ''' + 3 ξ ξ ' ' − 2 ξ '2 + θ = 0

(11)

θ '' + 3 Pr ξ θ ' = 0

(12)

with boundary conditions ξ = ξ ' = 0 and θ = 1 at η = 0 and ξ ' = 0 , θ = 0 at η = ∞.
Eqs (11) and (12) can be formulated as a set of five first order differential
equations (Goldstein, 2004)
dξ
= p1
dη

ξ = 0 at η = 0

dp1
= p2
dη

p1 = 0 at η = 0

dp 2
2
= − 3 ξ p 2 + 2 p1 − θ
dη

p 2 unknown at η = 0

dθ
=q
dη

θ = 1 at η = 0

dq
= − 3 ξ Pr q
dη

q unknown at η = 0

(13)

Since p2 and q are unknown at η =0 but known to be = 0 at η = ∞ (taken as η = 12), this is
a two point boundary value problem (Goldstein, 2004). The values of p2 and q at η = 0 have
been tabulated as a function of Pr (Kakac et. al., 1985) and are shown in Table 1.

Physical Properties
Values for the physical properties of air at 67 C were taken from the Fluid Properties Calculator
which can be found at
http://www.mhtl.uwaterloo.ca/old/onlinetools/airprop/airprop.html
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Prepared by Ramesh Krishnamurthy
Kakac et al 1985
Pr
0.01
0.1
0.72
1
2
5
6.7
10
100

p2(0)
0.9873
0.8591
0.676
0.6422
0.5713
0.4818
0.4548
0.4192
0.2517

q(0)
-0.0807
-0.2301
-0.5046
-0.5671
-0.7165
-0.954
-1.0408
-1.1693
-2.1913

ξ (∞)
4.536
1.512
0.5988
0.5253
0.4046
0.3031
0.2786
0.2792
0.1365

Table 1 Values of p2 and q at η = 0

Spreadsheet Calculations
The physical properties of air are recorded on a spreadsheet (Appendix A) and Pr is calculated.
The values of p2 and q are then interpolated from the values given in Table 1 after converting Pr
to ln Pr. This allows the integration of Eqs (13) as shown in the spreadsheet. The integration was
carried out in increments of η = 0.025 up to η = 12. (The spreadsheet shows values of η only up
to 0.575)
The values of u and v at each value of η were calculated from Eqs (10) for x = 0.06 m.
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The Femlab Solution
A tutorial “ heated plate” is supplied by Femlab, 2004 (Version 3.1) and generally guided the
Femlab solution in this study.
Some modifications were made, however :

T − T∞
)
T∞
in the tutorial. This value of ρ is used in both the energy and
T − T∞
hydrodynamic equations. The buoyancy term is Fx = ρ∞ (
) g.
T∞
Choosing T∞ as the temperature at which to evaluate the physical properties (i.e. ρ∞)
in the analytical solution results in the same buoyancy term as in Femlab. However
ρ from the Boussinesq equation is also used in the energy equation in Femlab while
the value of ρ in the analytical solution energy equation would be ρ∞.

1. Femlab uses the the Boussinesq approximation ρ = ρ∞ ( 1 -

As a result the Boussinesq equation was not used in this study’s Femlab simulation.
A constant ρ was used throughout instead at 67 C. This makes the density used in
Femlab the same as used in the analytical solution.
2. The geometry was changed to have the plate on the left side rather than the right.
3

In order to compare the Femlab solution to the analytical, the conditions far from the
plate should be the same. The boundary conditions in the tutorial are indicated in Table
2. However, they do not adequately satisfy the conditions far from the plate:
a) The velocity (u) should drop to zero far from the plate.
b) The value of the velocity, v, (perpendicular to the plate) should
be equal to -0.0153 far from the plate. This derives from evaluation of v
from Eq (10) at η = ∞.
v = c x-1/4 (-3ξ ) = - 0.0153 since ξ’ = 0 and ξ(∞) = 0.603201 (Table 1)
at η = ∞. (x = 0.06)
By trial, the boundary values used in this study to meet the conditions
far from the plate are shown in Table 2.
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Description

No.

1
2
3
4
5
6

Lower Insulated
Bottom
Plate
Upper Insulated
Top
Far Boundary

Femlab Tutorial
Thermal
Flow
Thermal Insulation
Tinf
Tinf + dT
Thermal Insulation
Convective Flux
Tinf

No slip
Neutral
No slip
No slip
Neutral
Neutral

This Work
Thermal
Thermal Insulation
Tinf
Tinf + dT
Thermal Insulation
Tinf
Tinf

Table 2 - Boundary Conditions Compared

Model Navigator
1. Start Femlab – Set Space Dimension to 2D
2. Select General Heat Transfer application in the Heat Transfer Module
3. Click Steady State Analysis.
4. Click the Multiphysics button in the Model Navigator.
5. Click the Add button.
6. Select the Non-Isothermal Flow in the Heat Transfer Module
7. Click the Add button
8. Click OK
Options and Settings
1. Go to the Options menu and define the following physical properties at 67 C.

