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Two months ago, we had a process redesign.
Last month? The 1/O schedule changed...again.
Today, skids showed up and didn’t match spec.

T’ s And yet, our start-up isn’t changing.

1

Next time, design flexibility and adaptability into your project right from the start.

Now, instead of a design freeze, you can make your 1/O and marshalling decisions when

you need to, right through construction and commissioning, with Emerson’s new I/O on

Demand technology. So not only are last-second changes not a problem, there’s no need

to build in the extra slack time that pushes out your project’s start-up. Less engineering. A
Fewer change orders. Shorter project cycles. With Emerson’s |/O on Demand technology, &'

it’s possible. EmersonProcess.com/IOonDemand A
EMERSON.

Process Management

The Emerson logo is a trademark and a service mark of Emerson Electric Co. © 2010 Emerson Electric Co.

EMERSON. CONSIDER IT SOLVED.
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Problems with
poor flowing

powder or
bulk solids?

ow is the time to make the

N most of your investment by
using Jenike and Johanson as your
engineered solution provider for
reliable and safe solids handling
and processing systems. Over 40
years of proven technology with
hands-on experience to improve
your bottom line.
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Questions of CE history

I was digging through some old files in my office and came
across a February 5, 1962 publication of Chemical Engi-
neering. It’s in good condition and I have now framed it
and placed it on my wall in my office. Kinda neat. I was
curious to know when was Chemical Engineering’s first
publication and which number the one I have might be.

David Naydyhor
|ICL Performance Products, Lawrence, Kan.

CE’s first issue was published in September 1902, under the
original title Electrochemical Industry. The name changed
five times since then, finally settling on the current title in
August 1946. Therefore, this September we will celebrate
our 109th birthday. The exact issue number is hard to judge.
For a number of years, as some of you can personally attest,
CE was published bimonthly. Since then, however, it has
returned to a monthly frequency. In any case, this reader
certainly has a relic on his hands.

—Ed.

Engineering yields diverse careers

Your editor’s page in the November 2010 issue, “A passion
for breakthroughs”, struck a good nerve. I have been work-
ing this year with two local school districts in an advisory
capacity for high school students considering pursuing an
engineering education. Initially I simply shared as quick a
view of my 40-year career as a class period would allow.

Then I discussed with some of our younger engineers
at Stanley what advice they might share with high school
students to improve the likelihood of success in getting an
engineering degree. Their answers were basically keeping
distractions under control; and maintaining balance of at-
tention to mind, body, and spirit.

During recent opportunities to discuss career and col-
lege with individual high school students I found that some
things don’t change over even a 40+ year period. The student
perception that he or she is facing a huge decision to devote
themselves to a career they know painfully little about for
the rest of their life makes for a pretty scary situation.

I found that they are greatly relieved to learn that
being devoted to the task of getting an engineering degree
does not paint them into the irreversible corner of actually
having to be an engineer for the rest of their lives. Their
eyes lit up when I shared that an engineering education
and degree in fact opens doors to more opportunities, as
opposed to narrowing the available path choices. Learn-
ing how an engineer thinks will make a person a better
doctor, lawyer, financial analyst, college professor, product
marketer and more [editor — Ed.], than he or she would
otherwise be without the cause-and-effect understandings
provided by the discipline of an engineering background.

I thought you might appreciate these thoughts in any
outreach opportunities you may be afforded in the future.
Giving back to the profession has been incredibly rewarding.

Charlie Meurer, PE.
Stanley Consultants, Inc., Muscatine, lowa
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Interpolation and Regression
Models for the Chemical Engineer:
Solving Numerical Problems. By
Guido Buzzi-Ferraris and Flavio
Manenti. Wiley-VCH. Boschstrasse
12, 69469 Wienheim, Germany.

Diagnostics
included

Web: wiley-vch.de. 2010. 442

pages. $130.00.

Reviewed by Francis McConville, Impact Technology De-
velopment, Lincoln, Mass.

umerical analysis of data, mathematical modeling
and statistical design of experiments are corner-

stones of modern engineering. This book is part
of a series that covers the range of modern numerical ap-
proaches. It deserves a place on the bookshelf of scientists
and engineers looking for a deeper understanding of avail-
able methods and modern trends in data analysis and
experimental design.

This volume focuses on methods that involve linear
and non-linear regression and interpolation and statisti-
cal experimental design, with some emphasis on optimal
model selection. The book is essentially a catalogue of
algorithms, methods and programs for numerical analy-
sis, and serves as something of a guidebook to the digital
mathematical BzzMath library. This library was devel-
oped by author Buzzi-Ferraris and has been adopted by
many researchers in academia and industry.

Both authors are distinguished faculty at the presti-
gious Polytecnico di Milano, Italy. They are widely rec-
ognized for their work in mathematical modeling and
numerical methods, and they teach courses in these and
related topics at the institute. Indeed, much of the mate-
rial for the book has been drawn from this coursework.

However, for that reason, the book sometimes lacks the
cohesion of a text written from a more global perspec-
tive. Because of this, the book may be of limited value to
the casual reader. Full appreciation of the book requires
working through the many valuable examples and case
histories, all of which are supplied as computer algorithms
and datasets on the accompanying CD-ROM. The authors
assume a strong background in statistics and numerical
methods, and a working knowledge of the C++ program-
ming language is imperative to work with the examples.
Users also must have the requisite Windows- or Linux-
based C++ compilers.

Introductory sections waste little time on basics. Chap-
ter 1, on interpolation, presents the methods of Newton,
Lagrange, Neville, Theile and Bulirsch-Stoer among oth-
ers. Chapter 2, entitled “Fundamentals of Statistics” of-
fers a few brief definitions and then delves quickly into
advanced statistical-analysis principles.

The book’s strength lies firmly in the examples and case
studies, which are drawn from a range of engineering disci-
plines. According to the authors, the book is intended not as
a discourse on regression theory, but rather as a practical
set of applied examples to help researchers select the best
methods and algorithms to model the system of interest.
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Forget about paying extra for optional
valve diagnostics. It's all inclusive from
now on: SAMSON'’s Series 3730 and
3731 Positioners include EXPERTplus valve
diagnostics as standard.

Benefit from the full range of valve di-
agnostics at no extra charge, from at-
tachment check to cycle counting. These
features allow you to perform predictive
maintenance on your valves and reduce
plant shutdown to a minimum. A partial
stroke test also monitors on/off valves to
confirm their functioning in case of emer-

gency.

All the extras at no additional charge.
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CHEMENTATOR

Streamlined terephthalic acid process
lowers capital and operating costs

Asimpliﬁed and streamlined new
process for producing purified tere-
phthalic acid (PTA), trademarked as
Compress PTA and co-developed by The
Dow Chemical Co. (Midland, Mich.; www.
dow.com) and Davy Process Technology
(DPT; London, UK.; www.davyprotech.
com), requires 15% lower capital spend-
ing, 20% lower utilities consumption and
allows a 25% smaller processing space
than conventiona processes.

While the process employs the same
reaction chemistry as that found in con-
ventional PTA plants, Dow and DPT
have focused on technology improve-
ments within the unit operations and
a less equipment-intensive flowsheet to
realize operating and cost benefits.

Conventional PTA production is com-
plicated, and the technology can be dif-
ficult to operate and can suffer from
reliability issues, explain Hugo Gonza-
lez, Dow global commercial manager for
technology licensing and Julian Gray,
DPT principal process engineer.

Now available for licensing, the Dow/
DPT process requires 20% less utilities
consumption, half as many pieces of ro-
tating equipment, one-third fewer control
valves and one-quarter fewer agitators.
Less equipment means fewer constraints

on plant layout, Gonzalez and Gray re-
mark, which allows several areas of the
plant to be integrated and improves
water recycling and energy consumption.

In the first stage of the process (flow-
sheet), p-xylene (PX) is oxidized with air,
using an acetic-acid based solvent and a
cobalt-, manganese- and bromide-based
catalyst to form crude terephthalic acid
(CTA). The CTA then enters the purifi-
cation stage, where an aqueous solution
of the acid is subjected to a hydrogena-
tion reaction to remove impurities. The
PTA is recovered by crystallization, fil-
tration and drying.

One key part of the process, used
in both separation steps, is the use of
pressure filtration, a technology that
has demonstrated higher efficiency in
filtering PTA crystals with less equip-
ment. Compress PTA reduces overall
energy consumption by using an im-
proved binary distillation system and
by additional heat integration in the
purification plant.

PTA is the raw material for the pro-
duction of polyethylene terephthalate
(PET), a common thermoplastic poly-
mer used to construct synthetic fibers,
packaging, bottles, engineering resins
and in other applications.
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Oxalate-munching bacteria slash energy costs of alumina refining

biological process for the destruction

of sodium oxalate at Alcoa’s Kwinana
alumina refinery in Western Australia
has proven to be an extremely robust
technology. Alcoa’s residue technical
manager, David Cooling, says the plant
has achieved an oxalate destruction rate
of 40 metric tons per day (m.t./d), and
the company plans to increase the de-
struction rate to 60 m.t./d.

The technology has been developed
by scientists and engineers from Alcoa
World Alumina’s Technology Delivery
Group (www.alcoa.com), the University
of Western Australia (www.uwa.edu.au)
and CSIRO (all Perth, Australia; www.
csiro.au).

Naturally occurring oxalate sticks to
bauxite and enters the alumina refining
process. The oxalate must be removed

because it has an adverse impact on alu-
mina quality and refinery productivity.
In some refineries, oxalate is removed
by crystallization in a secondary process
stream. The oxalate must then be dis-
posed of properly. Alcoa used to burn the
oxalate in a Kkiln, but this method gen-
erates carbon dioxide, volatile organic
compounds (VOCs) and odors. It also re-
quires expensive and energy-intensive
emissions control equipment.

The new process, called “continuous
biological oxalate destruction,” is based
on the scientists’ discovery of naturally
occurring bacteria that break down ox-
alate. Using DNA fingerprinting tech-
niques, the scientists found a new genus
of Proteobacteria and a new species of
the genus Halomonas that are able to
use the carbon in the oxalate to grow.

10 CHEMICAL ENGINEERING WWW.CHE.COM JANUARY 2011

To maximize oxalate destruction, the
process uses a series of tanks contain-
ing warm liquid and bacteria growing
on strands of beads. Oy and nutrients
are added, and oxalate is introduced as a
feed source, which the bacteria consumes.
As a result, COy emissions are reduced
to less than half that of a kiln, and VOC
emissions and odor are minimal. The re-
searchers are now enhancing the removal
efficiency by optimizing the conditions —
pH, nutrient levels, temperature and oxy-
gen — for growing the bacteria.

Alcoa says the Kwinana refinery is
saving about $2 million/yr in energy
costs compared with conventional tech-
nology. Cooling says rapid deployment of
the process is now underway at a num-
ber of Alcoa’s other refineries around
the world.



What makes this the world's
No.1 High Speed Disperser?

Stainless steel shaft
guard — standard

Stainless steel wetted
parts — standard

Stainless lock for various size
vessels — standard

Sizes 1- 200 HP,
dozens in stock for
immediate delivery

Heavy duty drives and
bearings — standard

Explosion-proof inverter
duty motor — standard

XP safety switches on height
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Air/oil hydraulic lift with
an ASME tank and
dual controls — standard

Built and supported
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CHEMENTATOR

Slag heaps: a new source of
precipitated calcium carhonate

'I'wo waste products — carbon dioxide and
industrial wastes — are combined to ob-
tain marketable mineral products in a pro-
cess being developed by startup company
CarbonX Inc. (Santa Barbara, Calif.; www.
carbonxinc.com). The process produces pre-
cipitated calcium carbonate (PCC) and silica
from such wastes as steel industry slag and
flyash from lignite-fired power plants, ce-
ment kilns and municipal waste incinera-
tors. PCC is a valuable product whose uses
include paper coatings, paint and inks, says
Michael Wyrsta, chief technology officer.
Wyrsta notes that steel slag, for example,
contains 40-50 wt.% calcium as calcium
silicate (CaSiO3) in a metals complex. In
CarbonX’s process (flowsheet), an aqueous
slurry of ground slag is fed to an extrac-
tor, where it is contacted with a solution of
ammonium chloride salts. The salts leach
calcium from the slag, then the leachate is
separated from the rest of the slag by a cy-
clone and entrained in a stream of CO, or
fluegas. CO5 and Ca combine to form a pre-
cipitate of CaCOg in a reaction that takes
place in a few seconds at less than 80°C and
45 psig. The CaCOg is crystallized and sepa-
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rated from the regenerated ammonium salt
solution, which is recycled to the process.
Meanwhile, the slag (mostly SiOy, plus Fe)
separated by the cyclone is recovered for use
as a filler for roads or cement.

CarbonX has tested the process in a
10-gal unit, using slag supplied by a major
U.S.-based steel company. Next, the com-
pany plans to build a pilot plant. Wyrsta es-
timates that a commercial plant would have
a payback of 1.5-3 yr. He adds that the pro-
cess does not necessarily require an onsite
source of CO,, for treating old slag heaps, so
long as there is an industrial plant within
an economical distance.

Fast results from this water toxin hiosensor

new system for detecting chemical or

biological contaminants in water is made
possible by analyzing the swimming path-
ways of one-celled protozoa that are intro-
duced into the water sample. Alterations
of the protozoa’s swimming mechanics,
relative to a clean water control, indicate
the presence of toxins. The Swimming Be-
havioral Spectrophotometer (SBS) digitally
records the movements of microscopic pro-
tozoa in water samples, then analyzes the
motion with custom software that quickly
evaluates 50 features of their swimming
paths in three dimensions.

The system, invented by Woods Hole Ocean-
ographic Institute (Woods Hole, Mass.; www.
whoi.org) biologist Scott Gallager, allows vir-
tually instantaneous feedback for only $1-2
per test. Existing water tests require 24-72
h for results and cost $50-250 per test. SBS
has been licensed by Petrel Biosensors Inc.
(Woods Hole, Mass.; www.petrelbiosensors.
com), which is developing the system for
commercial applications, such as monitoring
industrial wastewater discharge, evaluating
drinking water quality, and testing water
sources associated with hydraulic fracturing
(fracking) in the oil-and-gas industry.

A new pilot plant for CO, removal

ast month, Outotec Oyj (Espoo, Finland;

www.outotec.com) commissioned a new
COgy-removal pilot plant at its R&D center
in Frankfurt, Germany. The unit compli-
ments the company’s circulating, fluidized-
bed pilot plant, which is used for cleaning
process gas from direct reduction of iron ore
as well as from coal and biomass gasifica-
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tion. The new pilot plant applies BASF SE’s
(Ludwigshafen, Germany; www.basf.com)
licensed aMDEA (advanced methyldietha-
nolamine) technology for acid gas removal
(primarily COg and HyS from metallurgical
process gases). It also features integrated
gas-cleaning steps allowing for the treat-
ment of gases rich in dust and tars. |
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(Continued from p. 12)

ductivity by more than 50%.

EdgeWise Plant uses pro-
prietary algorithms to find a
pipe’s centerline, determine
its radius and automatically
trace the precise geometry
of the pipe run. The extracted
pipes can be exported into
any CAD (computer aided
design) package for final
modeling. The software can
also identify and extract walls,
ground surfaces and other
critical structures within a fa-
cility. The commercial release
is slated for January 15.

Cooling fans

Lubrication Systems Co.
(Houston), a business of
Colfax Corp. (Richmond, Va.;
www.colfaxcorp.com), has
launched a MistLock bearing
and lubrication cartridge for
air-cooled heat exchangers
(ACHEsS). Cooling fans of
ACHESs have typically used
grease to lubricate the bear-
ings on the drive shaft that
drives the ACHEs, but thermal
degradation of such grease
can lead to costly downtime
and maintenance.

To overcomes the disad-
vantages of grease, MistLock
continuously supplies a clean,
cool oil mist that evenly coats
the surface. Positive pressure
in the cartridge prevents entry
of external contaminants that
could otherwise cause abrasive
failure. Tests show that Mist-
Lock bearing life is nearly 10
yr compared to an average life
of 2.5 yr for a grease bearing,
says the manufacturer. 1




FERMENTATION
PROGESS
DEVELOPMENT

Today’s development depends on
synthetic hiology and efficient screening

he range of synthetic biology tools

available for manipulating micro-

bial metabolic pathways has ex-

panded significantly in the past
decade, opening new routes to chemical
products. But the development chal-
lenges associated with strain develop-
ment, as well as scaling up effective
fermentation processes remain. Compa-
nies manufacturing biofuels, bio-based
chemical intermediates, natural prod-
ucts and therapeutic proteins, are all
capitalizing on powerful synthetic biol-
ogy techniques to rationally engineer
microbes, as well as seeking ways to
use high-throughput screening systems
that will expedite the development of
robust and efficient cellular-production
platforms and the effectiveness of pro-
cess development and scaleup.

“We have seen a targeted emphasis
in recent years on utilizing a wider
range of synthetic biology tools to gen-
erate high-value products,” says Mat-
theos Koffas, a chemical engineering
professor at Rensselaer Polytechnic In-
stitute (RPI; Troy, N.Y.; www.rpi.edu).
“Many tools available to increase the
efficiency with which microbial cells
generate products simply did not exist
10 or 20 years ago.”

But while today’s understanding of
biological systems is deeper and tech-
niques are more sophisticated, the area
is highly complicated, and predicting
results is difficult. To address the chal-
lenges presented by the complexity of
living systems, engineers are employ-
ing a number of strategies to generate

high-quality data in an efficient man-
ner to move their processes forward.

“It’s important to have a clear picture
of the metabolic activity of production
strains and a good overall knowledge of
your bug’s physiology,” says RPI's Kof-
fas, because “such knowledge will elu-
cidate bottlenecks that will have to be
worked out for engineering an efficient
and commercially viable process.”

Small-scale screening
Optimizing a fermentation process in-
volves orchestration of a wide range of
variables, including introducing genetic
modifications and identifying effective
microbe strains, working out process
conditions such as raw material sub-
strate, aeration, agitation, and others.
Whether a company is pursuing a ther-
apeutic protein, intermediate chemical
or biofuel, microbial strain development
and fermentation process development
require engineers to carry out a large
number of experiments in a manage-
able format that reasonably mimics the
process conditions of larger-scale op-
erations. Simultaneously, engineers are
seeking informative online process data
to guide process-development decisions.
“An unfulfilled need in fermentation
process development is small-scale,
high-throughput experimental systems
based on bioreactors, rather than cul-
ture flasks, where the conditions better
resemble the production environment,”
says Neal Connors, founder of Phoenix
Bioconsulting LLC, (Fanwood, N.J.;
www.phoenixbioconsulting.com) and

FIGURE 1. Pfenex evaluates top-per-
forming strains in scaled-down bioreac-
tors to optimize process parameters

president-elect of the Society for Indus-
trial Microbiology (SIM; Fairfax, Va.;
www.simhq.org).

“There’s definitely a need for small-
scale laboratory capacity for process
development,” agrees industry consul-
tant Bruce Zamost (Upstream BioSo-
lutions LLC; Seattle, Wash.), and al-
though much progress has been made
in control and monitoring equipment
for fermentation R&D, the ability to
conduct a detailed analysis of fermen-
tations at early stages is still lacking,
he explains.

To meet the need, techniques and
equipment associated with smaller-
scale, high-throughput screening to
aid microbial strain selection and pro-
cess development have become impor-
tant, and an active R&D area.

