


TIGER TOWER SERVICES

This specialization allows us to be more responsive 

and more innovative in solving tower issues that have 

habitually plagued the industry. By focusing on our core 

competency of providing fi eld services specifi cally for ves-

sels, drums, towers and trays, we can address your exact 

needs. And, we can meet or exceed your safety, quality, 

time and budget requirements. 

We provide complete retrofi ts and modifi cations for ves-

sel internals on a scheduled or emergency basis. We’ve 

completed over 173 projects in the past four years alone. 

Part and parcel of our services are those ancillary skills 

that you would expect from a team of highly trained spe-

cialists; skills such as engineering services, design analysis, 

integrity analysis, re-rating, and welding (both “R” and “U” 

stamps), to name a few. This complete range of services is 

met to assure that your job is done right the fi rst time.

Put the highly focused eyes of the tigers on your next 

project and you will 

be rewarded with an 

uncanny and rare 

level of excellence.

When you need tower services of any kind; HUNT NO MORE.

3012 FARRELL ROAD, HOUSTON, TX 77073 • PHONE: 281-951-2500 • FAX: 281-951-2520
www.tig e rto we rse rvice s.co m

We are 

Keenly Focused
on towers and trays
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When the right 
reaction matters ...
Trust BASF Process Catalysts 
and Technologies

At crucial moments, the right reaction matters. When you are looking 
for the right reaction from your process catalyst, turn to BASF. Our 
technical experts will recommend the right catalyst from our innovative 
product line that will achieve the desired reaction. The end results 
may also include greater yield and better end product properties. 
When the catalyst is right, the reaction will be right. Trust BASF.

� Adsorbents      � Chemical catalysts   � Polyolefi n catalysts
� Custom catalysts   � Refi ning catalysts  

For more information, please visit www.catalysts.basf.com/process
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Boost the performance of 

your utility and process systems 

with EPI Engineering’s Pipeline Network 

Optimization Service. Our optimization services have 

achieved an average 10:1 ROI over the past ten years, so you 

can be confident that once you implement our service at your facility 

your systems will economically run at or above design flow capacity 

with little or no capital expenditures required. Give us a call today 

at 1.800.551.9739 or visit us on the web at www.epiengineering.com.

TM & © 2012 EPI Engineering, Inc. All Rights Reserved. 

Say goodbye to pipeline bottlenecks
with EPI’s industry-proven, Pipeline Network Optimization Service.

Cooling Water Tower Systems

Steam & Condensate Systems

Boiler Feed Water Systems

Fuel Gas Systems

Fire Water Systems

Compressed Air Systems

Nitrogen & Hydrogen Systems

Instrument Air Systems

Flare Header Systems

Clarified Water Systems

Process Systems

Engineering TME
P
I

Design. Analyze. Optimize. Implement.
TM

With a Pipeline Network Optimization Service your facility will benefit from increased flow and 

reliability of process and utility systems, not to mention the identification and justification of all 

energy saving opportunities. It's amazing how the elimination of flow bottlenecks and inefficiencies, 

such as exchanger fouling, can improve the profitability and safety of an entire process facility. 

No matter what size system or stream composition, EPI Engineering can optimize it! 
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IT HAPPENS AT

INTELLECT
INNOVATION
INVALUABLE

ARE YOU IN?
MAY 1-3, 2012  |  JAVITS CENTER  |  NEW YORK, NEW YORK 

 REGISTER TO ATTEND AT WWW.INTERPHEX.COM/AD22

If you are interested in exhibiting at INTERPHEX 2012 please contact
Pete Zezima for more information at 203-840-5447

BRINGING TOGETHER KEY PHARMA AND BIOTECH PROFESSIONALS
 WITH SUPPLIERS TO CREATE INNOVATIVE SOLUTIONS.

SCAN TO LEARN MORE ABOUT 
INTERPHEX 2012

AD22

CORPORATE SPONSORS:
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CE scholarship applications open

Chemical Engineering is pleased to announce that appli-

cations are now being accepted for its annual Nicholas P. 

Chopey scholarship program. 

Bringing recognition to the value of the chemical engineer-

ing profession and striving to continually advance it have 

been goals for this magazine since its founding in 1902. In 

late 2007, Chemical Engineering established the scholarship 

in memory of the magazine’s former Editor In Chief.

Applicant qualifications. Applicants to the program must 

be current third-year students who are enrolled in a full-

time undergraduate course of study in chemical engineering 

at one of the following four-year colleges or universities:

	 •	Columbia	University
	 •	Rutgers	University
	 •	SUNY	Buffalo
	 •	University	of	Kansas
	 •	University	of	Virginia
If selected as a recipient, the student will receive a one-

time only award that may be used for undergraduate study.

Application details. Qualified and interested students 

must complete the application and mail it along with a 

current, complete transcript of grades to the following ad-

dress, postmarked no later than April 15. 

	 Nicholas	Chopey	Scholarship	Program
	 Scholarship	Management	Services
	 One	Scholarship	Way,	P.O.	Box	297
	 Saint	Peter,	MN	56082
	 Telephone:	(507)	931-1682
Applications will be sent directly to the chemical engi-

neering departments of the qualified schools and can also 

be found at www.che.com/npcscholarship/

Selection of recipients. Scholarship	recipients	are	
selected on the basis of academic record, demonstrated 

leadership and participation in school and community 

activities,	honors,	work	experience,	statement	of	goals	and	
aspirations, unusual personal or family circumstances, and 

an outside appraisal. Financial need is not considered.

Selection	of	recipients	is	made	by	Scholarship	Manage-

ment	Services,	a	division	of	Scholarship	America.	In	no	
instance does any officer or employee of Chemical Engi-

neering Magazine play	a	part	in	the	selection.	Recipients	
will be notified in early June. 

Donations. Checks	should	be	made	out	to	Scholarship	
America,	with	“Nicholas	Chopey	Scholarship	Program”	in	
the memo area, and sent to the following address prior 

to June 1, 2012: 

	 Nicholas	P.	Chopey	Scholarship	Fund
 Jennifer Brady

 Chemical Engineering

	 11000	Richmond	Avenue,	Suite	690
 Houston, TX 77042

Postscripts, corrections
January 2012:  In the Chementator article “Demo plant 

for high-yield biomass-to-gasoline process under construc-

tion”	(p.	9),	the	amount	of	biomass	to	be	processed	at	the	
company’s planned commercial-scale facility in Pennsylva-

nia is 44,000 tons annually (not 444,000 tons).

Letters

Handling equipment

–  Lifting, weighing, blending, 

pallet transfer

– Mobile or stationary

– Manual or fully automatic

– Loads up to 4000 kg handled

– Hygienic stainless steel

– GMP-compliant design

– ATEX conformity

Müller GmbH - 79618 Rheinfelden (Germany)
Industrieweg 5 - Phone: +49(0)7623/969-0 - Fax: +49(0)7623/969-69
A company of the Müller group 
info@mueller-gmbh.com - www.mueller-gmbh.com 

Forperfectproduct ionmethods

Chemical Engineering e   1.2 Messe 86x123 2012Mu?llerGmbH_Chemical Engineering_e_86x123.qxd:MüllerGmbH_Chemical Eng

Call the Experts
for all your solids processing.