Figure 1 Constants
2. Click OK.

Flow
No slip
No slip
No slip
No slip
No slip
Neutral
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Geometry Modeling
Fig (1) is the two dimensional geometry of the heated plate. The plate is on the left between PT1
and PT2 , is 0.1 m tall and has isothermal temperature Tw. The short boundaries (0.01 m) below
and above the vertical plate are thermally insulated and are needed to create a smooth flow near
the plates edges. On the bottom, top and right boundary the temperature is set to T∞.
Air will rise upwards towards the upper horizontal boundary. At the top boundary the no slip
specification forces the flow out to the far boundary. The neutral boundary condition means that
no forces act on the fluid.
1. Press the Shift key and click Rectangle/Square button in the Draw toolbar.
2. In the dialog box that appears, enter the following rectangle properties:
Width
Height
Base
x-position
3.
4.
5.
6.

0.105
0.12
Corner
0
y position 0

Click OK
Click Zoom Extents in the Main Toolbar
Press the Shift key and click the Point button in the Draw toolbar.
In the dialog box that appears, enter the following point properties (PT1):
x
y

0
0.01

7. Click OK
8. In the same manner, create a second point (PT2):
x
y

0
0.11

9. Click OK

Note: In Femlab x is the horizontal direction, y is the vertical direction,
Also note that 0.07 m from the bottom of the geometry is 0.06 m
from the bottom of the plate.
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Figure 2. Heated Plate Geometry
Tw = 115 C
Physics Settings
1. Go to the Options menu, find Expressions and then open Subdomain Expressions
Enter Expression for FY

Figure 3 Subdomain Expression
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Subdomain Settings – Non-Isothermal Flow
1. Go to the Multiphysics menu and select Non-Isothermal Flow
2. Go to the Physics menu and select Subdomain Settings
3. Enter the following

Figure 4 Subdomain Settings – Non-Isothermal Flow (ns)
4. Click OK
Boundary Settings – Non-Isothermal Flow
1. Go to the Physics menu and select Boundary Settings
2. Enter the following:
Boundary 1
Boundary 2
Boundary 3
Boundary 4
Boundary 5
Boundary 6

Short lower left side Bottom
Heated Plate
Short top left side
Top
Far right side
-

No Slip
No Slip
No Slip
No Slip
No Slip
Neutral
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3.

Click OK

Subdomain Settings – General Heat Transfer
1. Go to the Multiphysics menu and select General Heat Transfer
2. In the Physics menu, select Subdomain Settings
3. Select subdomain 1 and verify the Enable conductive heat transfer is checked.
4. Enter the properties for Conduction as shown:

Figure 5. Subdomain Settings – General Heat Transfer (htgh) - Conduction
5. Click the Convection tab and select Enable convective heat transfer.
6. Enter the properties as shown.
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Figure 6 Subdomain Settings – General Heat Transfer (htgh) - Convection
7. Click the Init tab.
8. Sect subdomain 1 and type Tinf in the temperature edit field.
9. Click OK
Boundary Conditions – General Heat Transfer
1. Go to the Physics menu and enter the following Boundary Settings
2. Enter the following.
Boundary 1
Boundary 2
Boundary 3
Boundary 4
Boundary 5
Boundary 6

Short lower left side Bottom
Heated Plate
Short top left side
Top
Far right side
-

Thermal Insulation
Temperature - Tinf
Temperature - Tinf + dT
Thermal Insulation
Tempersture Tinf
Temperature Tinf
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3. Click OK
Mesh Generation
1. From the Mesh menu select Mesh Parameters.
2. Click the Boundary tab and select boundaries 1, 3, 4
3. Enter 3e-4 in the Maximum element size edit field.
4. Click the Point tab and select point 2 (PT1)
5. Enter 2e-5 in the Maximum element size edit field.
6. Click Remesh and then click OK.