Fast evaluation in biopharma
In the biopharmaceuticals space, com-
panies such as Applikon Biotechnology
B.V. (Schiedam, the Netherlands; www.
applikon-bio.com) and m2p-labs GmbH
(Aachen, Germany, www.m2p-labs.
com) are developing ways to help cus-
tomers quickly generate useful data to
support early process development.
“Industry is looking for improved
screening methods and fermentation
technologies,” says m2p-labs managing
director Frank Kensy. The company’s
BioLector technology is a tool for per-
forming quantitative microfermenta-
tions under engineered reaction con-
ditions. With this equipment, specific
yields and rates can be directly deduced
from online biomass and product con-
centrations. “The BioLector technology
is designed to help people move to larger
scales more quickly,” Kensy explains.
m2p-labs recently launched a new,
highly automated version of the tech-
nology known as RoboLector. The in-
strument (Figure 2) combines the abil-
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ity to perform between 48 and 1,920
parallel fermentation experiments
with the liquids-handling capability
of pipetting robots. The company has
also developed Flowerplates, which
are intended to achieve the same
mass transfer and mixing properties
as larger-scale systems, while at the
same time allowing online monitoring
of relevant fermentation parameters,
such as biomass concentration, pH
and dissolved oxygen.

Kensy says his company is also
working on specialized covers that seal
the reactor chambers and, for the first
time, allow high-throughput anaerobic
fermentations with online monitoring.

Another company using high-
throughput screening as a way to ef-
ficiently develop high-performance
production strains is Pfenex Inc. (San
Diego, Calif.; www.pfenex.com), a Dow
Chemical Co. spinoff. Pfenex’s platform
technology is designed exclusively for
rapidly identifying combinations of
gene plasmids and host strains that ex-
press soluble and active target protein
in high titers. Pfenex Expression Tech-
nology enables high-throughput, paral-
lel analysis of up to 1,000 unique ex-
pression strains followed by a scalable,
high-density fermentation process.

Pfenex bases its platform on
Pseudomonas fluorescens, a bacterial
host that offers significant advan-
tages in both small- and large-scale
protein expression. One is that the
organism is an obligate aerobe, says
Patrick Lucy, Pfenex vice-president of
business development, which means
it always grows aerobically and won’t
self-limit under certain conditions, as
Escherichia coli can. Also, P. fluore-
scens can thrive on growth media that
doesn’t include animal components
and doesn’t require antibiotics, which
reduces the regulatory risk.

“It’s very difficult to predict before-
hand which gene plasmid will work
effectively with which phenotypically
unique host strain,” Lucy explains. So
the Pfenex technology platform houses
an extensive toolbox of both expression
elements and unique P. fluorescens host
strains that can be combined rapidly to
generate 1,000 or more different strain/
plasmid combinations. The combina-
tions are tested in parallel using a high-
throughput, robotic screening approach

that enables Pfenex scientists
to quickly identify a small sub-
set of strains based on expres-
sion yield, protein quality and
activity within five weeks.
The initial screening step
for strain selection is fol-

lowed by a later fermenta-
tion evaluation process, in
which the best-performing
strains are tested utilizing a
design-of-experiments (DoE) approach
in scaled-down, miniaturized bioreac-
tors (Figure 1) to find the optimized
operating parameters for the selected
production strain.

“The Pfenex platform enables part-
ners to avoid the opportunity cost as-
sociated with what can be a labor- and
cost-intensive process,” Lucy explains.

Synthetic biology to process
Synthetic biology and high-throughput
screening also figure prominently in
the process development and commer-
cialization of a host of bio-chemicals
and biofuels companies. A few exam-
ples are Amyris Inc. (Emeryville, Calif.;
www.amyris.com), LS9 Inc. (San Fran-
cisco, Calif.; www.1s9.com), Genomatica
Inc. (San Diego, Calif.; www.genomat-
ica.com) and Mascoma Corp. (Lebanon,
N.H.; www.mascoma.com).

Amyris is using synthetic biology
tools to develop a metabolic pathway in
yeast for manufacturing isoprenoid com-
pounds, a class with applications in spe-
cialty chemicals and fuels. Its platform
features proprietary high-throughput
methods to create and test thousands
of yeast strains per day to identify the
most suitable ones. Amyris recently an-
nounced a joint venture with the Bra-
zilian firm Cosan SA (Sao Paulo, Bra-
zil; www.cosan.com.br) to use Amyris’
genetically modified yeast to produce
the isoprenoid molecule farnesene from
sugarcane. The fermentation-produced
farnesene is then finished chemically
to create renewably sourced, high-end
base oils as building blocks for a wide
range of machinery lubricants.

Focused squarely on a cheaper pro-
cess for ethanol derived from cellulosic
biomass, Mascoma is engineering mi-
crobes with genes from a variety of
species that encode enzymes capable
of breaking down biomass. “We’re look-
ing for the lowest-cost path for fer-
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FIGURE 2. RobolLector, from m2p-labs, combines
the ability to perform parallel fermentations with pi-
petting robotics

mentation, which requires minimizing
fermenter complexity,” says Mascoma
vice-president for external R&D David
Hogsett. For example, in the biofuels
arena, tight control of parameters such
as pH, temperature and feedstock qual-
ity can become costly, potentially push-
ing the production cost of the biofuel out
of the economically viable range. “We
need our organisms to tolerate what-
ever conditions they encounter, rather
than expending resources to control
those problems to protect the organ-
isms,” he says.

Mascoma’s consolidated bioprocess-
ing approach has the enzymatic diges-
tion of biomass and the fermentation
of resulting sugars occurring together
to lower costs. The company is placing
considerable effort into resolving a key
technical challenge — finding ways to
allow microbes to access insoluble ma-
terial, or liquefying biomass so that it
is more accessible to the microbes.

The first commercial product pursued
by Genomatica is a chemical building
block, biologically sourced 1,4-butane-
diol (BDO) that the company now pro-
duces at 3,000-L scales. The BDO pro-
cess was developed with a technology
platform that stresses directed evolu-
tion of microbes and uses scaled-down
microreactors to approximate fermenta-
tion reaction conditions. “We also have
a computational modeling system that
helps us understand the analytical data”
that is obtained from the small-scale fer-
mentation work, says Mark Burk, chief
technology officer at Genomatica. The
company is setting up partnerships now
to establish a 10,000-20,000-L demon-
stration facility in 2011.

For more on synthetic biology and a
discussion of other trends in fermen-
tation-derived chemicals, see the ex-
panded online version of this article at
www.che.com. L]

Scott Jenkins
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TIME GRUNGH

The new S0, standard will create engineering
challenges for processors. Experts weigh in on how
various technologies can help reduce the burden

ast June, the U.S. Environmental

Protection Agency (EPA; Wash-

ington, D.C.) strengthened the

primary National Ambient Air
Quality Standard for sulfur dioxide by
establishing a new one-hour standard
at a level of 75 parts per billion (ppb).
Previous primary standards permitted
140 ppb evaluated over 24 h. While the
revised standard is expected to yield
health benefits valued between $13
and 33 billion, pollution abatement ex-
perts anticipate a variety of challenges
for chemical processors who will need
to comply with this tighter standard
once it makes its way into enforceable
state regulations (see box, p. 20).

“A significant reduction of the time
period for SOy emissions averaging
could affect the type of technology
a customer may need to use, as well
as its capital and operating costs and
the scrubber system’s footprint in the
plant,” says Rich Staehle, vice presi-
dent of business development and
technology with Marsulex Environ-

mental Technologies (Lebanon, Pa.).

For example, in the past, when a fa-
cility had a wet or semi-dry scrubber
system, it was common to have three
50% or four 33% scrubber vessels so
that a spare was available to quickly
go into operation as needed. But due
to the better equipment and technolo-
gies available and improved operating
procedures in later years, the trend
toward this vessel redundancy disap-
peared. “Many newer facilities may
currently have only one scrubber ves-
sel on any particular source,” says
Staehle. “But if we narrow the time
averaging window we may, in some
cases, ultimately have to revert back
to redundancies to the extent that we
had 30 years ago.”

Maintenance might be another issue.
“The configuration and type of equip-
ment installed will determine how
much of a challenge a facility might
have in consistently achieving an ac-
ceptable one-hour average,” Staehle
notes. For example, technologies that

FIGURE 1.

Experts antici-

pate the new EPA

standards regarding

SO, will likely increase
capital and engineering costs

employ reagent atomizers, which re-
quire cleaning, replacement and other
periodic maintenance, may have some
difficulty in meeting the narrower av-
eraging periods. This type of online
atomizer work has commonly been ac-
commodated by operational procedures
if the averaging period is sufficient.
One of these methods, for example,
is to over-scrub, (meaning more SOg
is removed than normal) both before
and after the atomizer maintenance,
so that the overall SOg emission levels
would remain at an acceptable value
over the time averaging period.
“When you have a moderate time-

REVISING THE MONITORING NETWORK

SO,. States will need to make adjustments to the existing moni-

toring network in order to ensure that monitors meeting the
network design regulations for the new one-hour SO standard
are sited and operational by January 1, 2013.

In the final rule, EPA is requiring fewer monitors than proposed
because the agency plans to use a hybrid approach, combining
air quality modeling and monitoring to determine compliance with
the new SO, hedlth standard.

For a short-term, one-hour SO, standard, EPA has deemed it
more fechnically appropriate, efficient and effective to use model-
ing as the principal means of assessing compliance for medium
to larger sources and to rely more on monitoring for groups of
smaller sources and sources not as conducive to modeling.

EPA is setting specific minimum requirements that inform states
on where they are required to place SO, monitors. Approxi-
mately 163 SO, monitoring sites nationwide are required by the
new rule. The final monitoring regulations require monitors to be

The EPA is revising the ambient air monitoring requirements for

place in Core Based Statistical Areas (CBSAs) based on a popula-

tion weighted emissions index for the area. The final rule requires

the following:

* Three monitors in CBSAs with index values of 1 million or more

* Two monitors in CBSAs with index values less than 1 million but
greater than 100,000

¢ One monitor in CBSAs with index values greater than 5,000

All newly sited SO, monitors must be in operation by January 1,

2013. EPA is also making changes to data reporting requirements

for SO,. State and local agencies are required to report two data

values for every hour of monitoring conducted, including:

* The one-hour average SO, concentration

¢ The maximum five-minute block average SO, concentration for
each hour

EPA authorities can require additional monitoring in cerfain cir-

cumstances, such as in areas with SO, sources that are not condu-

cive to modeling, areas with multiple SO, sources with overlapping

plumes or in areas with susceptible and vulnerable populations. 0
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FIGURE 2. Coal-fired power plants, as
well as chemical or other industrial facil-
ities that produce SO, will be impacted
by EPA’s one-hour/75 ppb SO, standard

average period to meet, consistent
compliance is very achievable because
an atomizer can generally be pulled
in and out of service within about an
hour,” says Staehle. “However, mak-
ing compliance at the significantly
narrower window may be difficult for
many existing systems that were de-
signed for the rules at the time of their
original installation, and many such
systems may require major upgrading
or retrofits, or both, to meet one hour
averaging. For systems yet to be in-
stalled, narrow time average windows
will almost certainly compel people
to re-evaluate the type of equipment
they may be contemplating for SO, re-
moval,” he says.

Equipment selection

While all types of SOy abatement
technology are capable of effectively
removing SOy to acceptable levels,
there are definite pros and cons asso-
ciated with each method, according to
the experts.

Dry sorbent injection technologies
offer relatively low capital costs and
quick installation that can be done
off-line, but the cost of sorbents is
high, says Mike Wood, business man-
ager with Solvay Chemicals’ SOLVAir
Solutions (Houston). “The cost of the
sorbents are higher than the operat-
ing costs of other technologies, but the
capital investment is orders of magni-
tudes of difference, so there’s a trade
off,” he says. There are, however, ben-
efits that might outweigh the higher
operating cost. For instance, Wood
says dry injection achieves higher
levels of removal, and there is a lot of
flexibility. When higher levels of SOg
are still acceptable, Solvay’s Trona, a

TO THE NEW SO, STANDARD

n addition to revising the SO, primary standard, the agency is providing guidance
Ion its plan for implementing the new one-hour SO, standard.

EPA plans to use refined dispersion modeling to determine if areas with sources
that have the potential to cause or contribute to a violation of the new SO, standard
can comply with the standard. Dispersion modeling simulates how air pollutants spread
throughout the atmosphere and is used to estimate the concentration of air pollutants
from sources such as industrial plants. The resulting designations should be complete by
June 2012.

The agency also anticipates initially designating areas based on 2008 to 2010 moni-
toring data, or refined dispersion modeling results if provided by the state. Areas that
violate the standard would be designated as “non-attainment.” Areas that have both
monitoring data and appropriate, refined modeling results showing no violations would
be designated as “attainment.”

States with areas designated non-attainment in 2012 would need to submit state imple-
mentation plans to EPA by early 2014 outlining actions that will be taken to meet the
standards by 2017. For all other areas, states will need to submit EPA “maintenance”
or infrastructure state implementation plans by June 2013. The state plans should do
the following:
 Demonstrate through refined air quality modeling that all sources contributing to mon-

itored and modeled violations of the new standard, or that have the potential to cause

or contribute to a violation, will be sufficiently controlled to ensure timely attainment
and maintenance of the new SO, standard

* Account for SO, reductions that would result from compliance with national and regional
regulations, including emissions controls for electric ufilities and industrial boilers

¢ Include as necessary, enforceable emissions limitations, timetables for compliance and
appropriate testing/reporting to assure compliance

EPA says these areas should plan to demonstrate attainment and maintenance of the

standard no later than August 2017.

For more detailed information, a downloadable version of the final rule is available at

www.epa.gov/air/sulfurdioxide.

a

mined, natural mineral, can be used;
but when lower levels of SO, are re-
quired, the systems can accommodate
sodium bicarbonate, which is a manu-
factured product with a higher purity
and a greater reactivity.

Another option would be to take the
sorbent and grind or mill it to a very
fine product. Smaller particles provide
better distribution and faster reaction
of product, so when you need more re-
moval, the product can be milled down
further or process improvements can
be made by installing a mechanical
milling operation right on the process.

“Performance can always be en-
hanced with dry injection technologies,”
says Wood. “When you're trying to get
down to low, low levels, it’s no longer
chemistry, it’s physics. You can always
enhance this type of process instead of
ripping it out,” he says. “This provides
the flexibility to do good enough now
and better later, which is an attractive
option for many processors.”

Likewise, Tri-Mer Corp. (Owosso,
Mich.) offers a dry technology that is
suitable for high temperatures. The
UltraTemp filtration technology uses
a caustic calcium- or sodium-based
sorbent that is impinged on a rigid
ceramic filter that collects particulate
and neutralizes SO, simultaneously,
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according to John Pardell, president
of Tri-Mer. SOy removal is typically
90% or better with removal efficiencies
as high as 97% for this system, which
must have an operating temperature
within 350-1,000°F for SO, removal.

Tri-Mer also offers wet technologies
like a packed bed scrubber that scrubs
SOy with sodium hydroxide. The de-
vice has a recirculation vessel built
into the bottom as well as a packed
section over which a caustic solution is
circulated to neutralize the SO,. Just
as operation of a dry system can be
tweaked to enhance performance, it is
possible to make changes and adjust-
ments to a wet system. “You can in-
crease the concentration of the caustic,
increase the depth of the packing in
the media, increase the recirculation
rate and modify the device to increase
the performance beyond the original
design,” says Pardell.

Met Pro Environmental Air Solu-
tions (Owosso, Mich.), a group that
combines the resources and technology
of the company’s three operating units:
Duall, Flex Kleen and Systems, also
suggests wet scrubber technologies as
the optimal solution to the one hour
rule. “When levels need to be brought
down lower, a second packed scrubber
can be added in a series, or modifica-



Met-Pro

FIGURE 2. This installation includes
a dust collector for ash and particulate
matter, quench to cool combustion
gases, a vertical packed tower for SO,
removal and a stack and fan for ventila-
tion. It represents a total solution for
SO, and pollution abatement

tions can be made to the operating
parameters by increasing liquid rates,
adding additional packing to the tower
or changing to a more efficient pack-
ing design in the tower to enhance the
performance as needed,” says Steve
George, industrial sales manager.

However, Marsulex’s Staehle sug-
gests that an alternative semi-dry,
multi-pollutant technology — a circu-
lating fluid bed scrubber that has been
widely used in China and Europe —
might be a good way to meet stricter
SOy guidelines for many sources. A
version of this, marketed by MET as
the CFB-FGD (circulating fluid-bed,
fluegas-desulfurization) technology,
employs multi-stage humidification,
which injects humidification water at
multiple levels, separate from the re-
agent, into the absorber vessel. This
scrubbing approach does not make
use of reagent atomizers, so it elimi-
nates the issue of trying to maintain
one-hour emission-averaging levels,
says Staehle.

Another technological alternative
might be DuPont’s Lbbsorb Regen-
erative SOg Scrubbing System, which
removes SO, from a gas flow for emis-
sion control, while minimizing the
costs of wet scrubbing. It also nearly
eliminates scrubber-water discharge
normally associated with wet scrub-
bing systems.

With this process, the scrubbing re-
agent is regenerated for reuse, while
at the same time recovering a high-
concentration stream of SO, (90+%) as
a byproduct for use in other processes.
The recovered SO, can be used as an
additional process feed for existing sul-
fur recovery units, as well as sulfuric
acid plants. With further processing, it
can be sold as commercial-grade liquid
SOy, sulfuric acid or elemental sulfur.

“With all the technologies available,

S0, ABATEMENT SERVICE PROVIDERS

DuPont
Haldor Topsge . . . . . . ... ... ...
Marsulex Environmental Technologies . . . .
Met Pro Environmental Air Solutions
Pollution Systems. . . . . . .. ... ...
Solvay Chemical SOLVAIr Solutions. . . . .
Tri-Mer Corp.

............ www.met-pro.com
........ www.pollutionsystems.com
.............. www.solvair.us

www.dupont.com
www.topsoe.com
www.marsulex.com

ww.tri-mer.com

processors have the ability to really
do their homework and find the solu-
tion that will work best in their facil-
ity while meeting the tighter require-
ments,” notes Staehle. “There is still

time to figure out what you’re doing
with your plant and time to figure out
how to do it in a way that works best
for you.” |

Joy LePree

Vanton solid thermoplastic pumps to stainless,
high alloy, plastic-lined and fiberglass pumps for
wastewater and corrosive treatment chemicals:

* ZERO CORROSION
(unlike stainless and alloys)
* ZERO CONTAMINATION
(unlike stainless and alloys)
* ZERO CHEMICAL
ABSORPTION OR WICKING
(unlike fiberglass reinforced
plastics)
ZERO TEARING, CRACKING,
OR PEELING
(unlike plastic linings)
ZERO OR NEAR-ZERO ABRASION
(unlike stainless, alloys, and fiberglass)

Vanton molds all wet end components of
solid, homogeneous thermoplastics that
are 100% inert to the caustic and acidic
treatment chemicals you handle, such

as alum, ferric chloride, hydrofluosilicic
acid, polymer, sodium hydroxide, sodium
hypochloride, sulfuric acid and others.

SUMP-GARD® Vertical
Centrifugal Pumps
Standard, bearingless,
low headroom, wash
down, integral motor/
shaft and vortex

CHEM-GARD® Horizontal
Centrifugal Pumps
Standard, ANSI, DIN,
mag drive, close coupled
and self priming

1-908-688-4216

VANTON

All wet end components of Vanton
centrifugal pumps are molded of solid PVC,
PP or PVDF, and handle flows to 1450 gpm
(330 m®/h), heads to 400 ft (122 m) and
temperatures to 275°F (135°C).

It means you can say good-bye

to pumping problems you now
experience with chemical transfer,
disinfection, dosing, effluent
collection, lift stations, odor control,
recirculation and other process
applications.

