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INSTRUCTION IN SCALEUP
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CALEUP IS THE ultimate synthesis and design
S experience. The idea from the lab bench must
be carried all the way through design, construction,
startup, and successful operation of a commerecial facil-
ity.

There are two kinds of design: design for economic
evaluation and design for construction. All design
courses taught in chemical engineering curricula are
of the first type. Such a design must give a reasonable
estimate of the commercial viability of the process
under consideration but many details are left unresol-
ved.

On the other hand, if a plant is to be built it must
work. This implies that a design for construction must
be more rigorous and must be fully supported by a
comprehensive experimental base. The development
of this experimental base (from the chemist’s 3-necked
flask, through the pilot plant, to the commercial unit)
is traditionally called “scaleup.” Modern scaleup, how-
ever, attempts to achieve the most efficient blend of
theory and experiment. Although scaleup may be the
quintessential chemical engineering activity, it has
been learned only in the “school of hard knocks.”

The need for formal instruction in scaleup was de-
monstrated several years ago when the Center for
Professional Advancement asked Attilio Bisio to or-
ganize a course on “Scaleup in the Chemical Process
Industries.” Bisio invited the author of this paper and
other experienced engineers to be lecturers in the
course. That short course, for practitioners, was the
genesis of a book, Scaleup of Chemical Processes,
published in June 1985 [1]. The first scaleup course
known to have occurred in an academic setting was
offered to Penn State seniors in 1985-6.

The AIChE and ABET are responsible in the
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U.S.A. for accreditation of undergraduate programs
in chemical and all engineering, respectively. Both
AIChE and ABET have recognized weaknesses in the
creative and interdisciplinary components of engineer-
ing education. Accordingly they have placed an in-
creased emphasis on synthesis and design. Moreover,
support is building for the introduction of applied
chemistry, emerging technologies, environmental con-
siderations, safety, reliability, aesthetics, ethies, and
social impact into our curricula. Wei [2] urged in-
creased attention in the curriculum to “macroscale”
topies such as 1) process and product design, 2) safety,
health, and the environment, 3) economics, and 4) pro-
ductivity and world competition. Although such mat-
ters can be addressed in isolated courses, scaleup is
the natural context for them. It also provides a new
perspective for economic considerations.

Scaleup involves the judicious use of all engineer-
ing tools in effective synergism. Thus the scaleup
course is a capstone course in the same sense as the
traditional design course or as the product design
course proposed by Wei. There is no overlap, how-
ever, as the scaleup course can build upon and/or com-
plement design courses. As this is a new instructional
venture, substantial experimentation on how to teach
the sense and skills of scaleup is required. Being de-
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veloped at this time are a textbook and the whole
complement of teaching aids (course outlines, reading
materials, examples, exercises, experiments, pro-
jects, solution manuals, etc.). Ideas on teaching
scaleup follow.

METHODS

Almost by definition, what is taught in the univer-
sities is that which is known. In contrast, scaleup im-
plies the reconciliation of the unknown in pursuing a
commercial goal. The goals of scaleup instruction are
to generate an awareness of scaleup issues, to offer
solutions to scaleup problems when possible, and to
suggest approaches for resolving issues for which sol-
utions are unavailable.

Eight different instructional modes, appropriate to
this task, are listed below, with six categories under
the project mode.

Instructional Modes

Lecture Project Activity
Recitation Literature Surveys
Quizzes Conceptual Problems
Essays Detailed Calculations
Oral Reports Laboratory Work

Written Reports
Computer-Assisted Instruction

Computer Simulations
Integrated Projects

Experimentation, computer simulation, and in-
teraction with practicing engineers are crucial to the
injection of realism in such instruction. Coordinating
oral reports and laboratory demonstrations with visits
by practitioners has proved particularly effective, giv-
ing a rich experience for both students and visitors.
Companies represented are Chevron, Dow, En-
virotherm, Exxon, Kraft, Mixing Equipment Co.,
Mobil, Monsanto, National Bureau of Standards,
Procter & Gamble, Quaker Oats, Quality Chemicals,
Shell, Squibb, and Union Carbide. Making the written
reports due a week after oral presentation enables the
students to exploit their new insights.