Figure 7. Mesh Generation
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Computing the Solution
Finding a converged solution is difficult. It is best approached using a small dT ( say 10 K) at
first and slowly decreasing the value of viscosity from about 10 in steps down to the specified
viscosity using the Parametric nonlinear Solver. Once the solution with the required viscosity is
found, then the value of dT is increased to the desired value (95) again using the Parametric
nonlinear Solver.
1. Reset the value of dT in the Constants window to 10.
2. Choose Solver Manager from the Solve menu.
3. On the Initial value page, select Initial Value Expression and Use setting from Initial
Value Frame
4. Choose Solver Parameters from the Solve menu.
5. In the dialog box that appears, select Parametric Nonlinear in the Solver list.
6. On the General page, enter eta (dynamic viscosity) into the Name of the parameter edit
field
7. Type 10 1 .1 1e-2 1e-3 1e-4 1.8205e-5 into List of parameter values edit field.
8. On the Advanced page, set Type of scaling to None.
9. Click OK
10. On the Solve menu, click Solve Problem
The desired solution (dT = 95) is now sought with the eta = 1.8205e-5.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Open the Solver Manager from the Solve menu.
On the Initial Value page, click Store solution.
Select the value 1.8205e-5 and click OK.
On the Initial value page, select Stored solution for both Initial Value Expression and Use
setting from Initial Value Frame.
Click OK.
Choose Solver Parameters from the Solve menu.
On the General page, enter dT in the Name of parameter edit field
Type 10 50 90 95 into the List of parameter values edit field.
Click OK.
On the Solve menu, click Solve Problem.
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When the solution is obtained the following results:

Figure 8. Surface Temperature and Arrows Showing Flows

Comparing Femlab, The Analytical Solution and Data
Femlab
The velocity, temperature and temperature gradient profiles are displayed at 0.06 m
from the plate bottom (0.07 m in Femlab) using the Femlab postprocessing procedures. In each
case the ASCII output capability is utilized to obtain a numerical listing in an ASCII file. The
ASCII files are then imported into a spreadsheet. For plotting, interpolation [add-in function
Interp (Rosen, 2004)] is used to obtain the values of interest at pre-determined values of y or x.
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Analytical Solution
Values of the velocity and temperature profiles at 0.06 m from the bottom of the plate are
taken from the spreadsheet solution (Appendix A). The temperature gradient along the plate
at a specified value of x is calculated on the spreadsheet from:

⎡ ∂T ⎤
⎡ Grx ⎤
⎢ ∂y ⎥ = ⎢ 4 ⎥
⎦
⎣ ⎦ y =0 ⎣

1/ 4

(Tw − T∞ )
⎡ ∂θ ⎤
⎢ ∂η ⎥
x
⎣ ⎦ η =0

(14)

Data
Values for the velocity profile at at 0.06 m are read directly from Fig 123 (McAdams, 1955).
Values for the temperature profile at 0.06 m are interpolated from the values at 0.01 m,
0.04 m, 0.09 m, and 0.14 m.
Values from the spreadsheet for the analytical solution (Appendix A), the Femlab solution and
data points are shown in Figs (9-12).
Velocity 0.06 m from Plate Bottom

Velocity - m/s

0.3
0.25
Femlab

0.2

Analytical Solution

0.15

Data from McAdams

0.1
0.05
0
0

0.005

0.01

Distance from Plate - m

Fig 9. Velocity Profile at 0.06 m
Tw − T∞ = 95 C

0.015
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Temperature Profile 0.06 m from Bottom

Temperature K

390
370

Femlab

350

Analytical Solution
Data from McAdams

330
310
290
0

0.005

0.01

0.015

Distance from Plate - m

Figure 10. Temperature Profile at 0.06 m
Tw − T∞ = 95 C

Temperature Gradient -K/m

Temperature Gradient Along Plate
80000
70000
60000

Femlab

50000

Analytical Solution

40000
30000
20000
0

0.005

0.01

0.015

Distance From Bottom of Plate - m

Figure 11. Temperature Gradient Along the Plate
Tw − T∞ = 95 C
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Velocity Perpendicular to Plate(x = 0.06 m)

Velocity Perpendicular to
Plate

0
0

0.02

0.04

0.06

0.08

0.1

0.12

-0.005
-0.01

Analytical Solution
Femlab

-0.015
-0.02
-0.025
Distance From Plate - m

Figure 12. Velocity Perpendicular to Plate

Conclusions
There is very good agreement between Femlab, the analytical solution and data for
the selected values of Tw, T∞ and x (0.06 m). The boundary conditions selected were chosen
so that the Femlab solution would have similar values to the analytical solution far from the plate
The v velocity matches very well near the plate but varies from -0.0153 far from the plate (where
the boundary layer equations may not be valid). The u velocity, however, does tend to zero far
from the plate. In practice it is difficult to specify appropriate boundary conditions.(Bejan, 1995).
The solution (both Femlab and the Analytical solution) is dependent on the temperature chosen
to evaluate the physical properties. Boelter, 1948 (p XII -30) remarks that analytical results
check well with the experimental results of Schmidt and Beckmann, 1930 if the properties are
chosen at Tw. This was difficult to verify since the data of McAdams could only be determined
approximately since it was read from a chart. The data in McAdams are taken from Schmidt ,
1928.
A model’s documentation can be obtained by FileÎGenerate Report.