FLEX-I-LINER® Rotary
Peristaltic Pumps
Dosing/feeding liquids
and viscous fluids
to 6000 SSU

Non-metallic
Pump/Tank Systems
Tanks from 60 to 5000 gal
(227 to 18,900 liter) with
pumps and automated
controls

ITT-A

mkt@vanton.com
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further emphasized the importance of
solvent selection in the chemical process
industries (CPI). These include the increas-
ing regulatory scrutiny leveled on industrial
solvents, and an effort by CPl companies to
reduce the environmental, health and safety
(EHS) impact of their solvent use. In addi-
tion, specialized, high-performance solvents
are available for some applications [1].
Key tools for helping determine which sol-
vents are suitable for particular applications
have been predicated on the concept that
thermodynamic affinity between solvent and
solute can help predict solution behavior.
Conceptually, when assessing whether
or not a molecule will dissolve in a solvent,
engineers consider the difference between
the energy cost of disrupting the intermo-
lecular attractions of the solvent and solute
molecules, compared to the energy gained
through solute-solvent interactions. As
Hansen and Abbott explain [2], to dissolve
something, “you are essentially making a
hole in the solvent, and that takes energy.”
If the solute-solvent interactions are greater
than the sum of the energy losses from the
two substances, then solute will dissolve.

THE FOUNDATION OF HSP

Hildebrand [3] developed a thermody-
namics-based, one-dimensional solubility
parameter in 1936 as a tool for eliminating
certain solvents from consideration in pro-
cess development. The Hildebrand solubility
parameter (represented by lower-case delta)
for a pure liquid substance is defined as the
square root of the cohesive energy density
(the amount of energy needed to remove a
volume of molecules from their neighbors

to an infinite distance). The same energy
needs to be overcome for molecules to
separate from each other and be surround-
ed by solvent. Equation (1) represents the
Hildebrand solubility parameter.

1
5_| AH, ~ BT 2 ()
1V

m

In recent years, a number of factors have

Where AH, is the heat of vaporization, V,,
is the molar volume and RT is the ideal gas
term. The units are (MPa)'/2.

The Hildebrand method formed the founda-
tion for a later multidimensional solubility
parameter system that has been refined over
time by Charles Hansen [2]. The resulting
Hansen Solubility Parameters (HSP), have
become a useful tool in selecting solvents for
chemical processes.

THE HANSEN MODEL

HSP are a set of three values that describe
the thermodynamics of dissolving one
substance into another. Solvents with similar
Hansen solubilities generally are miscible

in most proportions, and Hansen values
that are different mean limited solubility. As
Hansen puts it, “The HSP describe whether

things prefer to be near each other or not.”

HSP aftempt fo characterize the energies
and assign values to them as a way fo
predict solution behavior. Hansen’s model
essentially splits the Hildebrand solubility
parameter into three components:

e Dispersion forces (Van der Waals interac-
tions) are the attractions experienced by
atoms placed at close distances

e Polar (dipole) interactions are electronic
forces due to the positive-negative attrac-
tion of molecular dipoles

¢ Hydrogen bonding is a particular type
of polar interaction, but can also be
considered a form of electron exchange,
according to Hansen and Abbott [1]

The three components of the HSP are respre-

sented by Equation (2).

2 _ 2 <2 o2

1) =5d+5p+5h (2)

The three terms (in units of pressure)

comprising the HSP are calculated for

each substance through empirical solubility

experiments of various types, depending

on the material being measured. The HSP

values are known for a large number of
solutes. Also, molecular dynamics methods
exist that can estimate HSP without the need

for experimental data [4].

Once determined, the values are then
treated as coordinate points in a three-di-
mensional space, called Hansen space, (see
Figure 1), with axes corresponding to each
of the three HSP components. The nearer
to each other that two molecules are in this
three-dimensional space, the more likely they
are to dissolve into each other. To calculate
the distance between the HSP of two sub-
stances (Ry), the following equation is used:

(R,)* =4(8,,-8,)"+(5,-5,,)
+(8,,-98,,)

Equation (3) was developed by plotting
experimental data, and represents solubility
data as a sphere, where solvents inside the
sphere are effective at dissolving a given
substance, and those outside are progres-
sively less so.

(3)

Polymer solubilities

For solubilities of polymers, Hansen
introduced a concept called the interaction
radius (Rp). Solubility data determined ex-
perimentally on a given polymer for a range
of solvents allow engineers to estimate a
“volume of solubility” in the three-dimension-
al Hansen space. For most polymers, this
volume of solubility is spherical in shape if
the scale of the dispersion axis relative to
the other axes is doubled. Solvents whose
data values lie within the sphere will gener-
ally dissolve the polymer, while those lying
outside the sphere will not.

Once an Ry value is established, the ratio
of Ry to Ry can be determined. This ratio
has been called the relative energy distance
(RED) number.

o Systems with RED values less than one are
sufficiently alike and will dissolve

Hansen Solubility
Parameters (HSP)
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FIGURE 1. HSP values for dispersion (D),
polar (P) and hydrogen bonding (H) factors
are plotted within a 3D space

® RED values equal to one mean the system
will partially dissolve

® RED greater than one means the system
will not dissolve

Applications of HSP

HSP are useful in selecting process solvents,

additives in formulations, for the blending

of polymers, and for the control of kinetics

and monomer-sequence distributions in

co-polymers. HSP have been used as the

basis for solvent selection models and

computerized methods, but they can also be

used in manual calculations. The following

represent some of the applications in which

HSP have been used:

o Predicting effective solvents for polymers

o Studying dispersion of pigments

e Determining solubility properties of carbon
nanotubes

e Finding solvent blends that are cheaper,
perform better or that have smaller nega-
tive environmental impact

Limitations of HSP

HSP are often best used for screening pur-

poses, with experimental data then used to

validate (or not) the predictions. Limitations

of the HSP that are discussed by Hansen

include the following:

® The parameters can be difficult to measure

® Molecular size plays a significant role in
whether a substance dissolves within a
given fime period

¢ The HSP are an approximation

® Parameters vary with temperature

Ongoing work by Hansen, discussed in [2]

has begun to address HSP limitations. W
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Did you know that 90% of heat transfer fluid
breakdowns are caused by equipment issues?

If you just check your hot-oil on a regular basis you could
practically eliminate unplanned shutdown or loss of production.
The easy way to do this is by conducting a Fluid Analysis. Because
Fluid Analysis isn't just to check your fluid; it's to test your system.

When we test your fluid (we suggest annually or more
frequently for demanding service) the values we get from boiling
range, viscosity, and acidity tell us what's going on in there. Better
yet, together with a one-to-one system review with you, those same
test results can help pinpoint emerging issues with oxidation, over-
heating, or possible mismatches in those interrelated components
that could lead to a downtime-causing problem.

This can help you keep the system up when it's supposed to be
up, and know in advance if any corrections are needed for when
you do have scheduled downtime. Your system runs better, your
fluid lasts longer, and your process earns its keep.

The Immersion Engineering™ team of engineers can get deep
into your process with you from the design stage, customizing
maintenance plans, process expansions or, in cases where the
Fluid Analysis and system review suggests it, just a good cleanout

of your system with one of Paratherm's three specialized
system cleaners.

Paratherm's nine heat transfer fluids are designed to
cover a broad temperature range as well as a range of
compatibility and performance criteria. The fluid chart below
can give you a feel for their specifications, but to narrow it
down to the right product for your application all it takes is a
short conversation with one of Paratherm's sales engineers.
Eliminate the downside risk and call Paratherm today or
check us out on the web.
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Paratherm MR® HTF
Paratherm MG™" HTF
Paratherm LR™ HTF
Paratherm HR™ HTF
Paratherm HE® HTF

Paratherm
Corporation

HEAT TRANSFER FLUIDS
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WHO'S WHO

Hubbard

Clifford Johnson, formerly of NACE
International, is now president of the
Pipeline Research Council
International (Falls Church, Va.).

Yeghnazar

Andrew Yeghnazar is named
president of Blacoh Fluid Control
(Riverside, Calif.).

John Harrower is named chief operat-
ing officer of the offshore division for
Universal Pegasus International
(Houston), which provides engineer-
ing, project and construction manage-
ment in the energy industry.

Allard

James Hubbard becomes vice-presi-
dent of commercial development for
toll chemical manufacturer InChem
Corp. (Rock Hill, S.C.). He will also
serve as vice-president of technology
for InChem’s new subsidiary, Toll
Solutions LLC (Duncan, S.C.)

Plastic-tubing manufacturer New
Age Industries (Southhampton, Pa.)
appoints Michael Allard global
distribution sales manager.

Jarkko Sairanen has been appointed
executive vice-president of engineer-

Dalton Way

ing company Poyry PLC (Vantaa,
Finland) and president of the
company’s management consulting
group.

John Dalton, Sr., executive vice-
president of engineering-and-con-
struction company Mustang (Hous-
ton) is inducted into the National
Academy of Construction.

Andrew Way has been appointed

vice-president of services for GE
0il & Gas (Florence, Italy). |
Suzanne Shelley

MONITOR VISCOSITY SIMPLY

SENSE MIXER MOTOR HORSEPOWER
WITH UNIVERSAL POWER CELL

EASY INSTALLATION
¢ No holes in tanks or pipes
e Away from sensitive processes

VERSATILE
 One size adjusts to motors, from
small up to 150hp

e Works on 3 phase, fixed or variable
frequency, DC and single phase power

SENSITIVE
10 times more sensitive than
just sensing amps

CONVENIENT OUTPUTS
 For meters, controllers, computers
4-20 milliamps 0-10 volts
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LOAD CONTROLS
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PROFILING A PROCESS
e Power changes reflect viscosity changes
® Good batches will fit the normal “profile” for
that product
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Rehoiler Gircuits
For Trayed Golumns

These vetted recommendations are key to efficient

and troublefree separations

Design Practices Committee
Fractionation Research Inc.

he reboiler generally supplies

most of the energy required to ef-

fect component separation. If too

much heat is supplied, the tower
may flood; conversely, if too little heat
is available, separation performance
may decrease via poor reflux ratio
(pinching), excessive weeping or poor
tray action. Proper design of reboiling
systems involves coordinating aspects
both outside and inside the tower.
This article focuses on both of these
aspects to ensure proper operation of
the overall reboiler system. Important
literature discussing these topics is
also cited.

The objectives of reboilers

The design of tower reboiler circuits
and bottom sections can be broken
into several parts: fluid flow systems,
exchanger types, liquid sumps and as-
sociated baffling, and drawoff and re-
turn arrangements.

Although these are not generally
studied as much as the mass transfer
equipment above, tower bottom sec-
tions should be considered key tower
internals. A number of fractionator
problems can be attributed to either
improper bottom-section design or
poor reboiler-circuit layout; taken
together, they are thought to be the
second-most common cause of tower
problems [I]. To better illustrate this,
consider the objectives that a properly
designed tower bottom and reboiler
system must accomplish:

e Provide adequate hydraulics for the
reboiler circuit
e Separate and distribute the incom-

ing vapor and liquid phases properly
e Absorb fluid momentum and pre-
vent mechanical damage to sur-
rounding internals
Prevent entrainment of bottom-tray
overflow liquid or bottom-pool liquid
by reboiler return fluids
Provide adequate liquid inventory
for startup and step changes in re-
boiler duty
Provide sufficient liquid-residence
and degassing time for downstream
equipment
Provide adequate net-positive-suc-
tion head (NPSH) for any bottoms
pumps
Maximize mass transfer capabilities
of the reboiler (nearly one theoreti-
cal stage can be obtained via use of
a staging baffle)
Maximize available temperature
driving force in the reboiler
Accommodate transients in the
concentration of heavy components
in the feed
e Allow removal of fouling material
from the tower bottom
e Allow safe column shutdown in the
event of a process upset
e Minimize overall column height
Consequently, many factors come into
play in designing a successful reboiler
and tower bottom arrangement. The
available literature does not address
the subject in depth, and, especially
with regard to multipass trayed tow-
ers. This paper is intended to clarify
the design process and extend cover-
age to multipass tray towers.

Preliminary design work

The design process begins by defini-
tion of the design basis and selection
of the reboiler type that best suits the
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particular application. “Reboiler type”
refers to exchanger and circulation
mode, such as vertical thermosyphon,
kettle, internal, horizontal forced cir-
culation, and so on. The designers pro-
ceed through the following steps:
1.Run tower simulation(s)
2.Determine reboiler type and method
of process liquid circulation, using cri-
teria from the next section (Selection
of reboiler type) and Tables 1 and 2
3.Select tower bottom configuration
(such as once-through, constant
head recirculating, and so on) using
criteria from the Tower bottom ar-
rangements section and Table 3
4.Choose limiting case(s) for duty and
bottoms product rate to be used in
detailed design
After this, the designer would be ready
to begin developing details of the tower
bottom and reboiler circuit.

Selection of reboiler type
As noted above, selecting a reboiler
type means determining the method
of fluid circulation (thermosyphon,
forced or none) and selecting an ex-
changer type (vertical, horizontal, ket-
tle or internal). These decisions need
to be made before any tower bottom
internals can be designed, since inter-
nals vary substantially for different
reboiler types. To aid in the selection
process, considerations are discussed
below starting with general rules of
thumb and progressing to more spe-
cific issues. Simple conceptual ex-
amples of common reboiler types are
shown in Figure 1, and a comparative
summary of reboiler types is given in
Table 1.

Thermosyphon reboilers are the
most widely used type in distillation



TABLE 1. COMPARISON OF REBOILERTYPES (ADAPTED FROM REF. 3)

Vertical Thermosyphon| Horizontal Thermosy- | Kettle (Figures 1E and |Forced Circulation Internal

(Figure 1A) phon (Figure 1B) 1F) (Figure 1C) Reboiler
Boiling side Typically tube Typically shell Shell Typically tube Shell
Heat transfer rate High Moderately high Low to moderate High Low to moderate
Plot space requirement{ Small Large Large Vertical: small Minimal to small

Horizontal: large

Process piping Small quantity and Standard quantity, Standard quantity, Extra piping with two- |None

simple to design two-phase return single phase only phase and controls
Pump required No No No Yes No
Extra column skirt Yes - to accommodate| Yes - to drive thermos- | Small Yes - to provide No
hei?hi requirement (if |vertical exchanger yphon flow ﬁbui less reboiler circulation
bottoms product is not than vertica pump NPSH
pumped) thermosyphon)
AT requirement High Moderate Low High Moderate to high
Residence time in Low Low High Low High
heated zone
Process side fouling Low Moderate High Very low Moderate
tendency
Performance with high | Poor Poor (but better Poor Good Poor
viscosity liquids than vertical

thermosyphon)

Ability to handle large |Modest: approximately| Good, if multiple large |Very good: large areas|Good, if multiple large | Poor, unless fower bot-

four medium shells
maximum

surface area

hond?ed in a single
shell

shells used

shells used tom swaged out for

larger bundles

Can be difficult,
depending on

Maintenance and
cleaning

Relatively easy Relatively easy

If vertical, can be dif-
ficult depending on

Next to impossible
while on-stream, but

congestion congestion (easy if easy during shutdowns;
horizontal)
Susceptibility to High, but moderate for | High, but moderate for | Low Low Low

instability constant head constant head

Design data Readily available Some available Readily available Readily available Readily available

Capital cost Low Moderate High Moderate Very low, unless tower
swaged out for larger
bundles

Operating cost, exclud{None None None Pumping cost, and oc- |None

ing heating medium casional pump main-

tenance cost
Safety issues Normal Normal Normal; kettle ex- Pump seal leakage Flange leakage is a

changer can hold lig-
uid inventory to help in
emergency shutdown

is important for flam-
mables or toxics

major concern espe-
cially for flammables
or toxics

systems and are usually considered
first. A “thermosyphon” reboiler uti-
lizes the density difference between
the liquid in the tower bottom and
the mixed-phase fluid in the reboiler
and return line to drive reboiler pro-
cess flow. Thermosyphon reboilers are
gravity-flow systems. To summarize
their advantages, they are relatively
compact and economical, require no
pumps, and offer relatively high heat-
transfer rates (for small exchanger
size) with relatively low residence
times in the heated zone.

Of course, thermosyphon systems
are not applicable in all circumstances.
They are not recommended for the fol-
lowing conditions:

e High liquid viscosity (viscous-liquids
friction loss dampens fluid circulation)

e Fouling systems (pumped systems
achieve higher velocities that help
mitigate fouling)

e Adequate driving head cannot be
attained economically (instead,
consider a kettle system)

e Large operating load variations or
turndown ratios are required (in-
stead, consider a pumped system)

e High reliability is a key factor (ket-

TABLE 2. REBOILER EXCHANGER COMPARISON:
HORIZONTALVERSUS VERTICAL

requirement

Advantages Disadvantages
Vertical Minimal plot space requirement Exchanger area is limited

Return piping typically short to very | Greater skirt height requirement

short

Relatively small capital cost ?equires relatively high AT driving

orce

Fouling process side Fouling heating medium

High pressure process side High pressure heating medium
Horizontal Good for large heat-exchanger area |Occupies moderate-to-large plot

space

Requires moderate AT driving

force |Higher capital cost than vertical

Better access for maintenance

Return piping design must avoid slug
flow

height

Often requires less tower or skirt

tle or forced circulation systems are

preferred for this)
Sometimes thermosyphon reboilers
can be troublesome with vacuum sys-
tems because even a small liquid head
has a large impact on the boiling point,
leading to large and head-dependent
preheat zones in the exchanger [2].
This is especially true for services
where the liquid boiling range or cir-
culation driving-head varies routinely.
However, if the driving head is kept
steady, a reliable vaporization curve
is available and care is taken in mod-
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eling the hydraulics, thermosyphon
reboilers can be successfully used in
vacuum service. Most existing vac-
uum thermosyphon systems tend to
use vertical heat exchangers.

If one of the above thermosyphon
limitations applies, a kettle or forced
circulation system is generally pre-
ferred. For towers in clean services,
an internal reboiler may sometimes
be considered.

If a thermosyphon system is se-
lected, the next decisions are to deter-
mine the flow and exchanger type.
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1A. Vertical thermosyphon

Heating

1B. Horizontal thermosyphon

Heating

Heating
fluid out

Bottoms product

Bottoms product

Heating
fluid out

1C. Forced circulation

1D. Suppressed vaporization

Sael o

Heating
fluid in

Heating
fluid out

Bottoms
product

|__Bottoms
product

1E. Standard kettle

Heating
fluid in

Heating
fluid out

Bottoms product

1F. Trapout kettle

(Optional)

Heating
fluid in

Heating
fluid out

Bottoms product

The choices for flow type are once-
through and recirculating; the choices
for exchanger type are vertical and
horizontal.

Once-through flow is useful for
strippers and other low-boilup services
where the mass flowrate of vapor in
the reboiler return is less than about
40% of the bottoms-product mass
flowrate [4]. Recirculating flow is re-
quired in services where reflux rates
are high compared to product rates,
such as splitters. More information
about once-through versus recirculat-
ing reboilers is given in the Tower bot-
tom arrangements section below.

Selection of a vertical or horizon-
tal exchanger can be made based on
each option’s advantages and dis-
advantages as given in Table 2. The
published literature gives conflicting
accounts about vertical versus hori-
zontal exchangers [5-7], leading to
some confusion about selection prac-
tices. Sloley [8] provides a detailed
discussion of factors affecting this
decision, and explains that vertical
exchangers predominate in chemi-
cal applications, while horizontal ex-

changers are prevalent in petroleum-
refining applications.