Pedagogically, a creative laboratory must be a part
of any meaningful scaleup course. The coordinated
laboratory incorporates experimental work directly
into a capstone course, achieving an integration not
found elsewhere in the curriculum. It is probably im-
practical to operate realistic pilot plants in an
academic environment. However, cold-flow mockups
to investigate the fluid mechanics of non-Newtonian
flow, multiphase systems, and difficult mixing situa-
tions are widely used in industry and can be incorpo-
rated easily and safely into the course. As in actual
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Pedagogically, a creative laboratory

must be a part of any meaningful scaleup
course. The coordinated laboratory incorporates
experimental work directly into a capstone
course, achieving an integration not found
elsewhere in the curriculum
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practice, the scaleup laboratory is a creative labora-

tory and depends upon the ingenuity of those in-
volved.

Some material is most effectively presented by lec-
ture and/or recitation. Quizzes and essays are used to
promote and evaluate student understanding of the
reading material. Student project activities are con-
ducted individually and in teams of two to six mem-
bers. Computer-Assisted Instruction (CAI) is well
suited to open-ended simulation of the practice and
outcome of decision-making aspects of scaleup.

TOPICS
General

In defining the topics of interest in scaleup, it is
convenient first to identify several well-understood
areas in engineering design (pressure drop, pumps,
compressors, heat exchangers, cooling towers,
homogeneous reactors, and distillation columns).
These are areas in which calculations alone, or in con-
junction with very small scale experiments, often suf-
fice in designs for construction. Of course it is not
difficult to think of exceptions.

Two areas, multiphase processing and solids hand-
ling, absolutely guarantee the need for scaleup
studies. Also most design activities require consider-
able physical, thermodynamic, and transport data.
Only when a similar plant exists are sufficient data
likely to be available.

Many more specific areas receive considerable at-
tention during scaleup. Thermal complications arise
because nonisothermal, and often adiabatic, operation
is common at the commercial scale. Fixed bed reactors
and gas absorbers are good examples. Mixing is often
an important consideration in alleviating thermal ef-
fects. It also comes into play in blending, generation
of interfacial area, and allowance for nonideal states
of flow.

Emerging technologies, such as semiconductor
processing, are inherently accompanied by lack of ex-
perience and hence result in severe scaleup problems.
New separation methods arising from biotechnology,
e.g., HPLC and affinity chromatography, are very dif-
ficult to scale up.
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Most processes derive much of their appeal from
special chemical characteristics. Unfortunately, spe-
cial chemistry also leads to trouble, as in the cases of
toxicity, impurity buildup, and corrosion. One simply
cannot think of carbon monoxide, chlorine, and
phosgene as A, B, and C. Such chemical factors have
a major impact on the selection among equipment and
processing options.

Safety comes into play in environmental consider-
ations, fire and explosion hazards, and toxic sub-
stances. Mathematical modeling has proved to be
quite powerful in assessing circumstances which are
not readily subject to experiment. Used judiciously,
modeling can render unnecessary some experimenta-
tion, thereby advancing the date of plant operation
and the generation of profits.

Specific

In the spring semester of 1986, twenty-five of the
twenty-nine students engaged in one individual and
two team projects. Four students did all their project
work in teams. A complete listing of the project titles
is given in the Appendix. Footnotes indicate integra-
tion among projects. A few highlights are noted here.

Examples were drawn from the “Ten Greatest
Achievements of Chemical Engineers,” published by
the AIChE on the occasion of its diamond anniver-
sary. These are cases of scaleup at its most trium-
phant.