APIs ∙ Ag-Chemicals 
Artifi cial Sweeteners
Biologics ∙ Catalysts 
Ceramics ∙ Chemicals 
Cosmetics ∙ Food Ingredients
Herbicides ∙ Minerals 
Nutraceuticals ∙ Pesticides 
Pharmaceuticals ∙ Pigments 
Polymers ∙ Powdered Metals 
Proteins ∙ Resins ∙ Vitamins 

Size Reduction

Vacuum Drying

Solids Mixin
g

Rota-Cone Dryers & Blenders
V-Dryers & Blenders
Ribbon & Paddle Mixers
Fluidizing Dual Shaft Mixers
Sigma-Blade Mixers & Extruders
Ball & Pebble Mills
Jars & Jar Rolling Mills

Manufacturing Quality Process Systems Since 1911

www.pauloabbe.com     800-524-2188    sales@pauloabbe.com
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Bookshelf

Forsthoffer’s Best Practice 
Handbook for Rotating Machinery. 
By William Forsthoffer. Elsevier 
Inc., 30 Corporate Drive, 4th floor, 
Burlington, MA 01803. Web: elsevier.
com. 2011. 672 pages. $295.00.

Reviewed by Amin Almasi,  

Rotating machinery consultant, Brisbane, Australia

R
otating machines require expertise and precision 

that is often lacking among those responsible for 

operating and maintaining them. This situation 

underscores the need for practical guidance on pumps, 

compressors, turbines and other rotating machinery. 

Forsthoffer’s book deserves a place among the best rotat-

ing-machine resources, and should be considered a valu-

able reference whether or not you are familiar with the 

earlier five-book series also written by Forsthoffer. 

Taking an unconventional approach, the new book fo-

cuses its practical discussions around established best 

practices. For each topic, a best practice is presented, 

and then supporting materials and details are discussed. 

Chapter 1 reviews best practices related to the overall 

project, such as specification, bid evaluation, ordering, 

design auditing and testing. Chapter 2 focuses on pumps, 

covering important issues, such as NPSH, pump selection, 

pump control and minimum-flow bypass. Compressors are 

discussed in Chapter 3, which includes practices, support-

ing materials and data for centrifugal, reciprocating and 

screw compressors. Several useful and interesting topics 

are presented — particularly non-lubricating reciprocat-

ing compressors (which are rapidly replacing lubricated 

compressors in CPI plants), reciprocating compressor pul-

sations, gas-density changes in dynamic compressors, and 

integrally geared centrifugal compressors. 

Chapter 4 explores best practices for gear units and cou-

plings and discusses critical issues, such as replacing old-

fashioned gear couplings with modern, flexible ones. Chap-

ters 5 and 6 cover steam and gas turbines, respectively. 

Important factors in equipment selection are discussed, 

such as considering highly efficient aero-derivative gas 

turbines. Among the most useful sections are Chapters 7–9, 

which cover oil systems, pump mechanical seals and dry 

gas seals. Important issues, such as cartridge seals, pres-

surized dual seals, abradable-type separation seals, and 

seal-gas conditioning units, are discussed. Chapter 10 deals 

with installation, commissioning and startup of rotating 

machinery, and discusses practical topics, such as machin-

ery foundation preparation, grouting, oil flushing and ini-

tial startup. The book’s two final chapters are dedicated to 

preventive- and predictive-maintenance best practices, as 

well as implementation and communication best practices.

While this book skillfully covers much ground, several 

new technologies, such as modern electric motors, inte-

grally geared machines, magnetic bearings, direct-driven 

hermetically sealed compressors and large, variable-speed 

electric drives (which are steadily replacing steam tur-

bines and gas turbines as mechanical drivers) deserve 

SOME THINK 
YOU CAN 
USE GENERIC 
INSIGHT FOR 
SPECIALIST 
APPLICATIONS. 
WE THINK 
dIFFERENT
Packaging high-value, sensitive chemicals requires a whole 
diƋerent level of insight and innovation. At BEUMER, hands-on 
experience working with chemical producers has let us develop 
systems that strongly relect sector need. Our portfolio of  
complete warehouse packaging and management systems 
includes some of the highest capacity systems on the market. 
Combined with a profound knowledge of your product and  
process, we’re able to maximise eƌciency while maintaining 
a level of care and safety that makes all the diƋerence.  
For more information, visit www.beumergroup.com
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A new catalyst design, in which gallium 

atoms are integrated into the zeolite cat-

alyst structure, can increase yields of aro-

matic compounds from biomass by 40% in a 

catalytic fast-pyrolysis process. The higher 

yields of benzene, toluene and xylenes 

(BTX), as well as ethylene and propylene, 

achieved with the gallium-containing zeo-

lite, make the biomass process economically 

competitive with crude-oil-based production 

of those building-block chemicals. George 

Huber, chemical engineering professor at 

the University of Massachusetts at Amherst 

(www.umass.edu) and leader of the research 

group that developed the new catalyst, says 

the gallium modifies the properties of the 

zeolite’s surface-active sites in a way that 

favors key reactions in the biomass pyroly-

sis — de-carbonylation and oligimerization 

of the biomass. The fast- pyrolysis process 

involves feeding wood- or agricultural-waste 

into a fluidized-bed reactor, where the bio-

mass decomposes with heat. The resulting 

vapor encounters the new gallium-zeolite 

catalyst, and is selectively converted into 

aromatics and olefins. The team’s fast py-

rolysis technology has been licensed to Anel-

lotech Inc. (New York, N.Y.; www.anellotech.

com), a company Huber co-founded (Chem. 

Eng., August 2009, p. 13). 

Adding gallium to biomass pyrolysis  
catalyst increases BTX yield

Outotec Oyj (Espoo, Fin-

land; www.outotec.com) 

has introduced a new par-

tial roasting process to pu-

rify copper and gold concen-

trates that are contaminated 

with arsenic, antimony and 

carbon. The process is a pretreatment 

stage for Cu- and Au-extraction plants, 

and enables the extraction of metals 

from ores that had previously been un-

attractive because the impurities create 

a “huge problem” of handling dust laden 

with As and other intermediate prod-

ucts formed in conventional Cu or Au 

smelters, says Lars Hedstrom, head of 

Outotec’s Roasting Competence Center 

in Skelleftea, Sweden.

In the new process (flowsheet), ore 

concentrate is fed to the top of a fluid-

ized-bed roaster. Preheated air is added 

through a large numbers of tuyeres at 

the furnace bottom. The air acts as flu-

idization media and supplies oxygen to 

the roasting reactions. Heat is generated 

by exothermic combustion reactions 

whereby iron sulfide in the concentrate 

is oxidized to magnetite and a SO2-rich 

process gas. Impurities, such as As and 

Sb, are vaporized at the high reaction 

temperature, and thus removed from the 

solid calcine that contains the valuable 

metals (normally Cu, Au and Ag). Most of 

the calcine is pneumatically transported 

out from the roaster and separated from 

process gas in cyclones; the more-coarse 

fraction of calcine leaves the roaster 

through the bed outlet. The calcine is 

cooled to stop further reactions between 

calcine and air. This cooled calcine is 

now a raw material to conventional cop-

per smelters. It contains enough sulfur 

to be mixed with conventional copper 

concentrates to make a suitable feed for 

oxygen based processes.

Meanwhile, the process gas contains 

combustible sulfur compounds, such as 

arsenic sulfide and elemental sulfur; 

these compounds are oxidized in the 

post-combustion chamber using pre-

heated air. The process gas, now only 

containing oxide compounds, is cooled 

in a cooling tower and then cleaned of 

its dust content in a hot electrostatic 

precipitator (ESP). Arsenic oxide passes 

through the ESP and is collected in a 

wash solution when the gas is quenched 

in a washing tower. The SO2-rich process 

gas is further cleaned and converted 

into sulfuric acid. Arsenic is converted 

into stable compounds by separate con-

version processes, which are also sup-

plied by Outotec.