18

Nomenclature
English
cp

specific heat, J/(kg K)

g

gravitational constant,m/s2

Grx

Grashof Number = g ( Tw - T∞ ) x3 /( υ 2 * T∞ )

k

thermal conductivity, J/(s m K)

p1

= ξ’

p2

= ξ’’

Pr

Prandtl Number = cp µ /k

q

= θ’

T

temperature, K

Tw

isothermal temperature of the plate, K

T∞

temperature far from the plate, K

u

velocity in x – direction, m/s

v

velocity in y direction, m/s

x

distance measured from bottom of plate, upward, m

xx

distance measured from bottom of Femlab simulation, m

y

distance measured from lower edge of plate to right, m
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Greek

α

thermal diffusivity,

β

thermal expansion coefficient,

η

independent variable

θ

dimensionless temperature = (T - T∞ }/( Tw - T∞ )

µ

dynamic viscosity kg/(m s)

ξ ( (η )

function in similarity transformation

ρ

density, kg/m3

υ

kinematic viscosity, m2/s = µ / ρ

ψ

stream function

k / ( ρ cp )

-

m2/s

= 1/ T∞

for ideal gas
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Appendix A
Spreadsheet Calculation
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VBA Macro
Option Explicit
Private Function Integ(x, y, prm)
Application.Volatile True
Dim N, IR, nn, I As Integer
Dim h, xx As Single
N = prm(1)
nn = N + 1
ReDim yy(1 To N) As Single
ReDim ddd(1 To nn)
h = prm(2)
xx = x
For I = 1 To N
yy(I) = y(I)
Next
IR = rk4a(N, h, xx, yy, prm)
xx = xx + h
ddd(1) = xx
For I = 2 To nn
ddd(I) = yy(I - 1)
Next I
Integ = ddd
End Function
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Public Function rk4a(N, h, x, y, prm)
'
'Modified from Pedro L. Claveria abril/2002
'based in EMR Technology Group Library
'
'
'n = number of equations
'h = step size for integration
'x = independent variable
'y = vector of dependent variables
'prm = vector parameters
'MsgBox "Entering rk4a" & x & " " & h
ReDim ccc(N), fff(N)
ReDim k1(N), k2(N), k3(N), k4(N)
ReDim y2(N), y3(N), y4(N)
Dim muda1, muda2, muda3, muda4 As Single
Dim I As Integer
'Calculation of k1
muda1 = dydx(x, y, prm, fff)
For I = 1 To N: k1(I) = fff(I): Next
'Calculation of k2
For I = 1 To N: y2(I) = y(I) + 0.5 * h * k1(I): Next
muda2 = dydx(x + h / 2, y2, prm, fff)
For I = 1 To N: k2(I) = fff(I): Next
'Calculation of k3
For I = 1 To N: y3(I) = y(I) + 0.5 * h * k2(I): Next
muda3 = dydx(x + h / 2, y3, prm, fff)
For I = 1 To N: k3(I) = fff(I): Next
'Calculation of k4
For I = 1 To N: y4(I) = y(I) + h * k3(I): Next
muda4 = dydx(x + h, y4, prm, fff)
For I = 1 To N: k4(I) = fff(I): Next
'New values of the dependent variables
For I = 1 To N
ccc(I) = y(I) + (h / 6) * (k1(I) + 2 * k2(I) + 2 * k3(I) + k4(I))
Next I
For I = 1 To N
y(I) = ccc(I)
Next I
rk4a = 0
End Function
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Private Function dydx(x, y, prm, fff)
Dim Pr As Single
Pr = prm(3)
fff(1) = y(2)
fff(2) = y(3)
fff(3) = -3 * y(1) * y(3) + 2 * (y(2) ^ 2) - y(4)
fff(4) = y(5)
fff(5) = -3 * Pr * y(1) * y(5)
dydx = 0
End Function

ChemSep Case Book: Handling Missing Components
Ross Taylor and Harry Kooijman
In their book Conceptual Design of Distillation Systems M.F. Doherty and M.F. Malone (McGraw-Hill,
2001) describe a process for the manufacture of polysilcon (used in processes for making solid-state
electronic devices and optical fibres). In their illustration they show a flowsheet for a plant that has a stream
with the following composition
SiH2Cl2
2 mol%
SiHCl3
91 mol%
SiCl4
7 mol%
This mixture is to be separated by distillation. These separations must be carried out to very high purities (at
least 99.9 mol%).
During the Fall 2004 semester we used this mixture as the basis of an in-class exercise for students to design
simple column sequences using ChemSep. The McCabe-Thiele diagram shown below is for one possible
column that produces silicon tetrachloride as bottom product.