Selection by process issues
Fouling service (process side). Foul-
ing service, as used herein, refers to a
fouling tendency of process fluid in the
tower bottom rather than the heating
medium. The preferred bottoms ar-
rangement for fouling service is forced
circulation. Forced circulation systems
(using a pump) can achieve much
larger reboiler-circuit velocities than
thermosyphon systems, which aids in
keeping exchanger tubes clean. The
forced circulation reboiler can be verti-
cal or horizontal, as long as the fouling
fluid is on the tube side (this is more
typical of vertical exchangers). If a
forced system is not suitable, the next
best alternative is generally a vertical
thermosyphon system. Kettle and in-
ternal reboilers should be avoided due
to long residence times in the heated
zone and high vaporization rates.
Vacuum systems. These can be a
problem for thermosyphon systems
because even a small liquid head has
a large impact on the boiling point,
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FIGURE 1. The common reboiler types
are shown here: A. Vertical thermosy-
phon; B. Horizontal thermosyphon; C.
Forced circulation; D. Suppressed vapor-
ization; E. Standard kettle; and F. Trapout
kettle (see also Table 1)

leading to large and head-dependent
preheat zones in the exchanger [2].
Thermosyphon reboilers can be suc-
cessfully used in vacuum service, but
the hydraulics must be carefully stud-
ied. Small errors in predicted friction
losses or hydrostatic head above the
exchanger can lead to large errors
in the vaporization percentage and
return-line-fluid density, which can
adversely affect their hydraulics and
heat transfer.

Forced circulation systems are easier
to design for vacuum services. One par-
ticular forced circulation setup for vac-
uum service is the suppressed-vapor-
ization system (Figure 1D), where the
flow control valve is placed downstream
from the reboiler [9]. No vaporization
occurs in the exchanger itself (sensible
heat transfer only), so the heated liquid
flashes as it traverses the downstream
valve. Another way to suppress vapor-
ization in forced circulation systems is
to use an orifice at the column return
nozzle. Note that these valves or ori-
fices can experience erosion as the lig-
uid flashes across them under vacuum
conditions, producing high exit veloci-
ties. For this reason, some practitioners
recommend the use of control valves
having contoured plugs, and some com-
pletely avoid suppressed vaporization
systems. Also, the high fluid velocities
produced by a valve or orifice at the
tower inlet can cause fluid distribution
problems or mechanical damage inside
the tower unless specific provisions are
made to handle these.




TABLE 3. COMPARISON OF TOWER BOTTOM ARRANGEMENTS
Type Primary advantages Primary disadvantages
Once- Full theoretical stage. No bottoms recon- |Boilup ratio limited to 40% of the bottoms rate. Gives highest reboiler outlet tempera-|
through tact with hot reboiler tubes ture. Incompatible with forced circulation. Leakage from trapout or trapout tray can
trapout restrict heat transfer, even make system inoperable
Once- Full theoretical stage. No bottoms recon- |Boilup ratio limited to 40% of the boilup rate (thermosyphon reboilers) Produces
through tact with hot reboiler tubes. Compatible |high reboiler outlet temperature. Chimney tray: fewer active tray(s). Partition baffle:
collector with forced circulation reduction of bottoms product residence time
Constant Thermosyphon flow stability during up- Partial theoretical stage only. Constant head compartment(s) must be leak tight.
head sets. Does not limit boilup ratios Increased likelihood of reboiler fouling. Baffle unnecessary and can be frouble-
some at high boilup ratios [ 17]. Complicated baffles can breed hydraulic bottle-
necks [18]
Standard | Simple bottom configuration with vapor |High cost. Long residence time of bottoms material in heated zone. Precise
kettle only return. Full theoretical stage exchanger elevation required
Trapout More product residence time available |Product spends more time at maximum temperature than standard kettle. May
kettle than standard kettle require more height than standard kettle
Unbaffled |Simple, low cost. Good for high boilup For recirculating systems, gives lowest separation efficiency. For thermosyphon
ratios systems, operating perturbations can affect reboiler flow, prolonging upsets
Internal Low cost On-stream cleaning nearly impossible. Bottom liquid level difficult to assess. Long
pool residence time of bottoms material in heated zone
Internal Low cost. Nearly full theoretical stage On-stream cleaning nearly impossible. Boilup ratios limited, similar to once through.
bath Long residence time of bottoms material in heated zone

With clean process fluids, the de-

signer of a vacuum system may wish to
consider a falling film reboiler (which
is outside the scope of this paper).
Safety. Forced circulation systems
require pumps and often pump seals.
The hazards of a seal leak should be
considered, especially for flammable
or toxic fluids. Thermosyphon sys-
tems avoid the pump and the seal
leakage problems. Internal reboilers
have large flange connections that
may have substantial moment arms
applied by the heavy tube bundles, if
they are not supported properly. The
flanges are prone to leak and have
been known to cause fires.
Ease of maintenance. During shut-
downs, access space (rather than re-
boiler type) is generally the prime
factor for ease of maintenance, but the
reboiler TEMA (Tubular Exchanger
Manufacturers Assn.) type is also im-
portant. The designer can specify ex-
changer inlet and outlet heads that
allow the tubes to be inspected and
cleaned without requiring removal
of external piping. The reboiler can
also be designed for easy tube bundle
removal to facilitate inspection and
mechanical cleaning or hydroblasting
[10]. Selection of the correct shell type
is also very important to ensure proper
fluid circulation, minimize fouling po-
tential and maximize on-stream time.
In services where online cleaning is
necessary, internal reboilers should
be avoided. In fouling services, a spare
exchanger is often provided, but this is
not practical with internal reboilers.

If the process side is dirtier than
the heating medium, a design that al-
locates process fluid to the tube side
is often preferred. Conversely, if the
heating medium is dirtier, it is pre-

ferred to allocate it to the tube side.

Typically, vertical exchangers have
the process fluid on the tubeside, and
horizontal exchangers have the pro-
cess fluid on the shell side — although
these are not absolute rules. For kettle
and internal reboilers, however, pro-
cess fluid is always on the shell side.
Reliability. From a process stand-
point, well-designed kettle reboilers
are considered the most reliable, al-
though vertical thermosyphon sys-
tems are also considered to be quite
good. Forced circulation systems can
be robust, but this depends on the
reliability of the pump. Horizontal
thermosyphon systems and internal
reboilers are considered average in
terms of reliability.
Stability when perturbed. When
subjected to tower swings, the most
stable systems are forced circulation
systems with flow control upstream of
the exchanger, followed by kettle sys-
tems. Vertical and horizontal thermos-
yphon systems are more sensitive to
operating perturbations; however, use
of a constant head baffle in the tower
bottom design may greatly improve
their stability.
Approach temperature. For a given
heating medium, once-through sys-
tems give the largest cool-end “ap-
proach temperature,” or thermal driv-
ing force, in the reboiler exchanger.
This is because the process side feed
to the reboiler is comprised solely of
liquid from the bottom tray, which is
the coolest possible reboiler feed. Con-
versely, recirculating systems with
high tower reflux ratios provide the
smallest driving force because a large
percentage of the reboiler feed is ma-
terial from the reboiler effluent.

As for exchanger types, vertical ex-

changers require the greatest driving
forces, while kettle types require the
least. Forced circulation systems allow
for the greatest driving forces without
concern for process side fouling be-
cause they can be designed with high
process-fluid velocities.

Required heat transfer area. Ver-
tical reboilers are limited in tube
length (see below) and are also limited
to about four shells per tower [11],
so the heat exchange areas they can
provide are limited. Horizontal and
kettle reboilers are greatly preferred
when large area is required. Inter-
nal reboilers can also limit available
heat-transfer area unless the tower is
increased in height or swaged out to
accommodate more or larger bundles.
Capital cost. Internal reboilers are
typically the least expensive because
they eliminate external process pip-
ing and reboiler exchanger shell(s), al-
though in some cases this advantage
is negated by bottom section height or
diameter increases to accommodate
larger heat-transfer bundles. Verti-
cal thermosyphon systems generally
rank second lowest in cost because the
return piping is usually very short.
Horizontal thermosyphon and forced
circulation systems are considered
moderately expensive. Kettle systems
are typically the most capital inten-
sive due to exchanger shell size and
foundation requirements.

Operating cost. Other than the cost of
the heating utility, thermosyphon sys-
tems have no operating costs due to the
use of gravity acting on density differ-
ences to drive reboiler fluid flow. Forced
circulation systems are more expensive
to operate due to pumping and associ-
ated pump-maintenance costs.

Plot space requirement. Internal
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reboilers occupy very little (if any) plot
space, followed by vertical exchangers,
which generally require small plot
spaces. Horizontal exchangers and
kettle systems require relatively large
plot spaces, especially if removable
bundles are desired. Proper exchanger-
head selection can help minimize plot
space requirements.

It is beyond the scope of this article
to cover actual design of the reboiler
circuit piping and exchanger(s). For
thermosyphon and kettle systems, the
flow through the reboiler must be cal-
culated from a pressure balance. It is
essential that accurate assessments
be made of fluid densities, extent of
vaporization and friction losses so that
the correct flow driving force and re-
sistances are used in the pressure bal-
ance. An article by Kern [12] describes
the pressure balance particularly well
and gives criteria for piping design. A
comprehensive review of design cor-
relations for vertical, horizontal and
kettle exchangers is given by Fair [13].
A detailed description of kettle force
balances from field data is given by
Kister and Chaves [14]. Additional in-
formation about horizontal and verti-
cal reboiler systems is contained in ar-
ticles by Collins [15] and Orrell [16].

Tower bottom arrangements
This section discusses the relative mer-
its and weaknesses of various tower-
bottom arrangements that feed the
reboiler and provide residence time.
The descriptions here pertain to inter-
nal features, such as baffles or drawoff
configurations, which comprise the
tower bottom design. A summary of
this information is given in Table 3.
Flow classifications. Bottom ar-
rangements are classified into once-
through and circulating. In once-
through systems, liquid from the
bottom tray traverses the reboiler only
once. The liquid portion of the reboiler
effluent is collected as net product and
is kept separate from bottom tray lig-
uid. Recirculating systems allow a
portion of the reboiler effluent liquid to
remix into the reboiler feed, thus per-
mitting some of the liquid to traverse
the reboiler two or more times. There
are two main differences in these flow
modes: once-through systems achieve
a full stage of mass transfer in the

reboiler, but their boilup ratios are
limited by the maximum vaporization
rate in the reboiler. Conversely, recir-
culating systems provide only a partial
stage of mass transfer in the reboiler,
but allow unlimited boilup ratios.

Because liquid leaving the bottom
tray is the coolest stream possible for
reboiler feed, once-through arrange-
ments also give the greatest cold-end
approach temperature in the reboiler
exchanger. When their outlet tem-
peratures are not excessive, they are
also good for thermally degradable or
fouling materials, where it is desirable
to avoid repeated contact with hot re-
boiler tubes.

Unbaffled tower bottoms are the
most common type of tower bottom
arrangement. Note that there are sev-
eral different reboiler types that lack
baffle(s) in the tower bottom:

1. Once-through trapouts (sump liquid
is reboiler return material, unmixed
with bottom tray liquid)

2. Kettle systems (sump may hold
liquid for residence time, but pre and
post reboiler liquids do not mix)

3. Recirculating systems (bottom tray
overflow mixes with reboiler return
liquid)

Further descriptions of the first two
cases can be found in the respective
sections below. The third item, unbaf-
fled recirculating systems, is the pri-
mary subject of this subsection.

Unbaffled recirculating systems are
simple and inexpensive, which are the
main reasons they are so widely em-
ployed. They are compatible with both
thermosyphon and forced circulation
reboilers. Figures 1A through 1D show
simplified examples of unbaffled recir-
culating systems.

Advantages: Simple design requires
no baffle inspection or maintenance.
Reboiler and product draws may be
combined in a single draw nozzle. Like
all recirculating systems, it allows un-
limited boilup ratios in the tower.

Weaknesses: 1t forfeits a fraction
of a mass transfer stage; the reboiler
simply becomes an enthalpy addition
point. In thermosyphon applications,
swings in the tower bottom liquid
level can affect the reboiler circulation
rate and duty, sometimes prolonging
tower upsets. These swings can be at
least partially countered by more-re-
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sponsive heating fluid controls. These
duty and control considerations apply
more to exchangers with bare or low-
fin tubes; exchangers with nucleate-
boiling enhanced tubes provide much-
more stable heat-transfer rates as
circulation varies.

Once-through trapout arrange-
ments involve a total draw via either a
downcomer trapout or a collector tray,
per Figures 2A and 2C, to capture all
of the liquid leaving the bottom tray
and feed it directly to the reboiler.
The reboiler return is directed to an
unbaffled tower bottom, and its liquid
drawn as bottoms product. None of the
bottoms liquid is recycled back to the
reboiler, hence the name once-through.
Trapout arrangements are generally
limited to simple, single-draw configu-
rations; multi-draw configurations,
such as dual draws from two or four
pass trays, are better handled with
chimney trays (see below). Trapouts
are used mainly with thermosyphon
flow systems because they provide in-
sufficient residence time for a pump.

Advantages: They can achieve one
full theoretical stage of separation, if
the trapout draw does not leak. The
high elevation of the trapout draw
generally provides good driving force
for thermosyphon flow.

Limitations: With a thermosyphon
system, reboil vapor is limited to
about 40 wt.% of the bottoms product
rate, due to the normal limitation of
30 wt.% maximum vaporization in
thermosyphon exchangers [19]. This
makes once-through thermosyphon
systems appropriate only for low-
boilup systems such as strippers.
Although use of forced flow could in-
crease the boilup rate, trapout draw
systems suffer from a lack of liquid
inventory to prevent pump cavitation.
Thus a once-through collector system
(see below) would be preferred for
forced flow. Finally, in cases where the
desired vapor-boilup rate exceeds the
bottoms product rate, a recirculating
reboiler should be used instead.

Weaknesses: The trapout draw
box and bottom tray must be care-
fully designed and constructed to
avoid leakage. Even then, leakage
may occur during turndown and
startup. A recent malfunction survey
[1] found that leakage issues render
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FIGURE 2. Once-through arrangements are shown here: A. Single pass tray trapout; B. Collector tray; C. Two pass tray trapout;
and D. One pass tray with baffle (N.C. = normally closed)

once-through trapout thermosyphons
one of the most troublesome reboiler
types. As the trapout affords little
degassing time, rundown lines from
once-through thermosyphons must be
sized for self-venting flow [20]. Ther-
mosyphon flow is not compatible with
high viscosity liquids.

Once-through collector systems
remove the limitation of low liquid
inventory inherent in once-through
trapout systems (see above). Well-
designed collectors provide enough
degassing time to overcome rundown
line bottlenecks when the lines are
slightly under sized from the recom-
mended self-venting flow. The collec-
tor smoothes out variations in flow to
the reboiler caused by perturbations
in tower operation. Once-through col-
lector arrangements are compatible
with both thermosyphon and forced
flow systems. In forced flow applica-
tions, additional residence time is
needed for liquid level control. As with
once-through trapout systems, reboil
vapor is limited to about 40% of the
bottoms rate for thermosyphon driven
flow and equal to the bottoms rate for
pump driven flow. For vapor boilup ra-
tios greater than these, a recirculating
reboiler should be used.

There are two variations of the once-
through collector system:

e Chimney tray collector (Figure 2B)
e Partitioned bottom (Figure 2D)
Both of these options have advantages
and weaknesses. Chimney tray ar-
rangements can provide plenty of resi-
dence time, but they take up height,
so fewer active trays can be installed
in a fixed tower height. Partitioned
bottom arrangements can increase re-
boiler feed inventory without reducing
tray counts as long as sufficient bot-
toms residence time is available on

the product side of the baffle. But they
provide less liquid-flow driving head
than trapout or chimney tray arrange-
ments, and care must be exercised to
ensure the baffle is leak tight and me-
chanically strong.

Preferential baffle arrangements
are recirculating systems that utilize
a baffle in the tower bottom to segre-
gate bottom-tray overflow liquid from
reboiler return liquid. An opening in
the baffle allows some reboiler return
liquid to flow into and mix with bot-
tom tray liquid. Thus the reboiler draw
preferentially contains bottom tray lig-
uid, but also contains recirculated lig-
uid to make up the additional reboiler
flow demand. The liquid level on each
side of the baffle is equal, except for a
small differential from liquid flowing
through the hole. Preferential baffles
are also known in the literature as
baffles with a large hole or baffles
with underflow. They may be used
with thermosyphon or forced circula-
tion systems.

Figures 4A and 4B show two config-
urations for single pass and multipass
trayed towers. For multipass trays,
extra spacing should be provided be-
tween the bottom tray and seal pans
to accommodate liquid backup caused
by the short overflow notches on the
seal pan weirs. Note that some compa-
nies do not believe the added complex-
ity and expense of preferential baffles
are justified by their performance ben-
efits, and omit these baffles entirely.

Advantages: The internal baffle does
not need to be liquid tight. It gives
more separation than an unbaffled ar-
rangement, but less than a full mass
transfer stage. Like all recirculating
systems, it allows unlimited reflux ra-
tios in the tower.

Limitations: Preferential baffle sys-
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tems do not develop a full equilibrium
stage for the reboiler. As the tower
reflux ratio increases, the ratio of re-
circulated material to bottom tray lig-
uid in the reboiler feed also increases,
and the usefulness of the reboiler as a
separation stage steadily drops. When
the ratio of tower bottoms product to
reboiler draw rate falls below 20% (for
example, splitting close-boiling com-
ponents), a preferential baffle is con-
sidered no longer useful, and it should
be omitted to provide an unbaffled
bottom arrangement. An additional
limitation for thermosyphon driven
systems is that they cannot handle
high viscosity liquids.

Weaknesses: The weaknesses of pref-
erential baffle systems are similar to
those for unbaffled towers. For a ther-
mosyphon, a change in the bottoms
liquid level will affect the reboiler
circulation rate, and thus the reboiler
duty. Some preferential thermosy-
phon systems have been known to
work well only at one particular liquid
level. It can be seen that all of these
issues are related to duty control, and
preferential baffle arrangements may
therefore require responsive control
schemes on the heating medium. As
mentioned previously for unbaffled
tower arrangements, use of nucleate-
boiling enhanced reboiler tubes can
mitigate these control issues.

Constant head arrangements are
recirculating systems that maintain
a constant-depth liquid pool above the
reboiler draw. The most common con-
figuration has a partition baffle, which
separates the tower bottom into prod-
uct- and reboiler-draw compartments
(Figures 3A and 3B). Many other de-
sign arrangements are also available.
Liquid from the bottom tray is directed
into the reboiler draw side, as is liquid
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from the reboiler return. Then, return
liquid in excess of the reboiler draw
requirement spills over a weir to the
product side, where the level can be
varied to provide rate control to down-
stream equipment. Constant head par-
tition baffles are also referred to in the
literature as baffles with overflow.
Other constant-head configurations
include chimney tray and collector box
configurations, where an inventory of
liquid is kept inside the tower above
the bottom liquid pool, using a tray
or box with an overspill weir. These
alternative arrangements generally
provide less liquid holdup than the
partition baffle, although they may be
less expensive to build.

The tower bottom should be de-
signed to make the bottom tray lig-
uid pass through the reboiler at least
once before proceeding to the product
compartment. Constant head arrange-
ments are used only with thermosy-
phon circulating systems. Extra height
should be provided between the bot-
tom tray and the seal pans in certain
multipass versions to accommodate
liquid backup caused by short over-
flow notches on the seal pan weirs.

Advantages: Changes in product
rate or level do not affect the reboiler
circulation rate and duty, thus un-
coupling the tower from minor down-
stream events. Like all recirculating
systems, unlimited reflux ratios are
allowed in the tower.