Chemical engineering being the diverse and perva-
sive discipline that it is today means that a scaleup
must consider problems of international significance,
e.g., the constraints of natural resources, safety, and
the environment. To illustrate an ethical dilemma,
should an American company, operating in an over-
seas location where environmental regulations are less
rigorous, follow the local laws or its practice in the
U.S.A.? Ethical issues arise naturally in the consider-
ation of scaleup. There is the fear that the exploitation
of recombinant DNA technology could lead to global
ecological disaster. On a more personal scale, if a
probe identifies a genetic defect in an individual,
should the individual be informed?

An unusual manifestation of scaleup principles oc-
curs in biomedical engineering. One project team
explored the use of data on dogs to predict the uptake
of ozone in the lungs of humans. Many similar
physiological scaleup opportunities exist.

Biochemical synthesis also provides interesting
technical and economic features. The desired product
is produced by precursor cells, so the higher the pre-
cursor cell concentration the higher the production
rate. Biosyntheses are almost always done batchwise
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FIGURE 1. Screen from CAl scaleup planning module.

to preclude ill effects of contamination. Nevertheless
the autocatalytic nature of the synthesis reaction
suggests substantial economic benefit to continuous
production using stirred tank reactors. Separation re-
mains the most critical issue in biosynthesis scaleup,
but a change in reaction mode could have a positive
impact on separation options and efficiency.

Economic considerations are at least as important
as technical issues in planning a scaleup program. A
Computer-Assisted Instruction (CAI) module has
been prepared to simulate the planning process and
the impact of the plan on the startup of the plant. The
specific process is the separation, primarily by low
temperature distillation, of steam-cracked naphtha
into hydrogen and light hydrocarbon streams (see Fi-
gure 1). The simulation is based upon a CACHE pro-
cess design case study by Lincoff, Grossmann, and
Blau [3].

Once you begin to look, you discover scaleup exam-
ples everywhere. One recent find involves a vapor
phase process using diethyl zine for the preservation
of books at the Library of Congress [4].

EXAMPLES
Equipment

In contrast to the usual predetermination of ap-
paratus and experiments in familiar transport and unit
operations laboratory courses, the scaleup laboratory
equipment is more an assemblage of components for
the performance of experiments appropriate to par-
ticular scaleup purposes. Certain items have been
found to be particularly useful.

Transparent plastic pipe and containers, column
packing, and flow distributors comprise the primary
vessels and internals in which the processes to be
explored occur. Metering pumps, flow meters and con-
trollers, two- and three-way valves, pressure relief
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valves, and digital thermometers allow for measure-
ments and control of flow and temperature to, in, and
from the vessel of interest. Polymers, acidic and basic
aqueous solutions, and gases such as air, oxygen, ni-
trogen, and carbon dioxide are convenient media for
such mock-ups. Spectrophotometers (IR, Visual,
UV), pH meters, and continuous sensing transducers
for CO, and O, enable chemical analyses of the media
in use.

In addition to the creative use of the generic com-
ponents described above, it is mandatory to develop
experiments in areas such as multiphase systems, sol-
ids handling, and the flow and mixing of polymers or
slurries. Finally, a plant model kit enables students to
build a model of their scaled up “plant,” learning as
they do so about process complexity, maintenance,
and safety. Such tangible models are important even
as we move toward computer-aided design.

Trickle Bed Experiment

An earlier pair of students had studied the major
issues in scaling up a trickle bed reactor and had iden-
tified the liquid-phase residence-time distribution as a
significant problem area. A new team (Ted Rauth and
Carrie Mehalic) was then assigned to explore this
issue experimentally. They assembled a column 10 em
in diameter and 20 cm high, packed with 2.54 cm Berl
saddles. The rates of downward flowing water and
upward flowing air were varied.

Step-function dye-tracer experiments were per-
formed for flow visualization. Impulse-function HCI-
tracer experiments, with liquid-outlet samples
analyzed by a pH meter, were used for quantification.
The blue dye was observed to collect and remain at
the packing junctions. No effect of gas flow rate was
detected on liquid linear velocity or on axial dispersion
in the liquid.