McCabe-Thiele diagram for SiHCl3 - SiCl4
1

Y SiHCl3/(SiHCl3+SiCl4)

0.8
0.6
0.4
0.2
0

0

0.2
0.4
0.6
0.8
X SiHCl3/(SiHCl3+SiCl4)

1

Now, any ChemSep user reading this article might well ask how is this possible since none of these
compounds is available in the ChemSep databank. In fact, it is possible to model the separation of many (but
not all) systems that contain compounds that are not included in the databank. The purpose of this article is to
show how.
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Just in case you are new to ChemSep…
ChemSep is a program for performing multicomponent separation process calculations. ChemSep was created
specifically for use in courses on thermodynamics and/or separation processes. ChemSep integrates flash, the
classic equilibrium stage column model and a nonequilibrium or rate-based column model in one easy-touse program. Kooijman and Taylor (CACHE News, Fall 2004) described in detail ChemSep Release 5 for
Windows.
On January 1, 2005 we made freely available a version of ChemSep with limited functionality at
. ChemSep-Lite retains many of the capabilities of the full version of ChemSep including:
Graphical User Interface: ChemSep-Lite includes the graphical user interface for Windows developed for
ChemSep 5.0. The novice is taken through the problem solving process in a natural way. ChemSep checks
your input, lets you know when each phase of problem setup is complete, and flags potential sources of
difficulty before running a simulation.
Thermodynamic Property Models: ChemSep includes almost all of the most widely used thermodynamic
models: 7 K-value models including DECHEMA (modified Raoult’s law), Equation of State, and ChaoSeader; 10 Activity coefficient models including UNIFAC; and 8 equations of state including Peng-Robinson
and Hayden-O’Connell (with chemical theory).
Powerful plotting capabilities: ChemSep has extensive support for plotting almost any kind of column profile
including composition, flow, temperature, pressure, K-values, and more. The plots are completely
configurable. ChemSep uses the Open Source package Gnuplot (for Windows) to display a plot in its own
separate window. Except where noted, the plots that appear in this article were created with Gnuplot and
pasted directly into the word processor used to create this article. Users can design their own plots and
include them in the pull-down plot selection list for future use.
McCabe-Thiele Diagrams are a standard feature in ChemSep (even for multicomponent systems such as the
one shown above).
Tabular Output can be viewed in ChemSep, or sent directly to text editor such as Notepad or spreadsheet
program such as Excel.
Export: Simulation results may be saved in a variety of formats such as text, html and csv. Tables and graphs
may be sent directly to Excel, (see the buttons XL Table and XL Graph that sends the data directly to Excel
where it can be plotted as shown below for an example from Seader and Henley (1998).
The main limitations of ChemSep-Lite are: no more than 5 components in a simulation, no more than 50
stages in a column simulation, and no nonequilibrium model.
Another and potentially more important drawback may well be the fact that ChemSep-Lite comes with a
databank of only 53 common compounds. However, if the VLE of the system you wish to model is
adequately described by either Raoult’s law or by the DECHEMA model (Raoult’s law modified by the
inclusion of an activity coefficient) and one has vapor pressure model parameters and activity coefficient
model parameters available, then it is possible to model your system using ChemSep-Lite. We note in passing
that the techniques described here can also be used with the full ChemSep 5.0 for Windows.
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Separation of Silicon Chlorides
The first step of any simulation is to tell ChemSep what compounds are involved. In this case it does not
matter what compounds are selected; pick any three compounds from the databank (the actual compounds
selected here were methanol, acetic acid, and ethanol). Click on the component Identifier in the selected
component list on the right and type in the string that you will use to identify the compounds actually
involved. In this case we use their formulae as shown in the Figure below.

Replacement of the compound identifier.
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The next step is to select appropriate thermodynamic models. This is a mixture that can be considered to be
ideal; thus we will use Raoult’s law for the K-values and None for the enthalpy model (thereby forcing
ChemSep to consider all the enthalpies equal and leading to constant molar flows in the column). We must
also select a vapor pressure model from the list of those available in ChemSep (see figure below). Note that
we may also use an activity coefficient model if we have parameters available.