Limitations: Baffle, tray or box leak-
age must be less than bottoms product
rate, becoming more important as the
tower reflux ratio increases. Thermos-
yphon circulation is not compatible
with high viscosity liquids.

Weaknesses: Constant head sys-
tems generally require more internal
pieces and increase complexity than
other bottom arrangements. They
also often require more tower height
than other options. Because the bot-
tom tray and reboiler return liquids
are both directed to the reboiler feed
compartment(s), constant head sys-
tems can collect fouling products or
nonvolatile components in the reboiler
loop. The reboiler feed piping should
have means to drain these materials
at low points.

Constant head systems are trou-
blesome and should be avoided in

high reflux ratio systems such as C3
splitters. In these systems the baffle
overflow becomes a tiny fraction of
the total liquid rate, and the overflow
baffle becomes unsuitable to provide a
steady flow. One troublesome case was
reported [17].

Sometimes the baffle arrangement
gets complicated, especially with
multipass trays. Complicated baffle
designs breed hydraulic bottlenecks.
The simpler the baffle geometry, the
less likely it is to generate such bottle-
neck. One case study of a baffle design
causing a hydraulic bottleneck was
described [18].

Kettle arrangements appear decep-
tively simple from a process stand-
point. Liquid from the bottom tray of
the tower is drawn and directed to
a kettle reboiler. The kettle is an ex-
changer that has a tube bundle im-
mersed in a liquid bath, with substan-
tial vapor disengaging space above the
bundle. Vapor and liquid are separated
in the reboiler’s disengaging space,
so the return line carries essentially
vapor. Kettle arrangements are once-
through systems; reboiler effluent liq-
uid does neither recirculate nor back-
mix with bottom tray liquid.

Kettle reboilers are typically de-
signed with an overflow weir, which
creates a separate product compart-
ment within the exchanger shell. Ket-
tle designs with overflow weirs must
have removable tube bundles (U-tube
bundles or TEMA “S” or “T” type re-
turn heads). Some alternative kettle
designs do not have overflow weirs; in
this case the liquid bath is maintained
via level control. Fixed tubesheets
(non-removable tube bundles) may be
used in this type of exchanger.

There are three types of kettle ar-
rangements. The standard arrange-
ment is most prevalent (Figure 1E). It
collects bottom tray liquid in the tower
bottom and feeds a kettle exchanger
having an internal weir. No level con-
trol is needed on the tower bottom
because the liquid level in the tower
is governed by the weir elevation in
the kettle exchanger. Level control is
required on the bottoms product com-
partment of the exchanger.

The trapout kettle arrangement uti-
lizes a trapout draw from the bottom
tray, or a chimney collector tray, to feed
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a kettle exchanger with an internal
weir (Figure 1F). Product overflowing
the kettle weir drains back to the tower
bottom where it is collected for resi-
dence time purposes. In this case, level
control is placed on the tower bottom
rather than the kettle product com-
partment. The trapout type typically
requires more tower height in the bot-
tom section because liquid must flow
back from the exchanger to the tower
sump. The kettle reboiler elevation also
tends to be higher for these systems.

This trapout kettle arrangement can
be very troublesome unless using a
chimney tray with adequate degassing
time as the trapout. Leakage or weep
from a trapout tray, especially at startup
or low rates, can prevent liquid from
reaching the kettle reboiler, stopping
its action altogether. This leakage can
be avoided with a well-designed chim-
ney tray trapout. Unless the trapout
chimney tray provides adequate degas-
sing time, the lines from the trapout to
the kettle reboiler need to be designed
for self-venting flow [20].

Figure 1F also shows two options
for returning vapor from the kettle
exchanger: above or below the collec-
tor tray. Note that the chimney riser
area and riser vapor velocity are very
different for these two options. In the
case where the return vapor is intro-
duced above the chimney tray, the
risers act basically as vents, and very
little riser area is required. When the
return vapor is introduced below the
chimney tray, the riser area must be
substantially greater to handle the
full process vapor rate.

The third type of kettle arrangement
is basically a variation of the first ar-
rangement. The overspill weir inside
the kettle exchanger is eliminated,
and the entire liquid inventory of the
exchanger is placed on level control.
Not only does this reduce the buildup
of fouling material in the exchanger, it
also permits manipulation of the fluid
level to affect liquid entrainment into
the return line. However, sensing the
liquid level in a boiling liquid pool can
be difficult, as mentioned below for in-
ternal reboilers.

Advantages: A kettle achieves a full
theoretical stage of separation. The
tower bottom configuration requires no
baffles. The tower internals do not need
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FIGURE 3. Constant head baffle arrangements are recirculat- FIGURE 4. Preferential baffle configurations for single and mul-

ing systems that maintain a constant depth liquid pool above
the reboiler draw: A. Constant head with reboiler baffle and B.

Constant head with reboiler distributor and baffle

to separate mixed phase fluids nor ab-
sorb large fluid forces. Kettle reboilers
with removable tube bundles are rela-
tively easy to inspect and clean.

Weaknesses: Kettle reboilers are ex-
pensive. They have a long residence
time at maximum temperature in the
exchanger, and perform poorly with
thermally degradable or chemically
fouling materials. In addition, they
are improperly designed more often
than other types of reboilers because
they appear so simple. A recent tower
malfunction survey [1] found kettle re-
boilers to be the most troublesome re-
boiler type. Almost all kettle-reboiler
failures have been due to an improper
force balance. Therefore it is impera-
tive to focus the utmost attention to
the kettle pressure balance (described
in detail elsewhere [14]). The survey
found that kettles whose force balance
is adequate are usually not trouble-
some. The kettle force balance gives
the liquid head required to drive flow
from the tower to the exchanger and
back through the vapor return piping.
Sufficient disengaging space must be
allotted in the kettle exchanger. Any
entrainment increases the static head
in the reboiler vapor return lines.
Also, the entrainment is knocked out
in the tower bottom, and from there
it is returned to the reboiler, increas-
ing the friction pressure drop at the
tower inlet and outlet lines. In the
extreme case, the entrainment can
become so high that the kettle begins
to thermosyphon, as demonstrated by
field measurements [14]. Practices for
minimizing entrainment from kettles
were described elsewhere [14].

As system pressure increases, ket-

tle entrainment may become more
important due to the decreasing rate
of vapor/liquid phase separation at
higher operating pressures, which is
caused by lower surface tension and
smaller phase density differences.

Internal reboilers, also known as
stab-in reboilers or stab-in bundles, are
reboiler exchanger bundles, which are
inserted directly into the tower shell
below the bottom tray. The bundle is
submerged either in the tower bottom
liquid pool or in a bath of liquid formed
by damming the bottom tray overflow
liquid per Figure 5A. With a bath ar-
rangement, lighter materials boil off
from the bath and the remaining lig-
uid overflows to the sump as bottoms
product, where it is collected for resi-
dence time purposes. In some cases,
the bathtub arrangement is used fur-
ther up in the tower as a side reboiler.
Note that the Design Practice Com-
mittee generally recommends against
using internal reboilers because they
are known to have caused numerous
operating and capacity problems in
previous applications.

Advantages: A properly designed in-
ternal reboiler can achieve nearly a full
theoretical stage of separation (similar
to kettle types). Internal reboilers can
be inexpensive in cases where they
eliminate exchanger shells and associ-
ated process piping without substan-
tially increasing the tower shell cost.

Limitations: Internal reboilers are
limited to small diameter towers or
special applications because tube-
bundle heat-transfer area cannot
grow as fast as tower cross-sectional
area with increasing tower diameter.
Multiple bundles may increase tower
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tipass trayed towers: A. Preferential baffle, single pass tray; and
B. Preferential baffle, two pass tray

height, offsetting any cost advantage.
The bath type arrangement is similar
to a once-through reboiler and may
limit the boilup ratio.

Weaknesses: On-stream cleaning is
nearly impossible; the tower must be
shut down for exchanger maintenance.
Similar to kettle reboilers, perfor-
mance is poor with fouling materials.
Internal reboilers require extra tower
shell height and incorporate large
flange connections, which can leak, es-
pecially if the bundle is not supported
properly inside the vessel. For the
bottom pool arrangement, the tower
bottom liquid level can be difficult to
assess because of froth generated by
the internal exchanger [22]. The lower
liquid level tap must also be located
well below the tube bundle to ensure
that two-phase material cannot reach
it and cause a false low-level read-
ing. False level readings can mislead
operators about the true froth height
in the tower, and result in flooding by
entrainment of froth to the tray above
the reboiler bundle. For the bath ar-
rangement, excessive frothing and
hydraulic restrictions, caused by im-
proper design of the bath basin, often
bottleneck towers.

Reboilers and tower elevation
To minimize tower and foundation
capital costs, it is generally desired
to minimize the overall tower height.
Typically this means designing the
tower (including the reboiler type
and bottom section) first, based on
process requirements, then selecting
the minimum tower skirt height that
provides adequate head for all of the
following purposes:
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FIGURE 5. These four configurations are NOT RECOMMENDED: A. Insert reboiler; B. Two-pass preferential baffle; C. Poor vapor
return orientation; and D. Vapor return through downcomer

® Reboiler circulation (thermosyphon
driving force or pump NPSH)
e Bottoms product pump NPSH
e Tower or reboiler drainage to down-
stream equipment, if required
The sections below discuss head con-
siderations for various reboiler types
in more detail to allow an assessment
of their contribution to required tower
skirt height. Note that when an unbaf-
fled bottoms arrangement is specified,
the liquid head used in the reboiler
flow calculations should be based on
the lowest operating liquid level al-
lowed (typically designated LLL). But
the thermal and hydraulic design of
the reboiler circuit should comprehend
both HLL (highest operating liquid
level allowed) and LLL process limits,
and the reboiler inlet and outlet lines

should be sized to handle circulation
rates at HLL operating conditions. If
a constant-head baffle arrangement
is used for a thermosyphon system,
there will be different liquid levels to
consider on the reboiler and product
sides of the baffle, and the designer
should use LLL on the product side for
all product hydraulic calculations.

Vertical thermosyphon systems.
Generally this type of exchanger is
hung off the tower itself, and the
height of the system is determined by
the selected length of the exchanger
tubes. Common tube lengths are from
6 to 20 ft (2 to 6 m), with the longer
lengths applicable to designs that re-
quire large heat transfer areas [I1].
Reboiler tube length is often shorter
at lower column process pressure (for

example, near atmospheric pressure)
to minimize liquid hydrostatic head,
which maximizes LMTD (log mean
temperature difference) because va-
porization can start at a lower tem-
perature. If the reboiler feed piping
enters the exchanger channel from
below, additional skirt height may be
required for this as well.

Horizontal thermosyphon systems.
In this case, the reboiler exchanger is
typically located at a minimum prac-
tical distance above grade to allow
for piping clearances, ease of mainte-
nance, or condensate drainage if nec-
essary (the reboiler tubeside outlet
nozzle is usually located above the top
of the condensate drum for this pur-
pose). Then a pressure balance calcu-
lation is performed for the reboiler cir-
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cuit (including return piping), which
gives the required liquid height above
the exchanger necessary to drive the
desired reboiler flow.

Kettle systems. Properly designed
kettle systems do not usually require
significant liquid head for reboiler
flow, so the skirt height is typically
governed by another factor such as
bottoms-pump NPSH requirement.
The elevation, however, must be high
enough to satisfy the force balance
without having the liquid level in the
sump approach the reboiler return
inlet. In the case of a trapout, the
trapout must be at an elevation high
enough so that the force balance does
not lead to liquid overflow into the
chimneys [23]. In the case of a tower
whose pressure is sufficiently above
downstream equipment to drive bot-
toms product onward without a pump,
the skirt height may be quite low.
Conversely, if bottoms evacuation or
drainage requirements dictate a sig-
nificant skirt height, and it is not de-
sirable to have the liquid level in the
kettle inlet pipe, the kettle exchanger
itself may need to be situated on a
high foundation because of the eleva-
tion relationship between kettle over-
spill weir elevation and tower bottom
liquid level. This elevation difference
is given by the kettle pressure balance
as described previously.

Forced circulation systems. The lig-
uid head necessary for a forced circu-
lation system is based on the NPSH
requirement of the reboiler circulation
pump. Typically, the tower bottom tan-
gent line is elevated about 15 ft (4.5

m) [11] to provide sufficient NPSH. If
a separate product pump is used, its
NPSH requirement may govern.

Things to avoid

In Figure 5A, we have an internal re-
boiler. Note that the Design Practice
Committee generally recommends
against using internal reboilers be-
cause they are known to have caused
numerous operating and capacity
problems in previous applications.

In Figure 5B, this two pass arrange-
ment is not recommended because the
reboiler vapor must pass through the
downcomer’s liquid curtain in an at-
tempt to distribute itself evenly to both
passes. The bottom tray should have
two side downcomers in this case.

In Figure 5C, the reboiler return
fluid is directed toward the bottom
tray downcomer and/or seal pan. This
design can fail in a number of ways,
including: (1) backup of the bottom
tray downcomer; (2) entrainment of
seal pan overflow liquid by the return-
ing vapor; (3) mechanical failure of the
bottom tray downcomer from fluid im-
pingement; or (4) heat transfer from
reboiler return fluid to the liquid in
the downcomer, causing vaporization
and choking inside the downcomer.

In Figure 5D, the reboiler return
pipe has been routed through the
downcomer. Again, this can fail by va-
porizing liquid in the downcomer and
choking it. Also, if the bottom section
trays are heavily liquid loaded, this
design might block enough downcomer
area to cause backup flooding. |
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Feature Report

et the Most out of
Vibration Analysis

By listening to the messages your components are sending, you will be hetter
able to assess the status of your machinery and take action to address prohlems

Sourav Kumar Chatterjee
Hindustan Petroleum Corp. Ltd.

ith productivity, growth and
reliability as constant driv-
ers, the proactive evaluation
of all machinery is critically
important. In order to gain useful in-
sight, the maintenance team must
capture comprehensive data related
to machinery operation and carry out
a logical interpretation of the data.
The conventional language of
equipment components — vibration
— transmits relevant information
that varies based on the type of ma-
chinery or asset system and the con-
ditions these components are experi-
encing. Learning to decipher vibration
data properly can help operators to
properly assess the condition of their
machinery, gauge equipment perfor-
mance and plan for whatever actions
are needed to address problems that
may have arisen.

Vibration basics

Technically, vibration occurs in re-
sponse to excitation forces acting on
an operating machinery system. Vibra-
tion is often an indication of construc-
tion-related defects of the machine or
machine parts, assembly problems,
improperly installed systems, electro-
magnetic forces and other factors.

As an elastic body in a non-equi-
librium condition experiences ex-
citation forces, it creates vibratory
sinusoidal motion (Figure 1). As the
internal forces within the displaced
body (in the form of strain energy)
are converted into kinetic energy,
the body moves in a “to-and-fro” vi-
bratory motion about a fixed posi-
tion. Hence, the most corroborative
parameters that can represent the

Maximum
displacement
(upper)

Neutral or mean
position

Maximum
displacement _
(lower)

f=1/T

Maximum acceleration,
minimum velocity

\ Maximum velocity, I

Peak minimum acceleration
Peak to
peak
Root mean
square (RMS)
=0.70 x peak

T 1
Maximum acceleration,
minimum velocity

FIGURE 1. This graphical representation shows the simple harmonic motion for an

excited spring-and-mass system

Amplitude, mm/s

Amplitude,
mm/s

Raw complex
vibration signal
(=the sum of
wave forms on right)

Time

FIGURE 2. Complex vibration signals can be resolved into multiple sinusoidal
time-wave signals, which can then be converted into frequency-domain signals
using Fast Fourier Transformation (FFT) analysis

vibration signal are the following:

e Displacement from the mean posi-
tion or amplitude

e Repetition of cyclic motion in unit
time or frequency

e Angular position of the mass in the
cycle with respect to a specified ref-
erence or phase

To assess these key parameters, the

most important measurable, detect-

able signals of vibration are:

e Amplitude

¢ Frequency

e Phase
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From these primary parameters, the
mechanical vibration movement must
then be converted into a signal with
respect to time, so that it can be mea-
sured and analyzed.

Amplitude. As shown in Figure 1,
amplitude refers to the magnitude of
vibration present in a measured sig-
nal. In vibration analysis, amplitude
is measured in units of displacement,
velocity or acceleration, and is typi-
cally plotted on the vertical axis of any
graphic representation of the signal.
Normal units are microns (one thou-
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FIGURE 3. In this example, the engineer observed a broken shim and misaligned coupling with a loose coupling hub. In the
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time. For this case, repeated spiking in the time-wave form within a short span confirmed misalignment, compounded by me-

chanical looseness of the rotor component

sandth of a millimeter) or mils peak-
to-peak.

Velocity is the rate at which displace-
ment changes. The unit for velocity
measurement is mm/s of peak or RMS
value, where RMS is the root mean
square value of the vibration ampli-
tude. This is the speed of the vibration.

Acceleration is the rate of change in
velocity with respect to time. Accelera-
tion is normally expressed either in
terms of gravitational units or in m/
s2 unit of the measured peak or RMS
value. This is proportional to the force
of the vibration.

The following discussion shows how
the simple harmonic motions of the
three measurable amplitudes (which
have three different characteristics
of vibratory propagation with differ-
ent measurement units) are related
mathematically. For a pure sine wave,
displacement at time ¢ from the mean
position or origin is:

x (¢) = X sin (2nft)

Where:

x = the magnitude of displacement of
the mass at time ¢ after it starts
moving from the mean position or
origin

X = the maximum magnitude
displacement from the origin

f=the frequency of vibration, cycles/s

t = the reference time interval from
the start at origin

Amplitude can be expressed in terms

of the rate of change of displacement,

or rate of change of velocity.

Velocity: V (t) = dx/dt = V cos (2nft) (2)

Where:

V=2nfX

Acceleration: A (t) = dv/dt = d/dt?
=—Z sin (2nft) 3)

Where:

Z =2nfV=02nf2 X

x = the displacement at time ¢,

microns

1)

X = the peak displacement, microns

[ = the frequency of vibration, cycles/s
or Hertz (Hz)

If displacement — the maximum ex-
cursion of the object — is held constant
and frequency is doubled, then the ve-
locity must also double, because the
mass has to travel twice the distance
in the same increment of time. Since
the object must reverse direction twice
during every cycle, the maximum ac-
celeration experienced at the object’s
reversal in direction increases by the
increase in frequency squared.
Variation in velocity and accelera-
tion with frequency forms the basis for
vibration-severity criteria, provides
guidelines for selecting the variable
that will be most representative for
detecting and analyzing a particular
fault, and explains how failures can
occur without warning if the wrong
variable is measured. It is evident
from the discussion above that dis-
placement can appropriately repre-
sent the amplitude of low-frequency
signals, but as the frequency goes up,
velocity and acceleration become the
more-accurate variable to use to ex-
press the magnitude of vibration.
Frequency. Frequency is a measure
of the cyclic period of repetitive am-
plitude changes that the vibrating ob-
ject experiences with respect to time.
The period of vibration 7' is the time
taken to complete one cycle of motion
(in other words, the motion is seen to
repeat itself after time 7' seconds).
The number of cycles that occur in
the unit time (the frequency) is de-
noted by the letter f, and may be ex-
pressed in several ways: cycles per
minute (CPM); cycles per second (Hz);
revolutions per minute (RPM); or or-
ders of running speed (where the ro-
tational speed of the machine is the
first-order running speed, twice the
rotational speed is the second-order
running speed, and so on). Because
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certain types of faults typically occur
at certain frequencies, the ability to
identify the frequency at which the vi-
bration occurs can provide a good indi-
cator of the type of fault at hand.
Phase. Phase is the state of the sinu-
soidal signal with reference to either
time or a fixed reference point. For
instance, the angular distance trav-
eled within a given time represents
the measure of phase in terms of the
angle domain. Alternatively, the time
required to arrive at a given angu-
lar position is a measure of phase in
terms of the time domain.