The process was first demonstrated 

about 30 years ago in a 45-ton/h plant, 

which is still operated by Boliden in 

Sweden. Outotec is now operating a 25-

kg/h pilot plant in Frankfurt, Germany. 

The company is also currently building 

the world’s largest As-removing roasting 

furnace at Codelco Mina Minstra Hales 

mine near Calama, northern Chile. The 

new plant will treat up to 550,000 metric 

tons (m.t.) of Cu concentrate per year and 

it will produce approximately 250,000 

m.t./yr of H2SO4. More than 90% of the 

As contained in the concentrate will be 

removed, says the company. 

Note: For more information, circle the 3-digit number  
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A new roasting process  
slated for commercialization

Solar thermal power
The irst solar-thermal power 
plant in Southeast asia fed its 
full output of 5 mw into Thai-
land’s public grid for the irst 
time late January. The facility — 
designed and built by Solarite 
gmbh (Duckwitz, germany; 
www.solarlite.de) — is also the 
irst commercial solar-thermal 
plant to produce steam directly 
from water, thereby eliminat-
ing the need for heat-transfer 
luids and heat exchangers. 
water lows through absorber 
tubes at the focal line of para-
bolic troughs, which collect the 
radiation and generate steam 

(Continues on p. 10)



CHEMENTATOR

The first commercial-scale biobutanol 

plant using the Gevo Integrated Fer-

mentation Technology (GIFT) process is set 

to come online in mid-2012 at the former 

site of an ethanol facility in Minnesota. 

In late January, Gevo (Englewood, Colo.; 

www.gevo.com) was awarded a U.S. patent 

for the GIFT separation technology, a key 

component of the process that allows the 

separation of C3–C6 alcohols from the fer-

mentation broth. “The challenge for biobu-

tanol is that, above certain concentrations, 

the compound is toxic to microorganisms,” 

explains Chris Ryan, Gevo’s president and 

chief operating officer. “We’ve found a way 

to continuously remove the isobutanol as 

it is produced by the yeast, so the concen-

trations in the fermentation broth remain 

low.” The Gevo process takes advantage 

of the lower-boiling azeotrope formed by 

butanol and water. The azeotrope is con-

tinually evaporated from the fermentation 

broth and condensed. The isobutanol then 

phase-separates from water.

At the front end of the process, Gevo has 

genetically modified a commercial yeast 

strain previously used for ethanol produc-

tion so that it now produces high levels of 

isobutanol from carbohydrates without 

large amounts of byproducts. 

Bio-based butanol can be substituted for 

petroleum-derived butanol in traditional 

butanol applications as a specialty chemical, 

or in applications such as gasoline blend-

stock, for making iso-octane or for produc-

ing butene via well-known dehydration re-

actions. Butenes are key feedstocks for the 

manufacture of some plastics and fibers. 

Earlier this year, the first polylactic acid 

(PLA) plant based on a new polymeriza-

tion process was put into service by Syn-

bra Technology in Etten Leur, the Nether-

lands. The plant — capable of producing 

up to 5,000 ton/yr of PLA — was built by 

Sulzer Chemtech Ltd. (Winterthur, Switzer-

land; www.sulzerchemtech.com), and uses 

a PLA process jointly developed by Sulzer 

Chemtech and Purac (Gorinchem, the Neth-

erlands; www.purac.com), a company of the 

Dutch CSM group. 

PLA is made (flowsheet) by the ring-

opening polymerization of lactide — a cy-

clic dilactate ester, which is produced by 

the esterification of two lactic-acid mol-

ecules, followed by a catalytic cyclization 

reaction. Unlike conventional routes, the 

melt-based process does not require sol-

vents, and is able to produce all different 

grades of PLA, with a wide range of molec-

ular weights, in a single line, says Torsten 

Wintergerste, Director of PolyTechnology at 

Sulzer Chemtech. The continuous process 

also takes advantage of Sulzer Chemtech’s 

proprietary static-mixing technology, which 

reduces maintenance and the plant’s foot-

print, as well as simplifying scaleup and 

plant operation, he says.

The new process is also able to convert 

stereochemically pure L- and D-lactide 

— available from Purac — into a stereo-

chemically pure PLA. This enables the 

production of high-temperature-resistant 

(up to 180°C) PLA and stereo-complex PLA 

grades, says Wintergerste.

To further support customer application 

development for PLA grades and demon-

strate its polymerization technology, Sulzer 

is building its own PLA production plant. The 

1,000-ton/yr plant will be operational early 

this year at a company’s site in Switzerland. 

Biobutanol to be produced at retrofitted ethanol plant
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(at 330°C and 30 bars) for run-
ning the turbine. Solarite uses 
a combination of recirculation 
and injection technology to 
maintain a stable temperature 
and pressure.

Compared to the 395°C 
limit for thermal oils, the direct-
steam-generation technology 
allows, in principle, higher op-
erating temperatures of 500°C, 
which lead to a corresponding 
increase in plant efficiency, 
says the company, which notes 
that the plants are 25% more 
efficient than photovoltaic 
power plants. a second power 
plant is under development — 
TSe2 — that will operate at 
400°C and 40 bars pressure. 

The technology was de-
veloped and pilot-tested with 
cooperation from the german 
aerospace Center (Dlr; Co-
logne, germany; www.dlr.de). 
in collaboration with Thai Solar 
energy ltd. (Bangkok; www.
thaisolarenergy.com) — the in-
vestor and operator for TS1 and 
TS2. Solarlite is planning 15 
more power plants in the region 
with a total capacity of 135 mw.

A new separator for LIBs
last month, Teijin ltd. (Tokyo, 
Japan; www.teijin.co.jp) 
launched a new separator for 
lithium-ion secondary batteries 
(liBs) that uses a luorine-
based coating, which achieves 
superior heat resistance and 
adhesion thereby improving 
output and safety in laminated-
type liBs used in tablets and 
smart phones. marketed under 
the lielsort brand, the new 
separator is coated with Teijin-
conex meta-aramid, and is said 
to achieve “unprecedented” 
capacity and energy density, 
as well as enhanced safety and 
lifespan for liquid-electrolyte 
cylindrical liBs used in PCs 
and vehicles. The company 
developed a process for simul-
taneously coating both sides of 
the separator, and a high-speed 
coating technology that is ive 
times faster than conventional 
coating methods.

To support full-scale commer-
cialization, Teijin has established 
a separator manufacturing com-
pany — Teijin CnF Korea Co. 
(asan, Korea) — a joint venture 
(JV)  with ilm-processor CnF; 
this JV will begin production in 

(Continues on p. 12)
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“Now we can mix 
high viscosity 

emulsions 
600% faster.”

The Ross PreMax is the first batch rotor/stator mixer 

that delivers both ultra-high shear mixing quality and 

high-speed production. In side by side tests, the 

PreMax produces viscous emulsions and dispersions 

much faster than a traditional high shear mixer. 

With a patented, high-flow rotor/stator design, the 

PreMax also handles viscosities far beyond the 

capacity of ordinary batch high shear mixers. 

In many applications, this can eliminate

the need for supplemental agitation.

*Patent No. 6,000,840

John Paterson

PreMax Inventor

Employee Owner

The PreMax with a Delta generator 

operates with a tip speed of 5,000 fpm 

and handles viscosity up to 50,000 cP.