Rauth and Mehalic calculated the first and second
moments of the experimental exit age distribution.
From these the mean residence time and axial disper-
sion coefficients were determined as functions of the
liquid flow rate. One comparison which could be made
was to data presented by Shah [5]. The results from
his Figure 8-4 are combined with the new data on
Figure 2. The lack of agreement left the two students
discouraged and apologetic.

Jim Oldshue was with us the day they reported
their results and said that they did well to get on the
same graph. Actually their data were quite reason-
able. The data reported by Shah were for 0.635, 0.953,
and 1.9 em Raschig rings compared to the 2.54 cm
Berl saddles used by the students. Further, no error
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bands are given around the lines on Shah’s graph.
From the Raschig ring data, the Peclet number tends
to be lower for larger rings at a given Reynolds
number. The data for the larger Berl saddles are
below the lines on the graph. Also the slope of the
new data is consistent with those of the earlier data.
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FIGURE 2. Axial dispersions in trickle beds.

This project provided a powerful message to the whole
class on uncertainly in scaleup.

All multiphase reactor experiments were extended
in the spring semester 1987 to include the determina-
tion of mass and heat transfer coefficients. This was
a real eye-opener for the students who, based on their
course experience, took such coefficients as givens. In
the process they came to understand the importance
of coherent mass and energy balances over the ap-
paratus.

Thermal Effects in Geometric Scaleup

Patti McAuley and Bruce Wonder performed a
modeling study of thermal effects in the batch liquid-
phase nitration of toluene. The assignment specified
geometric scaleup with reactor height and diameter
equal at each scale and with a production scaleup ratio
of 100 between bench, pilot and commercial scales.
The actual cases chosen had reactor volumes of about
0.2, 20, and 2000 litres, respectively, at the three
scales. The exothermic batch reaction was initiated at
35°C. In nonisothermal cases the reactor was cooled
by 25°C water entering a jacket at a flow rate propor-
tional to the volume of the reactor. The model com-
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prised mass and energy balance equations, a reaction
rate correlation from Walas [6], and coefficients and
property data from handbooks.

Figure 3 shows a small portion of the computed
results. A horizontal line at 35°C would characterize
isothermal operation. Isothermal and adiabatic perfor-
mance are unaffected by change of scale. Thermal ef-
fects are seen to change significantly with scale for
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FIGURE 3. Temperature history at various scales.

nonisothermal operation. As the scale increases the
exothermic effect becomes more pronounced because
the volume (~L?)-dependent heat generation gains ad-
vantage over the heat removal which depends on the
surface area (~L2). McAuley and Wonder also consid-
ered the impact of scale on conversion and extended
their results to other practical reacting systems and
reactor configurations.

This example demonstrates the fallacy of geomet-
ric scaleup, which is familiar to experienced chemical
engineers but is rarely contemplated by students. The
principle comes up repeatedly in many different man-
ifestations.

Safety

It has been pointed out that the scaleup course is
a natural place for instruction in safety. In the fall of
1985, we contemplated the recent toxic gas leaks in
Bhopal, India, and Institute, West Virginia. Another
project involved modeling of factors related to the
Texas City NH,;NO; explosion of 1947. The appendix
shows considerable attention to safety during the
spring of 1986. During the laboratory portion of the
course, one student (Bruce Wonder) was assigned to
serve as “safety engineer” to monitor the experimen-
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tal work and to report to the class on his observations.
He noted the following areas for increased attention.

® The use of safety glasses.

® Physical support of equipment.
® Pressure effects on equipment.
® Organization of the work area.

® The effects of correcting a symptom instead of the source
of the problem.

CONCLUSIONS

Instruction in scaleup was initiated in the 1985-86
academic year with students taking the scaleup course
imstead of the traditional capstone design course. In
1987 students studied scaleup in addition to design.
There has been a lot to learn about how to teach this
subject. It now seems certain that effective instruc-
tion in scaleup is possible.