The phase difference is either the
time difference between two signals
arriving at a given angular postion,
or it is the angular difference between
two signals at a given time. Note that
while the phase can be expressed in
these two ways, during vibration anal-
ysis, only the angular phase difference
is used. In time-displacement curves,
the phase of velocity is /2 or 90 deg
ahead of displacement, while accelera-
tion is rt or 180 deg ahead.

In numerous methods of determin-
ing the phase relationship between
two signals, there must be a common
denominator — time. (Figure 2). One
approach is to use time-based wave-
form comparisons (that is, graphical
waveform represenations of the vibra-
tion amplitude with respect to time)
for signals generated by two displace-
ment probes mounted 90 deg apart on
the vibrating body. (Note: To measure
the phase difference, two signals are
required). In a single-signal channel
probe, the reference pulse may be gen-
erated with a strobe light, infrared or
photo tacho-pulse system.

Multi-channel measurement

Expanding on the earlier definition,
cross-channel phase measurement
(using two sensor probes mounted
on the upper half of the body, 90 deg
apart) simplifies and expedites the
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CASE 2. Bad antifriction thrust bearing
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FIGURE 4. These plots of vibration signature and time-wave-form distribution were produced as a result of a bad anti-friction
bearing. The raised spectrum floor spread (from low order to very high order of operating harmonics) suggested a damaged bear-
ing, helping the operators to locate a broken bearing cage

acquisition of phase data. Of all cross-
channel measurements, cross-channel
phase is the most sensitive vibration
parameter because errors in mount-
ing positions for the sensors can lead
to erroneous conclusions.

Some multi-channel Fast Fourier
Transformatiom (FFT) analyzers re-
quire a specific input channel (FFT
analysis is a mathematical operation
that extracts the frequency informa-
tion from a time-domain signal and
transforms it to the frequency do-
main). This allows one sensor to be
configured as a reference input during
phase-difference checking.

If the channel is set up incorrectly,
cable changes will be required. One
way to sidestep this problem is to
take the orientation into account and
add 180 deg. Other multi-channel
FFT analyzers provide the ability to
determine which input signal can be
the reference without changing
cable connections. Listed next are
some basic considerations that must
be taken into account when acquiring
multi-channel phase data:

e An accelerometer is the only true
phase transducer

e The multi-channel FFT analyzers
have no internal phase shift be-
tween channels

¢ Depending on the type of fault, a
machine’s structure will either be
moving as one unit (in phase) or not
as one unit (out of phase)

Vibration excitation

For vibration excitation to happen,
two types of forces — namely the ex-
citing forces and the restraining forces
— are at work. In general:

Exciting force = Stiffness force + Damp-
ing force + Inertial force

This can be expressed as:

F@)=Kx ) + Co(t) + ma(t)

or

F(t) = Kx (¢) + C-dx/dt (t) + m-d2 x/dt2(¢)

)

where:
F(t) = a measure of the exciting force

K =stiffness constant (depends upon
physical and dimensional proper-
ties of component)

C =dampening force per unit velocity
(depends upon dampening system
engaged)

m= Mass of the component subjected
to the exciting force

All the forces are expressed as a func-

tion of time. (The equations shown

are for illustrative purposes, so show-
ing specific units here is not relevant.

During the actual calculations, units

are required.)

The static deflection is controlled by
the stiffness force alone. At a low-speed
frequency range, the response (that
is, the vibration) is dominated by the
spring force and is in phase with the
excitation force.

As frequency increases, the inertial
force of the mass has an increasing in-
fluence [because by definition, force =
(mass)(acceleration)]. At a particular
frequency (called the undampened
natural frequency,) the mass and
spring terms cancel each other out. The
system is easily excited into motion
and the response is controlled only by
the dampening.

At the natural frequency, the re-
sponse lags the excitation by 90 deg.
At frequencies greater than the natu-
ral frequency, the mass term exerts
increasing control and the system be-
gins to behave as a moving mass; in
these situations, the response lags the
excitation by 180 deg.

The general rule of thumb is that for
any rotating mass, the stiffness of the
system (imparted by physical prop-
erties of material and dimensional
geometry) counters the frequency of
vibration, and the amplitude of any
vibration that does occur is controlled
by any dampening device in the sys-
tem (such as the dampening provided
by the foundation and any supports).
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Direction of measurement
To be of greatest utility, vibration data
must be collected at the right place,
under the right conditions, using the
right procedure. For relatively large
(Class IV and above) machines, on-
line vibration data are typically col-
lected using an integrated monitoring
and display system that captures ra-
dial displacement data using sensor
probes mounted close to the rotating
body through the support housing.

For smaller units, vibration data are
typically collected off line at a preset
frequency using portable vibration-
monitoring devices. Care must be
taken during the manual collection of
vibration data to reduce the chance of
error and ensure the most comprehen-
sive data set.

The three directions of vibration
amplitude to be monitored are defined
here (and discussed further below):

e Axial — Parallel to the machine’s
axis of rotation (x-axis)

e Vertical or longitudinal — Perpen-
dicular to the machine’s axis rota-
tion (y-axis)

e Lateral or horizontal — Perpendicu-
lar to the axial direction at the same
plane (z-axis)

The following points should be strictly

observed when measuring vibration

using handheld sensors:

e Vibration data for rotating machines
should be collected as close to the
bearings as possible

¢ Readings should be taken at precisely
the same spot every time to ensure
consistent data for comparison over
time. Operators should mark these
spots with permanent marker or cre-
ate a shallow conical hole (45-deg
counter shank) with a drill point

e The sensor angle should always be
perpendicular to the surface (that is,
90 deg +10 deg)

e The hand pressure should be even
and consistent (not too loose or too
firm, as that would dampen the vi-
bration signal)



CASE 3. Resonance

Details: ¢ Horizontal rotary screw pump, having RPM 2,980, with rigid coupling
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FIGURE 5. This case shows vibration results from resonance in a rotating
equipment system. The phase difference between the horizontal and vertical
components at the same bearing is close to zero. As seen in the photo, the
hole in the coupling hub bolt became oblong-shaped due to persistent vibra-
tion damage. The time waveform for the axial direction shows periodic spac-
ing with two humps at each peak. This situation can be addressed by modify-

ing the piping and support systems

e Magnetic mounts can help to ensure
measurement consistency from epi-
sode to episode, while stud-mounted
are even better, and permanently
mounted sensors are the best for
consistency in data collection

If possible, it is best to avoid collecting

vibration data from these sources:

e Painted surfaces

e Unloaded zones (that is, any part
that is separated from the vibrating
part by an isolator such as a flexible
bellows joint)

e Housing splits (that is, the joint area
of a component’s split bearing case)

e Structural gaps

Directional significance

Lateral or horizontal. Measure-
ments in this direction typically show
the most vibration due to the machine
being most flexible in the horizontal
plane. Excessive horizontal vibration
is often an indicator of imbalance.
Vertical or longitudinal. Mea-
surements typically show less vibra-
tion in the vertical direction than in
the horizontal direction because of
stiffness created by the mounting
and the force of gravity under
ideal conditions.

Axial or parallel to the axis of rota-
tion. Measurements in this direction
should show very little vibration, as
most forces in dynamic machinery are
generated perpendicular to the shaft.
However, misalignment and bent shaft
problems can create vibration along
the z-axis. Note that equipment that
is vertically mounted or over-hung
may show different responses.

For best results, the measurements
should be gathered when the machine
is operating under normal conditions,
has reached its normal steady oper-
ating temperature, and is running
under its normal rated conditions for
flow, pressure, voltage and load.

Analyzing the results

Several different analytical techniques
are described here.
Amplitude-based analysis. Such an
approach provides a good, first-hand
indication of vibration severity levels
and provides a useful diagnostic pro-
file. Amplitude data are typically col-
lected using either offline accelerom-
eters or online displacement probes.
Signature analysis. Using this ap-
proach, time-based signals are trans-
formed to a frequency-based spec-
trum via FFT. The resulting plot of
frequency versus amplitude indicates
the dominant sources of major excit-
ing forces.

Waveform analysis. This time-based
distribution profile of vibration ampli-
tude is mainly used for severity assess-
ment and identification of probable
fault locations. The data are typically
plotted as time versus amplitude.
Phase analysis. This validation pro-
cess helps to pinpoint probable fault
locations that are identified by signa-
ture and waveform analysis. A dual-
channel sensor or a reference signal
for a single channel is used to capture
the phase shift between two reference
locations vibrating under the influ-
ence of the same excitation sources.
Coast-down testing. This confirma-
tion test can help to identify the source
of a fault between the driver and the
driven equipment, and will indicate
the presence of a low-frequency reso-
nance zone.

Bump test. This test is used for iden-
tification of resonant vibration and
pinpoint its source.

Bode plot. This is a run-away test
with combined measurement of am-
plitude and phase to confirm the pres-
ence of resonance and its frequency
zone. It produces plots of speed versus
phase and speed versus amplitude.
Orbit analysis. This is a useful di-
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agnostic analysis for machines with
forced-feed, lubricated, hydrodynamic
bearings, where the nature of the
dominant excitation source can be
inferred from the profile of journal-
bearing loading. The important diag-
nostic parameter is the shape of the
orbit plot, not the amplitude. Data
are collected by two sensors mounted
90 deg apart on the bearing in radial
locations. A two-dimensional plot (x-
and y-axes) of data is produced. On
this plot, a circular orbit distribu-
tion over a larger diameter indicates
imbalance. An oval-shaped distribu-
tion of the plot may be due to reso-
nance, while a “figure-eight” distribu-
tion of the plot is often an indication
of misalignment.
Current-signature analysis. Using
this technique, an online spectrum
analysis is created by capturing a
motor’s current and voltage signals
and analyzing them to detect various
faults. The graphical plot shows the
distribution of electromagnetic flux
magnitude versus time.

Figures 3 through 9 show useful vi-
bration analyses for several different
case-history scenarios.

Electrical-signature analysis
Experts are always looking for new
methods for identifying and predicting
equipment failures. Analysis of electri-
cal signals (also called current-signa-
ture analysis) is a relatively new tech-
nique that extracts information from
the line current that is supplied to the
motor. It entails capturing a motor’s
current and voltage signals and ana-
lyzing them to detect various faults
in induction motors, and can provide
insight into both the electrical and me-
chanical health of the components.
Just like a vibration signal, electri-
cal power supply (alternating current)
is not a pure sine wave. Many fluctua-
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FIGURE 6. This graphical plot of vibration amplitude profile and phase change during resonance shows the special diagnostic
features for a high-speed compressor with hydrodynamic bearings. The measurement during this runaway test shows the phase
of vibration signal changes close to 180 deg with a rise in vibration amplitude at the first critical speed (4,922 RPM)

tions of different harmonics appear in
both voltage and current signals. By
performing FFT analysis, frequency
information from a time-domain signal
can be extracted, transforming it to a
frequency-domain signal or current
spectrum (that is, a graph of the am-
plitude of a signal at a given frequency
domain). In the frequency domain, the
height of the peak represents the am-
plitude of the signal.

All electrical and mechanical faults
change the flux distribution inside the
motor and thus generate harmonics in
the current. Analysis of the frequency
spectrum enables the user to see all
the harmonic components of voltage
and current. Superimposing the cur-
rent and voltage spectra enables us to
distinguish between the supply har-
monics and the fault harmonics. The
harmonics generated by each fault will
produce a different, distinctive signa-
ture that can be evaluated. Studying
the distribution of these fault harmon-
ics then allows the operator to better
identify the fault.

To capture voltage and current sig-
nature, clamp-on probes are placed
around the supply cable for low-ten-
sion (LT; also called low-voltage) mo-
tors (below 440-V supply), and around
the measuring or protection current-
transformer secondary coil. LT me-
ters and the lead for the motor-protec-
tion relay can be directly connected to
the supply cables, whereas for high-
tension (HT) motors (also called high-
voltage motors; above 440-V supply),
this cannot be done. In such cases, a
step-down transformer must be used,
which then becomes the input for vari-
ous meters and protection systems.
The meters are calibrated in accor-
dance with the transformer primary or
secondary coil-turn ratio so as to dis-

play the actual supply current voltage
for the HT motors. All testing is done
at the motor- control panel so there is
no need to approach the motor.
Electrical-signature analysis, espe-
cially when used in conjunction with
vibration analysis, allows the user
to identify electrical and mechanical
disorders, such as rotor-bar damage,
misalignment or imbalance, static and
dynamic eccentricity, bearing faults,
foundation looseness, air-gap eccen-
tricity, stator mechanical and electri-
cal faults, and more. The following are
some advantages of this technique:

e It can be conducted online, so no
downtime is required

e Monitoring can be carried out re-
motely, so there is no need to ap-
proach the motor

e [t provides accurate detection of
electrical and mechanical problems

To carry out current-signature analy-

ses, these parameters must be known:

e Electrical line/supply frequency (f),
Hz

¢ 50 Hz = 3,000 RPM

e Number of electromagnetic poles
(motor-P)

e Rotor-bar pass frequency (fb) =
Number of rotor bars times rotor
RPM

e Synchronous speed (Ns) = 2f

e Slip frequency (S) = Synchronous
speed minus rotor RPM

e Pole pass frequency, (fp) = Slip fre-
quency times number of poles

Signature interpretation
Discussed below are some rules of
thumb for reading and interpret-
ing the current-signature spectrum
(a graph of amplitude versus fre-
quency) to identify faults in the elec-
trical motor.

Rotor bar and end-ring faults.
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Every individual rotor bar can be con-
sidered to form a short-pitched, single-
turn, single-phase winding. The air-
gap field produced by a slip-frequency
current flowing in a rotor bar will have
both a fundamental component rotat-
ing at a slip speed in the forward di-
rection with respect to rotor, and one
of equal magnitude that rotates at the
same speed in the backward direction.
With symmetrical rotors, the resul-
tant sum of the backward component
becomes zero. For a broken bar rotor,
however, the resultant component sum
will be non-zero.

The field, which rotates at slip fre-
quency backward with respect to the
rotor, will induce an electromagnetic
field (EMF) on the stator side that
modulates the main frequency compo-
nent at twice the slip frequency. The
side-band components around the fun-
damental of the line current spectrum
are usually measured, indicating bro-
ken bar faults.

Rotor bars and end-ring failures
give rise to a sequence of side bands
given by:

* /b = (1+2s)f, where f = supply fre-
quency

e S =slip

e Frequency-domain analysis of the
stator current

Motor-current slip ratio:

® 20 log (A/B)

where:

A = Slip frequency amplitude

B = Line frequency amplitude (or fun-

damental frequency of rotation)

e Ratio > 45 db: No fault exists

e 40<Ratio<45 db: Fault is developing

e Ratio<40 db: Fault exists

Bearing faults. Anti-friction bearings

have a set of unique defect frequencies

that can be utilized to evaluate the

health of a bearing. These signature
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FIGURE 8. In this analysis of the frequency-amplitude distri-
bution of current signal for an electrical motor, the side band
at 2 times line frequency and random band at high-frequency
indicate nominal unsymmetrical flux distribution and eddy flux
flow. The vibration-analysis expert system forecasts the quan-
tum of current imbalance is only 7% and the amplitude of the
current signature is relatively low (that is, less severe)

protection system disconnects the

supply
e Single phasing (a power-supply

fault, resulting in no supply to any
of the stator-winding phases). Very
low power-rated motors (those
below 5 kW) may continue to op-
erate but can experience damage
to the winding. The motor will
not rotate and will generate a hum-
ming noise
Depending upon the nature of the
stator faults, harmonics as side
bands of 2 times line frequency will
appear. These are related to the de-
gree of stator flux unbalance, the
number of stator slots, and the sup-
ply frequency. Normally due to the
structure of the stator winding in
the current domain, the side bands
will appear as odd-numbered har-
monics (1, 3, 5, 7 and so on).

Overall, current-signature analysis
is a useful tool to identify vibration
sources in the electrical motor system
because it identifies these conditions:
¢ Rotor faults
e Side bands around the line-fre-

quency spectrum, with their mag-

nitude indicating the severity of the
fault

e Motor problems (for instance, indi-
cated by an increase in core losses
and load current, and a decrease in
efficiency and speed)

e Bearing faults, eccentricity faults
and stator faults

However, users should keep these

points in mind when considering using

this technique:

e Knowledge of the bearings is re-

severity zone

quired for detection of bearing

faults
e This technique can be applied for
rolling-element bearings only
The magnitude of fault frequencies
is relatively small compared to the
rest of the current spectrum, but
the appearance of any unusual sig-
nature in the current spectrum in-
dicates the presence of a fault. The
previous signature is needed for
comparison to identify the source of
the fault
The current spectra has to be in-
terpreted in two distinct frequency
bands (one in the range of f1 + fr,
and the other in the region of static
and dynamic eccentricity frequency
components). This also requires pre-
vious signature for comparison
The stator faults generate amplitude
peaks at a specific frequency range
appearing in the current spectrum
When there are multiple types of
faults, the amplitude of each appears
in a complex current signature and
varies differently with increasing
fault severity. This also requires the
previous signature for comparison

Two tables provided online

Interpretingvibrationdatatopinpoint
the source of its origin is challenging.
This article provides two comprehen-
sive tables to help readers carry out
more detailed analysis.* Table 1 de-
scribes key relationships to help the
user correlate measurable vibration
parameters with common machin-
ery defects. The table describes the
vibration amplitude distribution in
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FIGURE 9. This rotor-bar analysis created by a vibration-anal-
ysis expert system indicates the presence of high resistance
joints in winding. It recommends further trend monitoring for
possible degradation progressing in the winding joints. The
amplitude at the frequency of the number of rotor poles times
slip frequency is marginal, hence it is considered to be a low-

the holizontal, axial and vertical di-
rections, and the dominant frequency,
side-band frequency profile that each
exciting source can generate in a ro-
tating machinery system.