Contact Ross today to 

arrange a no-charge 

test in our laboratory.

Call 1-800-243-ROSS

Or visit mixers.com

Scan to learn more.
Free Tag Reader: http://gettag.mobi
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Researchers from the Dept. of Chemical Engineering, 

Monash University (Clayton, Victoria, Australia; www.

monash.edu), have reported on a new composite poly-

mer hydrogel with light-absorbing particles incorporated 

within it, that can be used as draw agents in the forward 

osmosis (FO) process of desalination.

The researchers, led by professor Huanting Wang, 

aimed to develop new “draw agents” capable of meeting 

the following requirements: low-energy consumption for 

regeneration, complete separation from the fresh water 

product, low toxicity and chemical inertness with poly-

meric membranes.

They have previously shown that hydrogel particles are 

able to draw pure water through FO membranes. The water 

can then be removed by pressure or heating, or both. The 

incorporation of light-absorbing particles leads to natural, 

enhanced heating and dewatering of the composites, as 

compared with pure hydrogels under irradiation with light. 

Another advantage of composite polymer hydrogels is that 

they exhibit higher swelling ratios, thus producing higher 

water fluxes in the FO process. With increasing loading of 

carbon particles, the water recovery rates from the swollen 

composite hydrogels are greatly enhanced.

The hydrogels are synthesized by free-radical polymer-

ization of different monomers (such as sodium acrylate, N-

isopropylacrylamide) and the crosslinker N,N’-methylene-

bisacrylamide, with light-absorbing carbon particles.

Composites that can enhance  
forward osmosis

Due to global  competition, 
companies can only be successful 
on the marketplace if they produce 
outstanding quality cost effectively.
 

High-quality control valves and 
 accessories with low cost of 
ownership are what it takes for 
economic production. 
 

With 51 independent subsidiaries 
and over 100 engineering and 
sales  offi ces spread across the 
world,  SAMSON ensures the safe-
ty and environmental compatibility 
of your plants on any continent.

A
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N

Know-how 

for Your Success

SAMSON AG · MESS- UND REGELTECHNIK 
Weismüllerstraße 3 
60314 Frankfurt am Main · Germany
Phone: +49 69 4009-0 · Fax: +49 69 4009-1507 
E-mail: samson@samson.de 
Internet: www.samson.de 
SAMSON GROUP · www.samsongroup.de
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Very rapid cooling enables  
a new way to produce magnesium

A carbothermal process for obtaining magnesium — de-

veloped by CSIRO (www.csiro.au) Light Metals Flagship 

(South Clayton, Victoria, Australia) — overcomes previous 

limitations to commercial viability. For several years, mag-

nesium has been produced mainly by electrolytic routes, 

from magnesium chloride sources such as seawater and 

natural brines. More recently, world production has been 

mainly in China, using the Pidgeon process, where fer-

rosilicon reduces magnesia from calcined dolomite under 

vacuum. One of the main problems with those methods is 

the reversion of Mg and CO2 to magnesium oxide and car-

bon as the vapors cool.

The CSIRO process, called MagSonic, uses shock-quench-

ing to achieve extremely rapid cooling — up to 106 °C/s 

— of the gaseous reaction products and prevent the back 

reaction. According to CSIRO, carbothermic reduction is a 

much cheaper reduction than ferrosilicon, and there is sig-

nificant potential for reduction in equipment size, capital 

costs, and productivity over electrolytic routes.

In the MagSonic process, magnesia and carbon (graph-

ite) react above 1,700°C to produce Mg vapor and CO gas. 

The equilibrium total pressure of the products is 1 atm at 

1,764°C. In CSIRO’s experimental work, a charge of up to 

2,500 g of briquettes of MgO and graphite were heated under 

inert gas at atmospheric pressure. The gas phase was shock-
(Continues on p. 14)
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The court’s decision does not impact 

the agency’s reconsideration proposals 

issued in December 2011 [see box, p. 

19]. EPA is currently receiving public 

comments on the proposed reconsid-

ered rules, and EPA will finalize them 

later this year, after reviewing and re-

sponding to stakeholder comments.

The final rules will address the com-

pliance dates for existing sources, as 

well as the initial notification require-

ments addressed by the No Action 

Assurance letter. It is EPA’s current 

intention to work toward final rules 

that give entities the full compliance 

period as allowed by the Clean Air 

Act with a possibility of an additional 

year to install control technology, as 

allowed on a case-by-case basis under 

the Clean Air Act. The CISWI rule does 

not contain notification requirements 

for existing sources that cause a need 

for enforcement discretion.

Costs of proposed rule
Whenever the rule is enforced, the 

Boiler MACT will require emissions 

controls for particulate matter (PM), 

hydrogen chloride, mercury and carbon 

monoxide. According to a January 2012 

update, which applies to the EPA’s De-

cember 2012 proposed modifications to 

the rule, CIBO estimates that the total 

capital cost to comply will be $14.3 bil-

lion and will threaten over 220,000 jobs 

[3, 4], which is more than double EPA’s 

$5.4 billion estimate [5]. 

CIBO’s estimate was developed with 

URS Corp. (San Francisco, Calif.; www.

urscorp.com) and covers the technolo-

gies that EPA has identified as neces-

sary to comply with the Boiler MACT: 

a fabric filter for PM control, carbon 

injection for control of Hg, a scrubber 

for control of HCl and combustion im-

provements or an oxidation catalyst for 

control of CO. Estimated costs (Table 1) 

are based in large part on information 

in EPA’s December 2011 survey and 

emissions databases, CIBO says. 

In CIBO’s estimates, information from 

various sources was used to determine a 

base capital cost for a 250 million Btu/h 

boiler for each PM, CO and HCl control 

technology option and then scaled based 

on the size of each boiler in the inven-

tory. For example, the report says, the 

capital cost of a wet scrubber on a 100 

million Btu/h boiler is calculated as the 

base cost times (100/250)0.6. A fixed cost 

of $1 million was assumed for installa-

tion of a carbon adsorption system for 

Hg control, since these systems do not 

vary much in cost by boiler size. Base 

cost assumptions are presented in Table 

2 (ESP is electrostatic precipitator).

CIBO maintains that in some cases 

the emission limits will be very diffi-

cult to achieve over all operating con-

ditions using the technologies EPA has 

identified, but the CIBO cost analysis 

does not factor in additional costs that 

would be associated with alternate 

technologies. With that in mind, the 

CIBO analysis explains that it differs 

from the EPA analysis as follows:

•		EPA	has	used	the	outdated	Control	

[tank truck]
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Research and Development

Staffelseestraße 6

81477 Munich
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Cost Manual, while CIBO has based 

its cost estimates on more recent in-

formation, including actual vendor 

cost estimates, actual project costs, 

best available control technology 

(BACT) and best available retrofit 

technology (BART) analyses, indus-

try control cost studies, and so on

•  CIBO used a higher CO-abatement 
catalyst cost than EPA’s. The CIBO 

cost is based on a recent quote from 

BASF, while EPA’s is based on the 

1998 Control Cost Manual section 

on catalytic oxidizers for VOC (vola-

tile organic compound) control

•  EPA has estimated that a tune-up or 
burner replacement will be adequate 

for many units to achieve the CO 

limits. CIBO does not agree with this 

assumption because some of the CO 

limits are fairly low and must be met 

over all operating conditions except 

startup and shutdown. So, CIBO esti-

mated higher costs to implement new 

combustion controls, burner replace-

ments, fuel-feed system improve-

ments, or CO-abatement catalyst

•  CIBO’s CO-control capital costs are 
higher than EPA’s, mostly because 

EPA assumed that tune-ups and re-

placement burners will be adequate 

for the vast majority of boilers to 

comply, and CIBO disagrees with 

that assumption

•  EPA has estimated that activated-car-
bon injection will be required on only 

Components and system 
solutions  for complex processes 
and procedures.