Selection of thermodynamic models
The Antoine equation cannot be used here since that option requires the model parameters be available in the
databank. The same is true of the Lee-Kesler and Riedel equations. However, the Extended Antoine equation
allows the user to enter parameters from the keyboard.
The Extended Antoine Equation incorporated in ChemSep'
s thermodynamic routines is:

B
+ DT + E ln T + FT G
T +C
where A to G are the parameters in the model. T is the temperature and Psat is the vapor pressure. ChemSep
ln Psat = A +

requires the temperature to be specified in Kelvin and returns the vapor pressure in Pascals. This equation
includes as special cases the Antoine equation:

ln Psat = A −

B
T +C

and the equation used by DIPPR to correlate vapor pressures:

ln Psat = A +

B
+ C ln T + DT E
T

It is possible to find parameters for the standard Antoine equation for many compounds in the NIST databank
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(www.nist.gov) (although the form of the Antoine equation differs from that given above thereby
emphasizing the need possibly to convert any parameters from the literature that may be in different units or
which use a different form of the equation (log rather than ln, for example). However, the NIST databank
contains Antoine equation parameters for only two of the three compounds involved here. Thus, we need an
alternative source of model parameters. Fortunately, the DIPPR databank contains Antoine parameters for all
three of these compounds. These parameters can be entered into the spreadsheet for the extended Antoine
equation as shown below.

Loading parameters for extended Antoine equation.
The remaining steps require completing the specification of the column configuration and key operation
specifications. In the example shown here we specified:
Number of stages: 25 equilibrium stages
Feed stage: 12
Feed and column pressure: 1.2 atm
Reflux ratio: 3
Bottoms flow rate: 7 (arbitrary units)
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Below we show the liquid composition profiles and flow profiles for this column.
Liquid phase composition profiles

Flow profiles

10

10
Stage

5

Stage

5

15

15

20
25

20

0

0.2

0.4

0.6

0.8

1

25
200

Xi
X SiH2Cl2

X SiHCl3

X SiCl4

300
Flows (mol/s)

V

400

L

Liquid composition and flow profiles in the silicon chlorides distillation column.
From the stream table shown below we see that this column produces a bottoms stream that is 99.99% silicon
tetrachloride. The overhead product needs to be distilled in a second column in order to obtain pure
trichlorosilane. ChemSep will create a new case file from the currently loaded file that retains all the
components and thermodynamic properties of the existing case and one of the product streams as the feed.
The figure below shows the creation of a new file from the top product stream.

We leave the completion of this design as an exercise for our readers.
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Polymath 6.0 is Now Available
Contributed by: Michael B. Cutlip and Mordechai Shacham
Polymath Software and the CACHE Corporation are pleased to announce the upcoming
availability of Polymath 6.0 – a major enhancement of this proven software program. Current
academic departments with site licenses have automatically received this update. Department
who wish to try or to purchase site licenses should contact Janet Sandy at CACHE.
CACHE Website Information http://www.che.utexas.edu/cache/polymath.html
CACHE Site Licenses: Contact Janet Sandy cache@uts.cc.utexas.edu
Individual Student and Professional Licenses: sales@polymath-software.com
Polymath web site: www.polymath-software.com

Overview of POLYMATH 6.0
POLYMATH 6.0
Numerical Solutions for Scientific and Engineering Mathematical Problems

Polymath now provides automatic export of problems to Excel for solution completely within Excel
using Solver and the Polymath ODE_Solver Add-In. Polymath also provides problem output for
input into Matlab.
Polymath has four major programs:

for simultaneous Linear Equations:

for simultaneous Nonlinear Equations:

for simultaneous Ordinary Differential Equations:

for Curve Fitting and various Regressions:

with Student and Professional versions:
Module

Limitation

Student Versions Professional Version

POLYMATH Min # of represented digits

8

8

POLYMATH Max # of represented digits

22

22

LEQ

Max # of simultaneous linear equations

264

264

NLE

Max # of simultaneous nonlinear equations

15

300

NLE

Max # of simultaneous explicit equations

35

300

DEQ

Max # of simultaneous differential equations

25

300

DEQ

Max # of simultaneous explicit equations

35

300

DEQ

Max # of intermediate data points

1200

1200

REG

Max polynomial regression degree

5

12

REG

Max nonlinear regression model variables

60

60

REG

Max nonlinear regression independent variables 60

60

Data Table Max # of rows (data points)

201

1001

Data Table Max # of columns

50

200

Polymath now includes:
•

New full screen editor with with color coding and many new and improved features...

•

More Graphical Output Controls...

•

Automatic Export of Polymath Programs to Excel that will execute completely within
Excel...

•

New Unique Excel Add-In for Differential Equations...

that gives User Control over the Numerical Solution Algorithm...

and Output Results...

•

Advanced Calculator

•

Enhanced Unit Converter...

•

Expanded Scientific and Engineering Constants...