Table 2 provides analytical tips for
developing and analyzing signature
maps  (amplitude-versus-frequency
graphs), waveform (amplitude-ver-
sis-time graphs) and phase-angle
shift of vibration measured in three
directions for different types of excita-
tion sources. |
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SAFETY-INSTRUMENTED SYSTEMS:

The scenarios presented here
highlight the advantages and disadvantages
of using a control valve in an SIS

Afton Coleman
Emerson Process Management

istory is a constant reminder
that accidents and catastrophic
events can and do occur in pro-
cess environments. As processes
become more complex (for instance,
allowing for greater operating tem-
peratures and pressures to be used)
and existing basic process control sys-
tems (BPCS) and safety systems age,
risk reduction becomes more chal-
lenging. Regulations from the U.S. Oc-
cupational Safety and Health Admin.
(OSHA; Washington, D.C.) and the En-
vironmental Protection Agency (EPA)
and international regulatory bodies
have been put in place to help prevent
and mitigate damage and injury.
Notable international standards ad-
dressing process safety include IEC
61511 and ISA 84.01. These standards
cover the design and management re-
quirements for a safety-instrumented
system (SIS) from cradle to grave.
An SIS contains one or more safety-
instrumented functions (SIF), such as
logic solvers, sensors and final control
elements that act independently and
separately from the basic process con-
trol system. These SIFs are selected
for a given safety configuration to ad-
dress site-specific hazards or events.
During system design, all constitu-
ents of the SIS must be addressed,
especially the final control element,
which consists of the valve and ac-
tuator, and any instrument and other
accessories that can affect the valve’s
movement. Data have shown that the

final control element can be respon-
sible for 50% or more of SIS failures.
Any component of the final control el-
ement that can affect the safety func-
tion must be considered in the safety
analysis. This includes the valve and
actuator and other components (such
as the positioner, solenoids and volume
boosters) that can affect the valve’s
ability to return to its safe state.
Since the final control element is
often the weakest link of an SIS, the
proper valve and actuator must be
selected to improve reliability and
availability and to minimize risk. In
certain circumstances, the use of a
control valve can provide the optimal
solution to this problem. There is no
specific industry requirement that de-
fines which valve design can be used
in an SIS, so control valves do not
need to be limited to the realm of the
BPCS. With careful consideration, a
control valve can also be used as ei-
ther a final control element or as a re-
dundant element within an SIS. When
designing an SIS, the use of a control
valve can be considered in three po-
tential configurations, each of which
is discussed:
1.Single control valve used only for
on-off safety
2.Single control valve used for both
safety and control
3.Control valve used as a redundant
final control element
Each configuration has its advantages
and limitations, and, as with any SIS
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DCS throttling

Basic process
control system (BPCS)

PLC on/off safety

Safety program-
mable logic
controller (PLC)

Actuator

Digital valve
controller

Actuator, valve and accessories
make the final control element

FIGURE 1. This figure shows a control
valve being used solely for on-off safety.
The digital valve controller is connected
only to the safety PLC, which is monitor-
ing the process for dangerous condi-
tions and will command the final control
element to act in a safety demand

design, a thorough hazard analysis
and complete knowledge of the pro-
cess and its safety requirements are
required to guide the selection of ap-
propriate hardware.

Configuration 1: Control valve
used only for on-off safety. In this
scenario, shown in Figure 1, a single
control valve acts as the safety valve.
A digital valve controller (DVC) in-
structs the valve to travel to its safe
state upon signal from the safety logic
solver (SLS), depicted as a safety PLC.
This device is also capable of perform-
ing partial stroke testing and perform-
ing valve diagnostics. In fact, some
digital valve controllers available can
monitor the health of the external so-
lenoid valve. A solenoid valve (not pic-
tured) could be used as a redundant
element or in place of the digital valve
controller, however using a digital
valve controller to perform the safety
function has increased in prevalence
due to its diagnostic capabilities and
ability to log events and testing.

The control valve should be chosen
for its suitability in the process media
(considering capacity, shutoff, proper
material selection and so on), and reli-
ability. Reliability can be determined
as a function of proven-in-use data
(such as that compiled by the manu-
facturer, by a third party, or from
documented user experience data), or
failure-rate values (lambda), which
are based on FMEDA studies, and are
commonly available in third-party cer-



DCS throttling

Basic process
control system (BPCS)

Actuator

Control valve

PLC on/off safety

Safety PLC

Solenoid valve
(connected to safety PLC)

Digital valve controller
(connected to PBCS)

DCS throttling

BPCS

Control
valve

Final control element

FIGURE 2. In this configuration, a control valve is used in
both the BPCS and SIS. The smart digital valve controller
is connected to the BPCS (DCS throttling), which allows
for typical non-safety use. Meanwhile, the safety PLC is
actively monitoring conditions so in the case of a safety
demand, it will command the solenoid valve to act and
override the BPCS to take the valve to its safe state

tificates or generically available. This
failure rate information can be used
to calculate the probability of failure
upon demand (PFD), which can be cor-
related to a safety integrity level (SIL).
The use of a control valve as a safety
valve provides economic efficiencies,
too, by increasing the number of com-
mon parts that are maintained in in-
ventory, assuming that the SIS final
control element is the same product as
the one used in the BPCS.
Configuration 2: Single control
valve shared for safety and con-
trol. This particular application of a
final control element should be consid-
ered with great care. IEC 61511 sets
strict guidelines and advises that the
user should, whenever possible, keep
the SIS independent and separate
from the BPCS. Figure 2 shows the
final control element with digital valve
controller that is designed as part of
a BPCS throttling control. The valve
also has a solenoid that the safety
logic solver commands to perform its
safety function upon demand.

The advantage of this configura-
tion is that the final control element
is essentially self-testing. As the valve
is expected to throttle to perform its
BPCS function, the end user can be
confident that the valve is able to
move when commanded. Another ad-
vantage is the resulting cost savings
that come from having only one valve
perform both BPCS and SIS functions,
as well as the benefit from having com-

Redundant final control element

mon parts with other BPCS valves in
the facility.

However, the limitation associated
with applying a control valve in this
fashion is that the valve working for
the BPCS cannot cause the safety
event that the valve is expected to ad-
dress in the SIS. In other words, the
final control element cannot be the
cause of the problem it is expected to
mitigate — rather, it can only be used
for a safety function that is completely
independent of its purpose as a control
valve with the BPCS. For this reason,
this type of application is technically
a less-viable option, and should only
be utilized with a complete and thor-
oughly considered up-front analysis
(including process suitability, HAZOP
and safety-lifecycle analysis) that en-
sures that this potential conflict be-
tween BPCS and SIS will not exist.
Configuration 3: Control valve
used as a redundant element. A
control valve can also be used as a
redundant element to an emergency
shutdown valve. Figure 3 shows the
control valve connected in a similar
way to what described in Configura-
tion 2. The digital valve controller pro-
vides throttling control, and the sole-
noid valve waits for a signal from the
safety logic solver to perform the final
control element’s safety function.

Figure 3 also shows a second valve
in series. Both valves will perform the
safety function upon a safety demand,
however, in the case that one experi-

Actuator

PLC on/off safety

Safety PLC

Digital valve
controller
(connected to
Solenoid valve safety PLC)
(connected to
safety PLC)

On/off
actuator

Emergency-
shutdown
valve

Digital valve controller (connected to BPCS)

FIGURE 3. The primary emergency shutdown valve is
pictured on the right, with the digital valve controller re-
sponding to signals from the safety PLC. The redundant
final control element is shown on the left, which is pictured
as dual use, with the digital valve controller positioning

to the BPCS (DCS throttling), and the solenoid valve con-
nected to the safety PLC

ences an issue and cannot perform the
safety function, having a redundant
valve improves the likelihood that the
process will be shutdown safely. Two
final control elements in a redundant
configuration can also be solely used
to perform the SIF and not be dual use
(this is not pictured).

The scenario shown in Figure 3
will be a fail-closed valve. For a fail-
open configuration, the redundant
elements should be in parallel, both
valves would be designed to be nor-
mally closed, and both final control
elements would be connected to the
safety logic solver ready to respond to
a safety demand.

The advantage of using a control
valve as a redundant safety element is
that redundancy, when implemented
correctly, improves diagnostic cover-
age and can improve the SIL rating.
The primary drawback of this type of
design is the cost of purchasing and
maintaining multiple final control
elements, as well as increased risk of
spurious trips. |
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FIGURE 2. The wall yield locus, plot-
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binders binders
Alkali silicates Asphalt
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Plaster of Paris Starches
Dolomite Lignosulfonates
Sodium borate (lignin)
Fuller’s Earth Sucrose

between the powder and the hopper
wall material. Wall friction is mea-
sured by a method described in ASTM
D-6128 [1]. Various normal loads are
applied to a sample of powder, which
is forced to slide along a coupon of wall
material. The resulting shear force is
measured as a function of the applied
normal force, and a wall yield locus
is constructed by plotting shear force
against normal force. The angle of wall
friction at a particular pressure (¢') is
the angle that is formed when a line is
drawn from the origin to a point on the
wall yield locus. A wall yield locus for
a sample of fine potash powder on 304,
No.-2B finish stainless steel is given
in Figure 2.

Design charts originally developed
by Jenike [2] provide allowable hopper
angles for mass flow, given values of the
wall friction angle. An example chart
for conical hoppers is shown in Figure
3. Values of the allowable hopper angle

FIGURE 3. In design charts, such as
this one for conical hoppers, any com-
bination of wall friction angle (¢') and al-
lowable hopper angle (6C) that lie within
the mass flow region of the chart will
provide mass flow
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FIGURE 4. The relationship between
cohesive strength and pressure is called
the flow function, and is shown here for
fine potash powder

(0C; measured from vertical) are on
the horizontal axis, and values of the
wall friction angle (¢") are on the verti-
cal axis. Any combinations of ¢' and 6C
that lie within the mass flow region of
the chart will provide mass flow.

Designing right to the limit of the
mass flow region is not recommended
for conical bins. If the combination of
wall friction angle and hopper angle
lies too close to the funnel-flow line, a
switch to funnel flow can occur. Hence,
a 4-5 deg margin of safety is employed
with respect to the mass flow bound-
ary. For the potash powder whose wall
friction properties are described by
Figure 2, a conical hopper with walls
sloped 12 deg from vertical is recom-
mended to ensure mass flow.

Flow stoppages will be prevented if
the stresses imparted on an obstruction
to flow (such as a cohesive arch or stable
rathole) are greater than the cohesive
strength that the material gains due to

CHEMICAL ENGINEERING  WWW.CHE.COM JANUARY 2011

its consolidation in a hopper, bin or silo.
The cohesive strength of a bulk solid
can be determined using the method
described in ASTM D-6128 [I] where
a direct shear tester is used to mea-
sure the shear strength of a material
under varying consolidation pressures.
The relationship between strength and
pressure is called the flow function. The
flow function for a sample of fine potash
powder is shown in Figure 4.

The stresses imparted on an arch
of powder that forms at the vessel
outlet are proportional to the mate-
rial’s bulk density. Once a material’s
flow function has been determined
and its bulk density has been mea-
sured, the minimum outlet diameter
that will prevent a cohesive arch
from developing can be calculated
using an analysis developed by Je-
nike [2]. For the powder whose flow
function is given in Figure 4, the
analysis shows that a conical mass-
flow hopper requires a 6-in. dia. out-
let to prevent arching. Note that this
outlet diameter will prevent arching
but does not ensure that the desired
discharge rates can be achieved. Fine
powder flowrates are limited because
of high permeability, as discussed in
Johanson [3].

Wet agglomeration processes
Wet agglomeration processes combine
powder, liquid (usually water) and, if
necessary, a binder, imparting shear
to form agglomerates. Also known as
tumble-growth agglomeration, wet ag-
glomeration processes (Figures 5 and
6) include rotating drums, disc or pan
agglomerators, pin and ribbon mixers,
and fluidized beds.

In general, particle size enlarge-
ment by wet agglomeration occurs
in three stages. The first is a mixing
stage where powder, liquid and binder
are combined. Next, moist particles
are joined together to form so-called
green agglomerates. Drying or cur-
ing takes place in a final stage. The
wet agglomerates are formed by first
forming nuclei that then grow into
larger aggregates by layering or co-
alescence. In some cases, nucleation
and aggregate growth take place in
two separate pieces of equipment that
are operated in series.

Nucleation gives rise to seed par-
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FIGURES 8. Agglomeration reduces the cohesive strength (left) of potash, reduces its wall friction (center) on 304, No.-2B finish
stainless steel and also increases its bulk density (right)

instances, a material to be agglomer-
ated has natural binding properties
that are simply activated by the addi-
tion of moisture.

As a general rule, flowability im-
proves with increasing particle size.
Cohesive strength usually increases
with decreasing particle size due to
greater specific surface-area and a
greater number of contacts between
particles. There are many exceptions
to the rule; for instance, sub-micron
particles are often added to powders
as parting agents to increase the dis-
tance between individual particles and
reduce the magnitude of interparticle
forces. Fortunately, shear cell test-
ing is straightforward, and cohesive-
strength and wall-friction tests can
be quickly conducted to confirm the
potential benefits of particle size en-
largement on a material’s flowability.

As an example of improved flowabil-
ity that can result from agglomera-
tion, potash was agglomerated on a
continuous basis by adding fine pow-
der, water and a dry organic binder to
a pin mixer, followed by a disc agglom-
erator, and finally a direct fired rotary
dryer. The resulting pellets were then
screened to separate the desired pel-
lets (Figure 1) from the undersize and
oversize fractions. The green agglom-
erates contained 8-14% moisture and
1.5-3.5% binder.

The cohesive strength, wall friction
and bulk densities of the fine potash
powder and agglomerates of potash
are compared in Figure 8. Note that
agglomeration reduces the cohesive
strength of potash, reduces its wall
friction on 314, No.-2B finish stain-

less steel, and increases its bulk den-
sity. Powders with lower strength, less
friction, and higher bulk density flow
more readily.

While a 6-in. dia. outlet is recom-
mended to prevent the fine powder
from arching in a conical hopper,
the shear cell tests and subsequent
analysis reveal that cohesive arching
will not occur in a hopper, bin, or silo
that handles the agglomerated prod-
uct. Instead, the outlet size of a vessel
that handles the agglomerates should
be selected by consideration of par-
ticle interlocking or desired discharge
rates. In addition, the agglomerated
material requires significantly less-
steep walls to allow mass flow. If a con-
ical hopper, bin, or silo with a 6-in. dia.
outlet is fabricated or lined with 304,
No.-2B finish stainless steel, walls
sloped 25-deg from vertical are recom-
mended to ensure mass flow (versus
12-deg if the material is handled in a
fine powder form).

Final remarks

Flowability of fine powders is often im-
proved by agglomeration. Agglomera-
tion results in powder with a higher
bulk density and often reduces its co-
hesive strength and wall friction.

A key to producing quality agglom-
erates in a wet process is to ensure
that the proper ratio of powder, mois-
ture and binder is used. If insufficient
liquid is added, layering is difficult,
and excess dust in the product is pro-
duced. If liquid content is too high it
will yield agglomerates with poor in-
tegrity, as the bonds between individ-
ual particles will be weak.
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In a continuous wet-agglomeration
process, the hopper that feeds the
equipment should also be designed
for mass flow to ensure its reliable op-
eration since the performance of most
agglomeration systems is strongly
influenced by feedrate of the powder
and any binder used. In mass flow, the
bulk density of the powder is indepen-
dent of the level of powder inside the
hopper, flowrates are steady (assum-
ing that the outlet is large enough to
prevent flowrate limitations that re-
sult from counterflow of air), and rat-
holes cannot form. The proper ratio of
powder, moisture and binder is easier
to maintain if systems designed for
mass flow are used, which allow ag-
glomerates with the greatest integrity
to be produced. |
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Plant Safety
Management

Three critical junctures
and seven critical steps
for plant safety are outlined

Nasim Hassan
HSN Associates of Delaware

Ithough plant safety should

be a top priority every day,

there are certain times when

extra vigilance is needed to
make sure that safety practices are
being maintained. This article out-
lines three periods deemed to be “criti-
cal” for plant safety and specific items
to pay attention to in these periods.

Three critical periods

The following three phases in a pro-
duction plant’s life are potentially crit-
ical in regards to safety practices:
Transition. The first period deemed
to be critical is the transition phase
when a company acquires a production
plant, petroleum refinery or any other
manufacturing facility. During this pe-
riod many experienced people leave the
company while new management is
learning the details of plant operations.
Restructuring. The second period is
a phase of restructuring, when due to
slow economic conditions the demand
for a product has slowed down. The
company needs to save operating and
maintenance costs. During this period
some sections or the whole plant may
be shut down.

Routine. A third period that comes to
mind is when the plant operation be-
comes routine and inexperienced peo-
ple are allowed to take over and run the
facility. The experienced staff relaxes
and becomes less vigilant in reviewing
plant safety on a regular basis.

Seven essential elements
During the periods mentioned above,
it is particularly important for manag-
ers to include the following elements
in their management of plant safety.
1. Review of technology. Whenever
a plant is acquired, a thorough review
of the acquired technologies must be
made. Typically, companies feel con-
fident in acquiring facilities when
they are operating similar plants or
manufacturing similar products. For
example, a petroleum refining com-
pany taking over another refinery
has good knowledge of refinery opera-
tions. However there are several dif-
ferent process technologies available
for the same operations or reactions.
For example, there are many different
alkylation processes in operation to
produce motor and aviation fuels.
Similarly in petrochemical produc-
tion, such as for vinyl chloride, there
are many routes for the same reactions
and intermediate products. Some tech-
nologies employ fixed beds for oxychlo-
rination while others use fluidized bed
reactors. A review of process technolo-
gies will reveal the differences in the
technology and operating procedures.
Once the differences have been identi-
fied, then all plant operators must be
trained in all new technologies.
2. Plant operating procedures. Ex-
perience shows that the same plant
can be started in a number of ways.
All companies develop operating pro-
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cedures to start up and shut down a
plant. New procedures are certainly
needed when the unit operations are
different in plants where a different
technology is employed. I have seen
a wide variety of processes for eth-
ylene, polyesters, vinyl chloride and
polyvinyl chloride (PVC). There are
similar examples of various processes
in petroleum refining. The operating
procedures also differ depending on
the complexity of the plant. Operat-
ing procedures should be updated on
a regular basis.

3. Review of safety interlock and
shutdown systems and procedures.
The safety interlocks and shutdown
systems are developed after compre-
hensive hazards and operability stud-
ies. Many are introduced after actual
plant experience. These interlock sys-
tems must be reviewed and upgraded
if required.

All major companies control and
operate their plants based on their
in-house development. A thorough
review will certainly improve the ex-
isting systems due to the combination
of expertise from merged or acquired
companies. I have seen many times
that safety interlocks are bypassed
because new plant operators did not
understand the rationale behind the
safety interlocks.

4. Review of corrosion control sys-
tems. Control of corrosion in plant
equipment is intricately linked with



PLANT SAFETY RECOMMENDATIONS
While plant safety should always be given top priority, safety audits are particularly

recommended during the fransition phases of mergers and acquisitions. Safety

audits also become important when experienced engineering staff is reduced
due to restructuring or retirement. In fact, experienced engineers should conduct training
programs for plant operators and engineers before they retire. This small investment will
help reduce potential operating problems and industrial accidents. Q

plant safety. There are many kinds of
corrosion protection systems employed
in chemical and petrochemical indus-
tries. These systems are developed
after years of plant experience. This
is an area that is often ignored when
chemical plants or petroleum refiner-
ies are sold to new owners.

I have seen plants with near-perfect
safety records lose that record within
months of acquisition by new own-
ers. Looking deeply into the reasons, I
found that plant engineers and opera-
tors did not understand the function of
various corrosion protection systems.
In a vinyl chloride plant, for example,
the overhead condenser for an ethyl-
ene dichloride distillation column was
protected by the circulation of dilute
caustic solution. After a new owner
took over the facility, the circulation
of caustic was stopped because the in-
experienced engineers did not under-
stand its role in preventing corrosion
in the condenser and overhead piping.
5. Training of plant engineers and
operators. This area also gets side-
lined, particularly in old facilities. Ex-
perienced engineers take it for granted
that young engineers will learn with
hands-on experience. They can cer-
tainly learn the plant operation, but
may not understand why the system
was designed in a certain way.

There should be an ongoing training
program for new engineers and even
experienced engineers if new tech-
nology is introduced in a plant. The
review of various reactions and side
reactions, optimum operating condi-
tions, limits and safety precautions
should be essential for every person.
In older facilities, there is a wealth
of information available but only ex-
perienced people know how to access
it. Training materials should be easily
accessible to all new operators.

6. Review of past incidents and in-
vestigative reports. My experience

shows that the same problems occur
over and over again in the same fa-
cility. People are alert for a few years
after an accident. Then safety reports
get filed away and forgotten. A new
company taking over old facilities is
busy with big ticket items. Plant safety
records and reports are reviewed at a
much later stage.

I recommend a thorough review of a
plant’s past safety history, followed by
a plant safety audit that looks at the
particular areas where past accidents
have occurred.