GEMÜ is a leading producer of valves, 
measurement units and control systems. 
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EPA’S PROPOSED CHANGES TO FINAL RULE 

I
n December 2011 [2], after conducting additional analyses, 
EPA proposed the following changes to the original rule that 
was promulgated in March 2011:

•  Create new subcategories for light and heavy industrial liquids 
to reflect design differences in the boilers that burn these fuels. 
This change would improve the standards’ achievability

•  Set new emissions limits for PM that are different for each solid 
fuel subcategory (such as, biomass and coal) to better reflect 
real-world operating conditions

•  Set new emissions limits for carbon monoxide based on newly 
submitted data that shows CO emissions from boilers vary 
greatly. EPA is proposing to set new limits to more adequately 
capture that variability

•  Allow alternative total selective-metals emission limits to regu-
late metallic air toxics instead of using a PM as a surrogate, 
allowing more flexibility and decreasing compliance costs for 
units that emit low levels of HAP metals

•  Replace numeric dioxin emissions limits with work practice stan-
dards to reflect a more robust analysis that shows dioxin emis-
sions are below levels that can be accurately measured

•  Increase flexibility in compliance monitoring to remove continu-
ous emissions monitoring requirements for particle pollution for 
biomass units and to propose carbon monoxide limits that are 
based on either stack testing or continuous monitoring

•  Revise emissions limits for units located outside the continental 
U.S. to reflect new data and to better reflect the unique operat-
ing conditions associated with operating these units

•  Continue to allow units burning clean gases to qualify for work 
practice standards instead of numeric emissions limits, main-
taining flexibility and achievability. EPA is proposing to remove 
the hydrogen sulfide fuel specification from the rule. An H2S 
fuel specification does not provide a direct indication of poten-
tial HAP from combustion of gaseous fuel. Units would need to 
prove gas is clean by considering mercury only ❏



35 existing units because installation 

of a fabric filter is expected to achieve 

the mercury emission limits, except 

in cases where a unit already has a 

fabric filter and does not meet the 

limits. CIBO does not agree that fab-

ric filters will be sufficient to reduce 

mercury emissions to some of the ul-

tra-low levels in this rule. “There is a 

flaw in the logic that fabric filters are 

expected to achieve mercury emission 

limits when there are many boilers in 

the database that are equipped with 

fabric filters and have measured mer-

cury emissions higher than the appli-

cable limit. EPA’s estimated industry-

wide capital cost for activated carbon 

injection [5] is extremely low, at only 

$115,000 per unit”

•		EPA	 has	 estimated	 costs	 to	 install	
packed-bed scrubbers for HCl con-

trol. CIBO notes, however, that “in-

dustrial boilers do not use packed-

bed scrubbers for acid-gas control, 

as the limitations of these devices 

make them impractical for use on ap-

plications with high flowrates, high 

PM loading, and high inlet-pollutant 

concentration. EPA’s own fact sheet 

on these devices lists the limitations 

of these devices and indicates that 

they are only used in applications 

up to 75,000 scfm, which limits their 

use to small units only.”  Facilities 

will instead install wet scrubbers, 

dry scrubbers, or semi-dry scrubbers 

to control acid-gas emissions from 

industrial boilers, CIBO says

Calling for regulatory relief
Given the delicate state of the U.S. 

economy, the significant costs at stake 

and the uncertainty that still looms, 

industry groups like CIBO and ACC 

have stepped up lobbying efforts. 

“Without legislation specifically in-

terpreting the act or telling EPA and 

the courts how to do it, the uncer-

tainty is increased regarding ENGO 

[environmental, non-governmental 

organizations] and the DC Circuits 

ruling on certain litigation to follow,” 

says CIBO’s Bessette. “Any of the good 

things EPA has done, like work prac-

tices, could be lost, which could result 

in gas-fired boilers needing controls — 

and that could be another $50 billion 

in capital costs for industry.” 

At this point, their hopes are pinned 

on the EPA Regulatory Relief Act. The 

House of Representatives introduced 

its version of the bill (H.R. 2250) in 

June 2011 and passed it in October 

2011. The Senate’s version of the leg-

islation, S. 1392, currently has 41 bi-

partisan cosponsors. “We are and will 

be trying to make sure H.R. 2250 lan-

guage or something like it is included 
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TABLE 1.  ESTIMATED CAPITAL 
COST TO UPGRADE ALL AFFECTED 

SOURCES (BY EMISSION TYPE)

PM $5 billion

HCl $6 billion

Hg $468 million

CO $2.8 billion

Total $14.3 billion



in whatever vehicle is available to 

move it,” says CIBO’s Bessette. 

Legislative vehicles come in unex-

pected forms, and at CE press time, 

consideration to include the act as 

part of the conference agreement on 

payroll tax-cut extension legislation 

(H.R. 3630) appeared to have been 

discarded. (For more on the status as 

it develops, check the online version of 

this story at www.che.com.)* 

The reasons for passing the Relief 

Act, as detailed in a multi-association 

letter to members of Congress [6], are 

that serious challenges still remain:

Jobs are in jeopardy. In the re-pro-

posed rules, some standards became 

more stringent, and some limits may 

not be achievable, especially in the cur-

rent three-year compliance timeframe.

Serious legal uncertainty. The 

court decision overturning EPA’s stay 

of the March 2011 rules is yet another 

example of the continuing morass of 

uncertainty surrounding the rules — 

a problem legislation would solve.

Important biomass materials are 

still not listed as fuels. This means 

that the boilers burning these ma-

terials could be regulated under the 

onerous and stigmatizing incinerator 

standards, or the material would be 

land filled. 

Inadequate capital planning time. 

The rules do not provide enough time 

for capital planning and compliance, 

given their complexity and competition 

for a limited pool of qualified domes-

tic vendors and installers. Businesses 

need five years to fully comply with 

the rules, not the two or three years in 

the current rules.

Inadequate time to finalize rules. 

EPA’s current rulemaking schedule 

is so accelerated that it is unlikely all 

the comments and data that will be 

received during the current comment 

period can be fully analyzed and uti-

lized. Moving too fast increases the 

likelihood that the final rules will be 

overturned again.

EPA declined to comment on the act 

that is being considered in Congress. ■
Rebekkah Marshall
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TABLE 2.  BASE COST 

ASSUMPTIONS FOR A  

250 MILLION Btu/h BOILER

Fabric filter (FF) $7 million

Scrubber $8 million

Scrubber/FF/ESP up-
grade

$4 million

Carbon injection for Hg $1 million

Combustion, fuel feed 
improvements or cata-
lyst for CO

$3 million

RESOURCES AVAILABLE ONLINE
The following resources, which are referenced by number in brackets within this story, 
are available for download in the online version of this story*:
1. EPA’s No Action Assurance Letter
2.  EPA’s December 2011 Proposed Reconsideration of Final Rule
3.  CIBO’s “How Costs Were Determined for CIBO Boiler MACT Impacts Study”
4.  CIBO’s Economic Impact Analysis: Estimate of State Level Impacts of Potential Jobs 

at Risk
5. EPA’s updated cost-impact analysis (12/2012) 
6.  Multi-association letter to Congress, urging support for EPA Regulatory Relief Act

* The story and further developments can be found at www.che.com, under Web Extras. To ac-
cess these files, look under the Online Extras Tab at the top of the story.
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I
f you were to ask chemical proces-

sors what they’re looking for from 

their screening equipment, it’s 

likely that the answers would be as 

varied as the chemicals they produce 

because screening requirements are 

entirely dependent upon the material 

being screened. However, equipment 

providers say that no matter the appli-

cation, minimal downtime and mainte-

nance costs and the ability to get more 

efficiency and capacity from screeners 

is at the top of every processor’s list.