Foundations of Systems Biology and Engineering 2005

Overview
Contributed Papers Instructions

Foundations of Systems Biology in Engineering — Overview

Registration

FOSBE 2005 (Foundations of Systems Biology in Engineering) is the first in a series of a conferences
offered by the CACHE organization to address the emerging challenges in the field of Systems Biology.
The conference is unique in that it addresses not only current research problems, but also the curricular
developments and industrial needs and challenges in this important intersection of biology and engineering.

The field of systems biology has emerged in the last several years at the interface between genomics and
Plenary Papers - Instructions engineering & quantitative sciences—with an overall emphasis of analyzing complexity in biological
systems using integrative, systems approaches. The problems addressed in systems biology range from
Topics and Speakers
reverse engineering regulatory mechanisms to expand the boundaries of scientific knowledge to forward
Agenda
engineering problems involving drug targeting and the development of biomedical therapies.
Important Deadlines
Housing Information
Fun Stuff
Committee Members
Sponsors
FOSBE Brochure [pdf 619K]
Contact Us

FOSBE 2005 will bring together researchers from biochemical engineering, systems engineering, complex
systems research, computational biologists, computer science, and experimental biologists. Furthermore,
the audience will include academic researchers, experts from industry (including pharmaceutical, biotech,
and biomedical products), government laboratories (DOE, and Department of Defense), and federal
funding agencies—to discuss the advances, challenges, and emerging opportunities in systems biology.
FOSBE 2005 will offer a keynote presentation, 5 technical sessions and one panel discussion over the
course of three days. Breaks and hospitality suites will offer time for informal discussions, demonstrations,
and networking. The technical sessions will feature 3 plenary speakers, while the contributed paper
session will comprise brief oral presentations and poster presentations.

http://www.fosbe.org/6/23/2005 7:59:27 PM

Chemical Process Control

Assessment of Core Technologies and Emerging Applications
Overview
Conference Program

The overall goal of the CPC conference series is to evaluate current progress in the process control
field and to identify new intellectual challenges that may have a fundamental impact on future
industrial practice. Specific goals of CPC 7 include:

Call for Contributed Papers
Instructions for Invited Papers
Important Deadlines
Registration
Venue Information
Committee Members
Sponsors
cpc7 Brochure [pdf 464K]
Contact Us

1. Assess the current state of process control theory and practice.
2. Present tutorial overviews for non-specialists in relevant areas of systems and control
theory, particularly emerging and new areas.
3. Provide a forum for in-depth discussions between university researchers, industrial
practitioners and commercial control technology vendors.
4. Expose practitioners and vendors to significant new tools emerging from the research
community to stimulate wider implementation.
5. Present promising research directions for the next decade.
6. Evaluate needs and challenges in the process industries for the next decade.
7. Evaluate opportunities for applications in non-traditional industries.
8. Evaluate the current status of process control education at the undergraduate and graduate
levels.
CPC 7 is an international conference attracting participants from North and South America, Europe
and the Pacific Rim. Based on previous CPC meetings, approximately 50% of the attendees will be
from industry and government with the remaining attendees from academia.
In the tradition of previous CPC conferences, all oral presentations will be invited. Technical
sessions will be scheduled in the mornings and the evenings, with afternoons free for skiing,
socializing and in-depth discussion. Morning sessions focusing on enabling control technologies will
consist of four presentations and a panel discussion. Evening sessions focusing on emerging
control applications will consist of three presentations. One afternoon will be devoted to a poster
session for contributed papers. Vendor and software displays will be presented on two consecutive
afternoons.

http://www.cpc7.org/6/23/2005 8:01:38 PM

Foundations of Molecular Modeling and Simulation 2006

Molecular Modeling and Simulation: Tools for Innovation

Overview
Call for Contributed Papers
Important Deadlines
Registration

FOMMS 2006 is the third international conference showcasing the applications and theory of
computational quantum chemistry, molecular science, and engineering simulation. The motivation
for this conference is the continual need for precise control of product properties, the accurate
prediction of physical properties, and the development of a fundamental understanding of the
chemical process that allows the efficient creation of new products that meet specific marketplace
demands. Theoretical and algorithmic advances along with modern computing technology
routinely lead companies to capture the cash value of truly sustainable, far-reaching competitive
advantage. A molecular-level understanding of these chemical processes lead to model
mechanisms that are robust, pertinent, scalable, and most importantly, integratable across
statistical, chemical, and engineering technologies. The future for these methods is extremely
bright as they continue to prove their value to the chemical and chemical-related industries in the
coming decade.
Topics of special interest include the following:

Venue Information
Committee Members

●
●

Speaker List

●
●

Sponsors
FOMMS Brochure [pdf 2MB]