7. Implementation of EPA (U.S.
Environmental Protection Agency)
and OSHA (U.S. Occupational
Safety and Health Admin.) Stan-
dards. This should be a priority in
any plant, and needs to be given top
priority during the plant shutdown
period. I have seen vent scrubber sys-
tems shut down because a plant is
not routinely sending any hazardous
vapors to the vent scrubber. However,
there may be some storage tanks or
vessels containing hazardous materi-
als. These materials are vented to the
scrubbers in overpressure conditions.
If the vent scrubbers are shut down,
then severe environmental and health
related incidents can occur. |
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debottleneck batch and continuous processes and debottleneck multi-product facilities
Tracking of equipment occupancy Tracking demand for resources Inventory tracking for raw materials,
in multi-product facilities (e.g., labor, materials, utilities, etc.) intermediates, products, and wastes

SuperPro Designer is a comprehensive process simulator that facilitates modeling, cost analysis, debottlenecking, cycle time
reduction, and environmental impact assessment of biochemical, specialty chemical, pharmaceutical (bulk & fine), food, consumer
product, mineral processing, water purification, wastewater treatment, and related processes. Its development was initiated at the
Massachusetts Institute of Technology (MIT). SuperPro is already in use at more than 400 companies and 500 universities around
the world (including 18 of the top 20 pharmaceutical companies and 9 of the top 10 biopharmaceutical companies).

SchedulePro is a versdtile finite capacity scheduling tool that generates feasible production schedules for multi-product facilities that
do not violate constraints related to the limited availability of facilities, equipment, resources and work areas. It can be used in
conjunction with SuperPro (by importing its recipes) or independently (by creating recipes directly in SchedulePro). Any industry
that manufactures multiple products by sharing production lines and resources can benefit from the use of SchedulePro. Engineering
companies use it as a modeling tool to size ufilities for batch plants, identify equipment requirements, reduce cycle times, and
debottleneck facilities.
Circle 240 on p. 58 or go to adlinks.che.com/29258-240
Visit our website to download detailed product literature
and functional evaluation versions of our tools

INTELLIGEN, INC. e 2326 Morse Avenue ® Scotch Plains, NJ 07076 e USA
Tel: (908) 654-0088 » Fax: (908) 654-3866
Email: info@intelligen.com ¢ Website: www.intelligen.com
Intelligen also has offices in Europe and representatives in countries around the world



Circle 242 on p. 58 or go to
adlinks.che.com/29258-242

Engineering e-material, e-solutions, e-courses
and e-seminars for energy conversion systems:
« Physical Properties « Steam Approximations
* Power Cycles  Power Cycle Components/Processes
« Compressible Flow
ENGINEERING SOFTWARE
Phone/FAX: (301) 540-3605
Web Site: http://www.engineering-4e.com
Visit the web site to check out free demos etc.!

Circle 243 on p. 58 or go to
adlinks.che.com/29258-243

_DISTILLATION=

Circle 241 on p. 58 or go to adlinks.che.com/29258-241

Advertise in the Classified

Interested? For more information on
classified advertising, please contact:

. ICAL
Helene Hicks NGINEERING
Emal | hthkS@Che.Com CLASSIFIED ADVERTISING THAT WORKS

Tel: 212.621.4958 o Fax: 212.621.4976

Circle 247 on p. 58 or go to
adlinks.che.com/29258-247

|_|. 1= . CRYSTALLIZATION & PRECIPITATION

NOISE CONTROL ENGINEERING ¢ Dr. Wayne J. Genck Genck International
HOUSTON, TEXAS ‘ CALGARY, AB 3 Somonauk Court, Park Forest, IL. 60466

(713) 7899400 | [403) 259-6600 Tel (708) 748-7200 Fax (708) 748-7208
g 7 genckintl@aol.com - http://www.genckintl.com

INDUSTRIAL A NMENTAL SOUND LEVEL SURVI ILATORY COMPLIANCE STUDES

NEPA + PLANT NOISE CONTOURS

U5, Ot

[E

Circle 253 on p. 58 or go to
adlinks.che.com/29258-253 * Design/Scale-up *Troubleshooting  Particle Habit

¢ Size Distribution e Purity ¢ Product Micro-Analysis
¢ Laboratory Investigations ¢ Caking ¢ Polymorphism
GE'I' cn““EcTEn Tonnv * Filtration * Drying « Kinetics Studies
444 Industrial Seminars ¢¢¢
M Circle 257 on p. 58 or go to adlinks.che.com/29258-257
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NEW & USED EQUIPMENT

EQU | PNET www.EquipNet.com/chemical :: 781.821.3482 :: Sales@EquipNet.com

Chemical Processing Equipment
from Merck

236018 - Alloy Fab 5000 Gallon 316L Stainless Steel Reactor
235923 « Wiped Film Evaporator System

235909 « Westfalia Separator

235912 « Ross 42N Double Ribbon Blender in 316L Stainless Steel
235977 « Hull Tray Dryer with SIHI Vacuum Skid

236029 - Tolan 1500 Gallon 316L Stainless Steel Reactor

WABASH SELLS & RENTS
Boilers

20,000 - 400,000 #/Hr.

Diesel & Turbine Generators
50 - 25,000 KW
Gears & Turbines
25 - 4000 HP

We stock large inventories of:

Air Pre-Heaters  Economizers ¢ Deaerators
Pumps ¢ Motors ® Fuel Oil Heating and Pump Sets
Valves ¢ Tubes ¢ Controls ¢ Compressors
Pulverizers ¢ Rental Boilers & Generators
24/7 Fast Emergency Service
800-704-2002
Phone: 847-541-5600 Fax: 847-541-1279
www.wabashpower.com

WabaSh POWER EQUIPMENT CO.

444 Carpenter Ave., Wheeling, IL 60090

FILTER PRESSES
Shriver ¢ JWI ¢ Komline e Sperry
Recessed and Plate & frame designs

PARTS SERVICE CENTER
Plates: Poly e Alum & ClI
Filter cloth and paper
Side bars ¢ Hydraulic cylinders
Avery Filter Company, Westwood, NJ
Phone: 201-666-9664 * Fax 201-666-3802

E-mail: larry@averyfilter.com
www.averyfilter.com

Water Treatment Specialists

» Clean technologies for metal recovery
and sulphate removal

» Improve rate of water recycle and re-use

» Reduce water treatment costs

www.bioteqwater.com B/O TEQ

1-800-537-3073 ENVIRONMENTAL TECHNOLOGIES INC.
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HIGH SHEAR
MIXERS

World’s Widest Selection,
Single Stage to Ultra High Shear!

© 4-200 HP batch and inline
® Free trials in your plant
© Many sizes in stock

Ross will beat any major manufacturer’s quote!

1-800-243-R0OSS n

USA Tel: 631-234-0500  Fax: 631-234-0691
www.highshearmixers.com
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Economic Indicators

PLANT WATCH

Dow to increase ethane

cracking capabilities

December 3,2010 —The Dow Chemical Co.
(Midland, Mich.; www.dow.com) plans to
increase ethane cracking capabilities on
the U.S. Gulf Coast and improve its ethane
cracking capabilities by 20-30% over the
next fwo fo three years. In addition, Dow an-
nounced it is reviewing joint venture (JV) op-
tions for building a natural gas liquids (NGL)
fractionator to secure this supply of ethane.

BASF builds production

facility for battery materials

November 16,2010 — BASF SE (Ludwig-
shafen, Germany; www.basf.com) has
commenced construction of a more than
$50-million production facility for innovative
cathode materials for lithium-ion batteries
used fo power hybrid and full-electric ve-
hicles.The facility, in Elyria, Ohio, is being built
with the help of a $24.6-million grant from
the U.S.Dept. of Energy (DOE; Washington,
D.C.; www.energy.gov) under the American
Recovery and Reinvestment Act.

Petrobras selects UOP technology

for two refineries

November 11,2010 — UOP LLC (Des Planes,
IIl.; www.uop.com), a Honeywell company,
has announced that Petroleo Brasileiro S.A.
(Petrobras) has selected UOP to provide

all of the process fechnologies for ftwo new,
maximum diesel refineries. UOP hydrocrack-
ing and hydrotfreating technologies will be
used to produce high-quality diesel fuel
from Brazilian national crude oils. Petrobras
plans fo construct a two-train, 600,000-bbl/d
facility in Maranhdo, Brazil, to be known as
Premium |, and a single-train, 300,000-bbl/d
facility in Ceard, Brazil, to be known as Pre-
mium Il. Basic engineering for the refineries is
currently under way. Commissioning of the
first frain at the Premium | facility is planned
in 2014 and the Premium Il facility in 2017.

JGC lands water-treatment project in
Saudi-Kuwait neutral zone

November 11,2010 — JGC Gulf Internation-
al, JGC Corp’s (Yokohama, Japan; www.jgc.
co.jp) subsidiary in Saudi Arabia, has been
awarded the Water Treatment Facilities -
Phase 3 (onshore) project by Khafji Joint
Operations (KJO),a JV between Aramco
Gulf Operations and Kuwait Gulf Oil Co.
JCG Gulf will perform engineering, procure-
ment, construction (EPC) and pre-commis-

sioning work for new watertreatment facili-
ties for treating 170,000 bbl/d of produced
water, new water injection facilities and
ufilities associated with KJO's crude process-
ing facilities.The project is scheduled for
completionin 2013.

Teijin to enter high-performance
polyethylene market

November 10,2010 —Teijin Ltd. (Tokyo; www.
teijin.co.jp) will enter the high-performance
polyethylene (HP-PE) market by establishing
its first production facility in Emmen, the Neth-
erlands, aiming fo start commercial produc-
tion in the second half of 2011. Teijin plans
to grow its HP-PE business quickly through
innovation and market cultivation, fargeting
a global market share of 15 fo 20% by 2015.

SNC-Lavalin-led JV wins contract on
Cobre Panama copper-mine project
November 8,2010 — Joint Venture Panama
JVP),aJVled (70%) by SNC-Lavalin (Mon-
treal, Canada; www.snclavalin.com), along
with partners GyM S.A. (a member of Grafa
y Montero Group) (15%) andTechint Interna-
tional Construction Corp. (15%). has been
awarded a contract by Minera Panama SA
(MPSA), a 100%-owned subsidiary of Inmet
Mining Corp.of Canada, to provide the en-
gineering, procurement and construction
management (EPCM) services for the devel-
opment of the Cobre Panama copper mine
project.The estimated capital cost of the
project is over $4 billion.The process through-
put af the Cobre Panama copper mine will
initially be a nominal 150,000 fon/d, increas-
ing to a nominal 225,000 ton/d from year
ten.The mine life is expected to be 30 years.

Celanese to construct industrial-use
ethanol plants in U.S.and China
November 8,2010 — Following necessary
approvals, Celanese Corp. (Dallas, Tex.;
www.celanese.com) intends fo construct
one, and possibly two, industrial ethanol
complexes in China. Initial production
capacity of each complex is expected to
be around 400,000 ton/yr, and production
could begin within 30 months affer project
approvals.The China units would utilize
coal as the primary raw material. Celanese
also infends fo build an approximately
40,000-ton/yr industrial-ethanol unit at its
Clear Lake, Tex., facility. Following approvals,
construction of the unit is anticipated to
begin in mid-2011 and fo be completed by
the end of 2012.The Clear Lake facility would

utilize natural gas as its primary raw material.

MERGERS AND ACQUISITIONS

BASF signs letter of intent with Ineos to
form a joint venture called Styrolution
November 30,2010 — BASF SE and Ineos
Industries Holdings Ltd. (Lyndhurst, U.K.;
www.ineos.com) have announced their
infention to combine their global business
activities in styrene monomers (SM), poly-
styrene (PS), acrylonitrile butadiene styrene
(ABS), styrene-butadiene block copolymers
(SBC) and other styrene-based copolymers
as well as copolymer blends info a new

JV called Styrolution. BASF and Ineos will
continue to operate as strictly independent
companies until the completion of the
deal which, subject to the approval by the
appropriate antitrust authorities, is antici-
patedin 2011.

...and plans to acquire CRI/Criterion’s
global styrene catalysts business
November 29,2010 — BASF SE has signed
an agreement to acquire the styrene cato-
lysts business of CRI/Criterion (Houston;
www.cricatalyst.com), a wholly owned
subsidiary of Shell. Financial details of the
fransaction were not disclosed. Closing of
the acquisition was expected to occur by
year-end 2010, subject fo all requisite regu-
latory approvals.

Evonik and SKC form a JV

for H,O, production

November 12,2010 — SKC (Seoul, Korea)
has acquired a 45% share in Evonik Degussa
Peroxide Korea Co. (Ulsan), a subsidiary of
Evonik Degussa GmbH (Essen, Germany;
www.evonik.com).Evonik Degussa Peroxide
Korea is the largest manufacturer of hydro-
gen peroxide in Korea.

BASF restructures paper-
chemicals business
November 11,2010 — BASF SE's Paper
Chemicals Div. (www.paper-chemicals.
basf.com) will reorganize its global business
structures.The business in optical brighten-
ers for paper is fo be exited in Europe, and it
is planned to close the corresponding pro-
duction operations at the site in Grenzach,
Germany.In addition, BASF intfends fo relo-
cate paper dye production from Grenzach
to Ankleshwar, India.In the course of the
relocation, the paper dye product range is
o be reduced.The planned restructuring is
expected fo be implemented in the period
from 2011 10 2013. ]
Dorothy Lozowski
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Economic Indicators

2070 mEEN 2009

2008

CHEMICAL ENGINEERING PLANT COST INDEX (CEPCI)

650
(1957-59 = 100) Oct.'10  Sept.'10  Oct.'09 |Apnual Index:
Prelim. Final Final
CElIndex 556.2 552.5 527.9 | 2002=395.6 600
Equipment 6675 662.3 6236 | 2003 = 402.0
Heat exchangers & tanks 617.8 611.8 567.0
Process machinery 627.0 625.1 605.5 2004 = 444.2 550
Pipe, valves &fittings 840.2 834.1 768.9 2005 = 468.2
Process instruments 426.0 422.0 409.8
2006 = 499.
Pumps & compressors 902.5 902.9 896.3 006 = 499.6 500
Electrical equipment 484.7 482.5 464.2 2007 = 525.4
Structural supports & misc 689.6 680.9 636.5 2008 = 575.4
Construction labor 330.6 328.9 331.7 450
Buildings 503.2 502.4 4954 | 2009=521.9
Engineering & supervision 336.6 337.3 344.6
Starting with the April 2007 Final numbers, several of the data series for labor and compressors have 4y J FMAMGUJUGUJASGOND
been converted to accommodate series IDs that were discontinued by the U.S.Bureau of Labor Statistics
CURRENT BUSINESS INDICATORS LATEST PREVIOUS YEARAGO
CPloutput index (2007 = 100) Nov.'l10 = 89.8 Oct.'10 = 88.9 | Sept.'10 89.2 Nov.'09 = 86.9
CPlvalue of output, $ billions Oct.'10 = 1.837.3 | Sept.'10 = 1,8028 | Aug.'l0 17730 | Oct.'09 = 1,681.7
CPl operating rate, % Nov.'10 = 726 | Oct'l0 = 71.8 | Sept."10 721 Nov.'09 = 69.5
Producer prices, industrial chemicals (1982 = 100) Nov.'10 = 2760 | Oct.'10 = 267.6 | Sept.'10 264.1 Nov.'09 = 2470
Industrial Production in Manufacturing (2007=100) Nov.'10 = 91.5 Oct."10 = 91.2 | Sept.'10 90.9 Nov.'09 = 86.8
Hourly earnings index, chemical & allied products (1992 = 100) Nov.'10 = 154.7 Oct.'10 = 157.3 | Sept.'10 159.2 Nov.'09 = 150.4
Productivity index, chemicals & allied products (1992 = 100) Nov.'10 = 1240 | Oct.'10 = 1222 | Sept."10 1229 | Nov.'09 = 119.6
CPI OUTPUT INDEX (2007 = 100) CPI OUTPUT VALUE ($ BILLIONS) CPI OPERATING RATE (%)
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Current Business Indicators provided by Global Insight. Inc., Lexington, Mass.

MARSHALL & SWIFT EQUIPMENT COST INDEX

(1926 = 100) 4th@ 3rd@ 2nd@ 1st@ 4the
2010 2010 2010 2010 2009
M & S INDEX 1,476.7 1,4733 1,461.3 14483 14465
Process industries,average — 1,537.0 156344 1,522.1 15103 1,511.9
C t 1,6325 1,5300 1,519.2 1,508.1 1,508.2
Chemical 1,607.3 1,505.2 1,493.5 1,481.8 1,483.1
Clay products 1,521.4 15183 1,505.6 1,496.0 1,494.3
Glass 14327 14285 14164 1,403.0 1,400.1
Paint 1.5645.8 1,542.1 1,527.6 15151 1,514.1
Paper 1,447.6 11,4445 1,430.1 14164 1,4158
Petroleum products 1,6404 1,637.0 1,6259 1,615.6 1,617.6
Rubb 1,681.5 15793 15642 1551.0 1,560.5
Related industries
Electrical power 14349 14192 14140 1,389.6 1377.3
Mining, milling 1.579.4 1,676.7 1,569.1 15521 1,548.1
Refrigerati 1,809.3 1,804.8 1,786.9 1,772.2 1,769.5
Steam power 1,5064 15023 14880 14750 1,470.8
Annual Index:
2003=1,123.6 2004=1,178.5 2005=1,244.5 2006=1,302.3

2007=1,373.3 2008=1,449.3 2009-=1,468.6 2010=1,457.4

Marshall & Swift's Marshall Valuation Service® manual. 2011 Equipment Cost Index Numbers reprinted and
published with the permission of Marshall & Swift/Boeckh, LLC and its licensors, copyright 2011. May not be
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CURRENT TRENDS

capifal equipment prices (as
reflected in the CE Plant Cost
Index) increased from September
to October. Meanwhile, Global In-
sight's CPl output index, CPI value
of output and CPI operating rate
all increased in November.
According to the American
Chemistry Council’s (Arlington,
Va.; www.americanchemistry.
com) most-recent weekly eco-
nomic report at CE press time,
economic data being released
“suggests that the soft patch is
over,” and points specifically to
“strong gains in inorganic bulk
petrochemicals and organic infer-
mediates, and plastic resins.”
Visit www.che.com/pci for his-
torical data and more on capital
cost trends and methodology. W
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Process Economics Program Report:
Polymer Nanocomposites

Polymer nanocomposites have garnered a great deal of inferest from academia and industry in
nanoscience and nanotechnology. In this new report, SRI Consulting's Process Economics Program
(PEP) reviews the current state of polymer nanocomposites and focuses on nanoparticles and polymer
nanocomposites that are already commercialized or have a commercial potential.

Continual progress has been made with commercialization in automotive, biological implants, sports
equipment, packaging, and aircraft components. However, wide spread commercialization has
moved at a slower pace than expected.  Several critical technological challenges still need to be
overcome, including reducing cost and significantly improving manufacturing technology. The field of
polymer nanocomposites is still very much in the development phase. This report is a technology
survey covering fechnology trends, the current state of literature covering manufacturing polymer
nanocomposites, material properties and challenges. The status and potential applications, current
markets and producers for polymer nanocomposites are reviewed. The report covers polymer
nanocomposites containing clay-based and carbon-based nanoparticles, along with an overview of
polymer nanocomposites containing other types of nanoparticles including metal oxide, polymeric,
and cellulose nanoparticles.

For more information and to purchase this report, contact Angela Faterkowski,
+1 281 203 6275, afaterkowski@sriconsulting.com or visit our website.

www.sriconsulting.com/PEP
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