“Global competition is the primary 

driver for these requirements,” says 

A. J. DeCenso, business development 

manager with Sweco (Florence, Ky.). 

“In high labor markets like the U.S. 

and Europe, there is a huge emphasis 

on reducing the man-hours necessary 

for maintenance. This has led process 

equipment manufacturers to design 

machines with improved reliability 

and ease of maintenance.”

Rob O’Connell, executive vice presi-

dent with Russell-Finex (Pineville, 

N.C.) agrees. “We are now designing 

equipment with very low maintenance 

needs,” he says. “The last thing our 

customers want is to look after their 

screening equipment more than neces-

sary. The longer it can run without any 

attention, the higher the productivity 

for the line or plant,” he says. “We are 

working to make that possible.”

Simplified maintenance
One of the most commonly replaced 

wear parts on a screening machine 

is the screen itself. Some of the latest 

developments are aimed at reducing 

the labor costs associated with re-

placing the screen. And since safety 

and ergonomics are also important to 

processors, many vendors are working 

on features that enable a single opera-

tor to easily and comfortably change 

screens, even larger ones, without 

heavy lifting.

To that end, Sweco round separa-

tors have a “Quick-Change” accessory 

that eliminates the need to remove the 

frame from the separator. And the com-

pany’s rectangular units all feature ac-

cess doors and slide-in screen panels.

Sweco Fusion screens (Figure 1)

eliminate the use of adhesive, epoxy 

or silicone in screen manufacturing, 

instead fusing the mesh directly to the 

polymer tension ring. This practice 

provides precise tensioning, lower tol-

erance and smaller deviations of the 

screen. Construction integrates the 

screen gasket directly into the tension 

ring, which eliminates the handling 

and stocking of separate gaskets and 

provides a precision fit into the sepa-

rator, reducing downtime and simpli-

fying maintenance. The design also 

reduces cracks and crevices, resulting 

in an easier-to-clean screen with less 

potential for cross contamination. 

Rotex Global (Cincinnati, Ohio) 

has also been working on making the 

machines easier to maintain. “The 

Apex product line (Figure 2) was 

designed with ergonomics in mind. 

Additionally, reducing downtime by 

allowing employees to inspect and 

change screens easily was a key fac-

tor in the design,” says Rob Scheper, 

director of global business develop-

ment for Rotex.

The Apex has been designed with 

side-panel doors that simplify access 

to the screens and ball trays, so it is 

no longer necessary to remove the top 

cover to access these areas. This re-

duces screen-changing time by 95%,  

and reduces downtime, according to 

Scheper. In addition, the screen panels 

weigh only 5 lb, so one person can per-

form maintenance and inspections.

The Apex uses a unique gyratory-re-

ciprocating motion for efficient distri-

bution, stratification and separation, 

which helps reduce wear and tear 

on the machine because it doesn’t vi-

brate in the traditional sense. Instead, 

it begins with a horizontal circular 

motion at the feed end that immedi-

ately spreads the material across the 

full width of the screen. The circular 

motion gradually changes along the 

length of the machine to an elliptical 

path, and finally to an approximate 

straight-line motion at the discharge 

end. This motion allows the machine 

to process material at a higher capac-

ity and improves screening perfor-

mance for near-size material. Because 

there is no vertical component to the 

motion, material is kept in constant 

contact with the screen surface, allow-

ing for more efficiency and capacity.

Midwestern Industries (Macon, 

Ga.) has found another way to reduce 

machine maintenance via its ME Se-

ries vibratory, round separators. The 

drive design in this machine features 

a variable-speed pulley system inte-

grated with the motor mounted on an 

adjustable slide base to achieve preci-

sion screening, while providing other 

benefits. The adjustable base allows 

for control of frequency, with an opera-

A LOOK AT 
SCREENERS

FIGURE 1.  Sweco Fusion screens eliminate 
the use of adhesive, epoxy or silicone in screen 

manufacturing. Instead, the mesh is fused  
directly to the polymer tension ring

Sweco

Screening equipment manufacturers are 

improving capacities and making changes 

that reduce maintenance time and costs



tional speed range of 950 to 1,450 rota-

tions per minute, reducing wear on the 

separator and maximizing the life of 

the motor. The speed can be increased 

for production schedule improvements 

or reduced for less energy consump-

tion and longer equipment life.

“With this design, we’ve moved 

the motor away from the vibrating 

areas of the machine and the bear-

ings away from the heat of the motor, 

which is destructive to the bearings, 

so it provides longer motor and bear-

ing life, reducing downtime,” explains 

Bill Crone, president of Midwestern 

Industries. “And if you do need to re-

place the motor, it’s a standard NEMA 

motor that you can buy off the shelf 

and put in easily, eliminating the need 

to keep a spare, high-priced, special-

ized motor in stock.”

Reducing equipment maintenance 

isn’t the only way to lower costs in 

this area  — dust control plays a large 

part too. And, several manufacturers 

are working on ways to better control 

the dust associated with bulk solids. 

Kason Corp.’s (Millburn, N.J.) Vibro-

screen circular vibratory screeners 

are among them. This model sepa-

rates bulk solid materials from solids 

and slurries using a multi-plane, iner-

tial vibration that causes particles to 

pass through apertures in the screen 

or to travel across the screen surface 

in controlled pathways.

“We also use a special cover on it, 

specialized internal equipment and a 

small amount of vacuum, which come 

together to function like a dust col-

lector,” says Brian Sirak, application 

engineer with Kason. “This equipment 

reduces area maintenance when pro-

cessing materials with a lot of fines or 

low-density particles that are not eas-

ily separated through standard vibra-

tory screening, because we use vented 

HydroCOM

www.hoerbiger.com
For more information: 

compressor-mechatronics@hoerbiger.com

Experience real capacity 

control and energy savings

HydroCOM is an efficient, stepless, 

dynamic and fully-automated control 

system. Several different methods are 

available for capacity control for 

reciprocating compressors. Only 

HydroCOM, however, achieves best 

results in terms of energy savings, 

speed and accuracy. It improves 

process control, optimizes 

performance and pays for itself

within a short period of time.
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FIGURE 2.   
Apex equipment is  
designed with simpliied  
access to the screens and ball  
trays from the side of the machine,  
so it is no longer necessary to remove  
the top cover to access these areas, reducing  
screen-changing time by 95%

Rotex





gently slopes near the discharge end, 

assisting the material off the screen-

ing deck and into production. This is 

achieved by the screener’s parallel-

arc configuration. Crossbars support 

the end-tensioned screens and create 

a flat screening surface to maximize 

screening area, while simplifying 

screen panel changes and allowing 

screen change times of 10 to 15 min.

“I don’t have a pocket full of mira-

cles, but I can often help customers 

increase capacity with this machine,” 

says Crone. “In some cases, one of 

these machines has replaced six or 

eight round separators and increased 

throughput while using less floor 

space. Very few pieces of equipment 

can screen high volumes down as fine 

as this machine.”