Benefits from this program should be propagative.
The immediate beneficiaries will be the recipients of
the instruction, who will then deliver their new skills
to large and small industrial employers in familiar and
emerging technologies. Sooner than in the past,
perhaps, some of them will start their own companies.
Special mention should be made of the potential of
scaleup courses for students from underdeveloped
countries. Training in developing small plants that
work safely and well will be of much greater value
than experience in designing and costing large, integ-
rated chemical plants and refineries. Such industrial
benefits translate directly into public benefits through
increasingly effective, more timely, and lower priced
products. A broad, but less tangible, public benefit is
to be derived from formal training in ethics and safety
for practicing engineers.

How to introduce emerging technologies, safety,
ethics, economics, applied chemistry, and synthesis
into the chemical engineering curriculum has been a
vexing problem in the United States and abroad. De-
partments often encounter difficulty finding faculty
willing and able to teach the classic capstone design
course. Scaleup offers an alternative capstone course,
which integrates the above elements with the central
components of the curriculum. Indeed, there is a
scaleup issue within every professor’s specialty, mak-
ing possible broader and richer participation of all fac-
ulty in the integrative aspects of their students’ ex-
perience.
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APPENDIX
Actual Projects (Spring 1986)

Individual

Introduction to Scaleup
The Manhattan Project: The Ultimate Scaleup
The Manufacture of Polystyrene
Scaleup in Polypropylene Manufacture?
Penicillin: A Glorious Story?
Scaleup in Underdeveloped Countries
Scaleup Failures

Emerging Technologies
Colloids: A New Look at a “Familiar” Topic
Semiconductors: An Emerging Technology
Scaleup in the Semiconductor Industry?®
Interferon: History and Scaleup
Human Insulin from Recombinant DNA Technology
Materials Processing in Space
Planning for Emerging Technology

Trouble
Combating Impurities
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Corrosion

How Plastics Are Being Developed and Used to Fight Corrosion
Hazardous Wastes

Hazardous Waste Disposal

Material Safety Data Sheets: Origins, Development, Effects
Preproduction Requirements of T.S.C.A.

Carcinogenic Hazards in Direct Coal Liquifaction

Risk Analysis

Fault Tree Analysis in the Scaleup of Chemical Systems
Safety in the Laboratory3”

Ethics
The Debate over Recombinant DNA
We also discussed:
Professional Integrity
Whistle Blowing
The Challenger Disaster and Evolving Implications

Team Projects—I
Reactor Options for Biosynthesis Reactions?

Thermal Effects
Liquid Phase CSTR
Liquid Phase Batch Reactor
Exothermic Tubular Reactor
Gas Phase Endothermic PFR

Multiphase Reactors—Modeling and Scaleup
Bubble Columns*
Slurry Systems®
Spouted Beds®
Chemical Vapor Deposition?
Trickle Beds”

Reactor Type Selection
Ethylene Dichloride Production
Fischer-Tropsch Synthesis
Polypropylene Manufacture!

Team Projects—II

Biomedical Scaleup
Prediction of Ozone Uptake in Human Lungs from Data on Dogs

Advanced Chemical Reaction Engineering
Tubular Reactor Hot Spot Simulator
Rigorous Analysis of Multiphase Semibatch Reactor

Experimental—Mockups and Mixing
Bubble Column*
Slurry Reactor®
Spouted Bed®
Chemical Vapor Deposition?
Trickle Bed?
Polymer Flow and Mixing?®

Comprehensive Design, Planning, and Economic Analysis
Batch vs. CSTR for Biosynthesis?
Cryogenic Separation of Light Hydrocarbons®

12345679 _Projects with the same footnote are closely linked.

8_This project was a scaleup follow-on of earlier work by students in the
traditional design course and is also related to the CAI developments of
1987. O
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