●
●
●

Contact Us

●

Multiple Time Scale & Mesoscale Methods
Advances in Modeling & Simulation
Nanoscience & Nanotechnology
Biological Applications
Reaction Engineering
Electronic Materials
Polymeric Materials
Future Vision

FOMMS 2006 is a scientific modeling meeting balanced between molecular simulation and
computational chemistry. The format will follow the highly successful FOMMS conferences held in
2000 and 2003. All talks will be invited and will represent state-of-the-art reviews in the particular
special topic areas. Two poster sessions will provide opportunities for all attendees to present their
work. One afternoon will be devoted to a software/hardware demonstration session for providers to
showcase their products and services. In addition, the schedule provides large blocks of time for
informal discussions, relaxation, or leisure as well as several receptions to facilitate interaction
between conference participants. Each presentation will be rigorously reviewed and edited.

http://www.fomms.org/6/23/2005 8:02:37 PM

CACHE Order Form

CACHE
STANDARD ORDER FORM
If you are printing this page from a browser, go to Page Setup under the File Menu of the browser, and set the
Left Margin and
the Right Margin of the page to 0.2 inches for best printout results. Interner Explorer recommeded
CACHE Product Description
AI Monograph - Vol 1, 2, 3 & 4 (sold separately). Vol 1
AI Monograph Set (Volumes 1-4)
CD-ROM - Volume 2
Student chapters and supporting departments
Individual students and faculty
Individuals with no academic connection

CD-ROM - Volume 3
Student chapters and supporting departments
Individual students and faculty
Individuals with no academic connection

Chemical Engineering Problems with Solutions – CD ROM
ChemSep - CD-ROM
(License agreement must be signed first)
ChemSep Book
Computers in Chemical Engineering Education

Qty.

Supporting
$20

NonSupporting
$25

$50

$75

$15

$20
$20
$50

$15

$20
$20
$50

$10

$10

$100 + annual
$60
$43

$115 + annual
$75
$43

$15

$15

$35

$75

Interactive Computer Modules
per course Material & Energy Balances
MultiBatchDS
Two (2) 3.5" PC disks
Manual
(License agreement must be signed first)
Simulations of Industrial Processes
for the Undergraduate Laboratory
Air Products
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$90 + annual
$50
$10

$120 + annual
$75
$10

Total

CACHE Order Form

Multimedia Education Laboratory
Chemical Engineering Fundamentals in Biological Systems
Material & Energy Balances Multimedia Modules
Visual Encyclopedia of ChE Equipment

$25
$25
$25

$25
$25
$25

Open-Ended Problems in Chemical Reaction Engineering

$10

$15

Polymath
Process Design Case Study - Volume 1
Process Design Case Study - Volume 2
Process Design Case Study - Volume 3
Process Design Case Study - Volume 4
Process Design Case Study - Volume 5
Process Design Case Study - Volume 6 (with GAMS)
Process Design Case Study – Volume 7 (binder & disk)
OR (CD-ROM)

$150 + annual
$100
$30
$30
$30
$30
$30
$110
$50
$30

Strategies for Creative Problem Solving
•
personal use only
•
domestic universities
•
overseas universities
•
industrial companies

$175 + annual
$125
$50
$50
$50
$50
$50
$150
$90
$50

$65
$90
$90

$65
$90
$105
$210/machine

TARGET II
(License agreeement must be signed first)
THEN

$5

$5

$5

$5

Proceedings of FOCAPO 2003 (CD)

$40

$75

ASEE Chemical Engineering Post Summer School (CD)

$12

$12

OTHER PRODUCTS (enter name and price if known):
$

PREPAYMENT IS REQUIRED
Cost of shipping is determined
by destination and weight of order.
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$
TOTAL

TO ORDER:
Please fill out information below and fax to:
(512) 295-4498

CACHE Order Form

Payment (please click one )
check (US funds, US bank)
Purchase Order (domestic only)
Credit Card **
Mastercard:

Visa:

American Express:

Card No:
Exp Date:
Exact Name on Card:

Name:
Address:

Phone:
Fax:
Email:

Make checks payable to:
CACHE Corporation
P.O. Box 7939
Austin, TX 78713-7939

E-Mail: cache@uts.cc.utexas.edu

Fax: (512) 295-4498
Submit
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Reset

Phone: (512) 295-2708

CACHE Order Form

** Note: This form is secure using 1024 bit encryption, hence, the credit card information you enter is
secure. When you click on "SUMBIT", you might get a message that the form you are submitting is not
secure. This is because the response page you will see after submitting the form is not on a secure server.
We guarantee, however, that the credit card information you enter is secure, and that the only person
who can decrypt this information is the person in charge of CACHE Office.
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