And, Russell-Finex offers the Rus-

sell Compact Sieve (Figure 4) to 

more efficiently eliminate oversize 

material in a smaller space. These 

vibrating screens achieve a higher 

throughput per unit mesh area than 

do conventional vibrating screens. 

O’Connell says they can achieve 

throughput rates up to 60,000 kg/h 

and are designed to fit neatly into 

existing production lines as they are 

less than half the height of tradi-

tional sieving machines.

Still, other equipment manufactur-

ers are changing the motion of the ma-

chine to achieve higher capacities for 

their customers. Kason, for example, 

offers the Centri-Sifter centrifugal 

screener to sift, scalp, de-lump and de-

water bulk solids and slurries without 

traditional vibration. Instead, material 

is fed into the feed inlet and redirected 

into the cylindrical sifting chamber by 

means of a feed screw. Rotating, helical 

paddles within the chamber continu-

ously propel the material against the 

screen, while the resultant centrifugal 

force on the particles accelerates them 

through the apertures. These rotating 

paddles, which never make contact 

with the screen, also serve to break up 

soft agglomerates. Oversized particles 

and trash are ejected via the oversize 

discharge spout.

“This equipment is ideal for increas-

ing the processing efficiency of mate-

rials that are sluggish,” says Sirak. 

“Because as the material feeds in the 

paddle assembly, it turns at a specific 

rotational speed, allowing sluggish 

materials to flow inside the basket, 

which separates them faster than a 

traditional vibratory screener would. 

As particles are accelerated and fluid-

ized, they tend to find the hole open-
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Styron (Berwyn, Pa.), which operates  

plastics, rubber and latex businesses, 

promotes John Feenan to executive 

vice president and CFO.

Shimadzu Corp. (Columbia, Md.) 

names Shuzo Maruyama president of 

Shimadzu Scientific Instruments.

Black & Veatch (Kansas City, Mo.) 

appoints Cindy Wallis-Lage president 

of its global water business.

Bruno Reckmann is now sales man-

ager for the business divisions of con-

veying and loading, palletizing and 

packaging at Beumer Maschinen-

fabrik GmbH (Beckun, Germany), 

responsible for Europe, the Middle 

East and Asia.

Adil Toubia becomes CEO of the Oil 

& Gas Division of Siemens Energy 

(Erlangen, Germany).

Robert Hu joins The Hallstar Com-

pany (Chicago, Ill.) as vice president 

of research and development.

Chicago Pneumatic (Rock Hill, S.C.) 

names Todd Francis vice president, 

North America.

Lanxess AG (Leverkusen, Germany) 

appoints Joerg Schneider to lead the 

Agro & Fine Chemicals business line 

of Saltigo GmbH, a supplier of custom 

synthesis products.

X-Rite, Inc. (Grand Rapids, Mich.), 

which provides color science and tech-

nology to many industries, names Vic 

Stalam senior vice president of sales 

and marketing. ■
Suzanne Shelley

Feenan HuReckmannWallis-Lage

WHO’S WHO

Toubia

TechTeam can Help
Keep Your Hot Oil System Running!

NEED TECHNICAL SUPPORT

www.MultiTherm.com

NON-TOXIC

NON-HAZARDOUS

Heat Transfer Fluid

for your Hot Oil System?

�Heat Transfer Fluids �Design

�Filter Systems �Training 

�Cleaning �Start-Up

�Trouble Shooting �Operations

Call Today!

1-800-225-7440

Circle 26 on p. 70 or go to adlinks.che.com/40265-26
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renewable resources, industrial biotechnol-
ogy – the bio-based economy is not a buzz-
word but a living reality. Not only is a new 
biotechnology industry with new players 
entering the field, but established indus-
tries like the chemical and other process 
industries are undergoing a rapid transfor-
mation. New raw materials and innovative 
biotechnological processes call in turn for 
adjustments in equipment, MSR and auto-
mation technologies and many more.

ACHEMA 2012 reflects the trend in its 
platform “bio-basedWorld at ACHEMA”. 
This offers the unique chance for estab-
lished industry players, new market 
entrants, scientists and investors to meet in 
one place and discuss state-of-the-art tech-
nologies and products. The new concept 
acknowledges the fact that biotechnol-
ogy and renewables play a part in all of 
ACHEMA’s exhibition groups.

Start-ups, SMEs, and entrepreneurs will 
find support and contacts at the BIOCHEM 
Accelerator Forum. Organized by the part-
ners of the EU’s BIOCHEM project, dedi-
cated venture capital days, a business plan 
competition and entrepreneurial teaching 
classes address the special needs of young 
companies trying to establish a presence 
in the market with bio-based products. 
Together with technology transfer days 
and a partnering tool, ACHEMA offers an 
all-round package and acts as an incubator 
for bio-based industries. A two-day confer-
ence on “European Innovation Partnership” 
brings together players from politics, 
industry and academia to discuss practical 
aspects of implementing the bioeconomy.

The first-ever ACHEMA Partnering 
Platform enables exhibitors and attendees 
to selectively identify potential cooperation 
partners, initiate contacts and schedule 
meetings well in advance of the event. lt 
is open to all exhibitors and visitors within 
and beyond the bio-basedWorld. Exhibitors 
and visitors can register two months in 
advance of the event. The system matches 
cooperation requests with offers to create 
an individual meeting schedule; meetings 
may take place either at exhibition stands 
or in a dedicated partnering area.

ACHEMA in its breadth and depth repre-
sents technological developments that 
address urgent economic and societal 
challenges, from sustainable production of 
goods to mobility, security, and the satisfac-
tion of the basic needs of people worldwide. 
This global exchange forum offers a unique 
opportunity to work together on innova-
tive solutions. It is a showcase not just for 
European industries, but for the world. ■

www.achema.de

…Continued from page 32I-2Membranes for wastewater
German hospital opens a wastewater treatment plant 
based on MBR technology from MICRODYN-NADIR

With environmental regulations becom-
ing increasingly stringent, membrane 

bioreactor (MBR) technology with its high-
quality effluent is a good fit for wastewa-
ter treatment – as shown recently at the 
Marienhospital in Gelsenkirchen, Germany. 
Commissioned in July 2011, the hospital’s 
wastewater treatment plant is one of the 
first in Europe to focus on eliminating 
micro-pollutants such as pharmaceutical 
residues and radio-opaque substances. It 

was built in the context of an EU-supported 
project named PILLS (Pharmaceutical Input 
and Elimination from Local Sources) under 
the aegis of the Emschergenossenschaft. 
The Marienhospital treats around 75,000 
patients every year and generates up to 
200 m3/d of effluent. Until now, this waste-
water has been discharged untreated into a 
nearby river. The new treatment plant uses 
mechanical and biological clarification, ultra-
filtration and other processes to improve the 
purity of the river.

The ultrafiltration stage is based on three 
submerged BC400 MBR modules from 
MICRODYN-NADIR, installed downstream 
of the aeration tank. With a total membrane 
area of 1,200 m2, these remove microscopic 
particles and bacteria from the wastewater. 
Following ultrafiltration, ozone is added to 
oxidize the micro-pollutants into nonhaz-
ardous substances. Micro-pollutants are 
also adsorbed onto pulverized activated 
carbon. ACHEMA Hall 5.0 E61

IFAT ENTSORGA Hall A2 303
www.microdyn-nadir.de

The new treatment plant at the 
Marienhospital, Gelsenkirchen

Experts in thermal separation
Thin-film evaporators from GIG Karasek increase 
process quality with low environmental impact

GIG Karasek supplies plants and key 
equipment for thermal separations: 

wiped film evaporation, molecular distilla-
tion and rectification, and specialist equip-
ment for the life sciences.

The lean organizational structure of this 
family-run Austrian company means that 
the customer has only one partner for basic 
engineering, fabrication, installation, and 
commissioning. Key equipment is manu-
factured in the firm’s own workshops under 
strict quality control. GIG Karasek’s head-
quarters are located near Vienna, where the 
company also operates a test and develop-
ment center for evaporation and thermal 
separation technology.

At ACHEMA, GIG Karasek will be demon-
strating its proven thermal wiped-film dryer 
technology, which has applications from 
food to chemicals. The special rotor tech-
nology is used to create thin-film evapora-
tors with inside diameters of 80 in. or more. 
Such large evaporators can increase profit 
margins by raising process capacity and 
improving purity. Advantages include:

low environmental impact;• 
no emissions (smell, gas, dust, or noise);• 
massive construction and low • 
maintenance;
small footprint;• 
continuous operation;• 
gentle product handling thanks to the • 
short residence time.

ACHEMA Hall 4.0 A68
IFAT ENTSORGA Hall A4 110

www.gigkarasek.at

GIG Karasek’s proven thermal wiped-film 
dryer technology
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At ACHEMA this year, 
   HOERBIGER will pres-

ent the latest generation of 
its RecipCOM system and the 
production version of an elec-
trohydraulic valve actuator.

RecipCOM is a monitoring, 
protection, and diagnostic system 

for reciprocating compressors. With its 
new modular and scalable structure, 
HOERBIGER’s latest RecipCOM can also 
provide excellent machinery protection 
for older compressors – a fully customi-
zable and cost-effective solution.

The sophisticated RecipCOM diag-
nostic software continuously informs 
the operator about the current status 
of the compressor, making any varia-

tions in performance and efficiency immediately visible. Detailed 
signal recording and trend calculations support decision-making 
and fault analysis. With the option to shut down the compres-
sor within a few revolutions, RecipCOM can also prevent severe 
damage.

The new production version of HOERBIGER’s electrohydraulic 
valve actuator combines the sensitivity of electric drive technol-

ogy with the power density and 
dynamic response of a hydraulic 
system. This innovative actuator 
is operated electrically through 
a simple interface, and works 
autonomously without the need for 
external hydraulic lines.

Also on show will be HOERBIGER’s 
new compressor “Upgrade and Revamp” 
service: innovative and proven components 
and the most advanced maintenance tech-
nology to make older compressors fit for the 
future. Its four fundamentals are lifetime 
extension, troubleshooting, external process 
changes, and energy optimization. The CP 
valve and the BCD packing ring are two 
high-tech components for the efficient and 
environmentally friendly operation of recip-
rocating compressors.

HOERBIGER will be unveiling developments in industrial valve 
automation, in particular piezo-pneumatic pressure regulator 
modules which, with newly developed interfaces and unparalleled 
low power consumption, open up new perspectives for manufactur-
ers of valve positioners. ACHEMA Hall 8.0 D28

www.hoerbiger.com

The highly modular 
RecipCOM system offers 
sophisticated monitoring, 
protection, analyses 
and optimization 
of reciprocating 
compressors – with SIL 
certified reliability

The electro-hydraulic 
valve actuator combines 
the advantages of electric 
and hydraulic drives. 
A pressure-resistant 
housing makes it suitable 
for use in hazardous 
atmospheres

Key technologies for compressors and drives
HOERBIGER presents new monitoring and maintenance solutions for reciprocating 
compressors, plus developments in valve actuators and positioners

For more than 90 years ARCA Regler has concentrated on the 
development, production, sales and service of pneumatic and 

electrically-activated control valves. Continuous product develop-
ment and many patents have resulted in ARCA’s being honored as 
one of the 100 most innovative firms in Germany.

Von Rohr Valves and WEKA Cryogenics – both based in 
Switzerland – as well as ARTES Valve & Service and FELUWA Pumps 
in Germany are the other companies of the ARCA Flow Group.

Production plants and joint ventures in India, China and Korea are 
backed up by a global sales network, providing excellent technical 
advice and lifetime service.

In industrial process control, ARCA has established a new stan-
dard with the modular ECOTROL control valve system. In sizes 
from 1⁄2 in. (DN 15) to 24 in. (DN 600) and pressure rating up to 
Class 1500 (PN 250), ECOTROL with the unique SWS quick-change 
system offers a solution for every application.

All ARCA control valves are delivered as a ready-to-install pack-
age consisting of control valve, pneumatic actuator, and pre-config-
ured ARCAPRO intelligent valve positioner.

Starting with the well-proven direct positioner interface with 
integral air tubing and the patented ARCAPLUG position feedback 
system, ARCA always has been a leader in valve actuator technol-
ogy, especially when it comes to actuator/positioner mounting 
interfacing and positioner integration.

Nowadays ARCA actuators can be equipped with the OPOS 

interface, a further development of 
the vendor-independent VDI-3847 
positioner mounting standard (photo, 
right). Besides standard features such 
as lower mounting costs, reduced spare 
parts inventory and increased reliability, 
the OPOS interface provides the ability 
to safely replace the positioner during 
operation by means of integrated inter-
locking. Furthermore, the integrated 
instrument air purge of the spring cham-
ber provides long lifetime and better 
reliability through enhanced protection 
of the actuator internals.

An exciting new development is 
ARCASMART – as the first actuator with 
a fully integrated intelligent positioner, it 
is the obvious choice for demanding applications. The sturdy yet 
elegant design, which includes flushing of the entire internal space 
with vent air, ensures that ARCASMART covers a wide application 
spectrum from hygienic processing up to extreme environmental 
conditions. All adjustments and diagnostic parameters are already 
factory-set to create a perfect match for the actuator size, valve 
configuration and application. ACHEMA Hall 8.0 G94

www.arca-valve.com

Intelligent valve and actuator solutions
ARCA Regler GmbH, the parent company of ARCA Flow Group,  
maintains its position as a leader in control valve technology

ECOTROL valve with 
OPOS interface

ALEXANDERWERK TECHNICAL SUPPORT – AT YOUR SERVICE AROUND THE WORLD.
Whatever tasks you may have to fulfill – Alexanderwerk is the worldwide technology leader 
in manufacturing Roller Compactors for the chemical, pharmaceutical and food processing 
industry. This is why our machines and plant construction are being used by all reputable 
manufacturers. It will be our pleasure to advice you as well.

www.alexanderwerk.com

WHENEVER YOU NEED 
TECHNICAL SUPPORT – 
WE ARE JUST ONE 
STEP AWAY.

THE COMPACTION 
PEOPLE.

120037_AW-EntwicklungRealisationWeltkugel_206x143mm.indd   1 02.02.12   15:18
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Specialists in thin-film 
separation technology
Buss-SMS-Canzler has decades of 
experience in thermal separation

Buss-SMS-Canzler is one of the world’s leading suppliers of ther-
mal separation technology for difficult-to-handle substances 

and mixtures.
The company is a specialist in thin-film technology, providing 

technical engineering solutions based on decades of experience 
accumulated by the Luwa, SMS, Buss and Canzler companies. As 
a modern and internationally active company, Buss-SMS-Canzler 
develops and manufactures systems and equipment in the fields of 
evaporation, drying, high-viscosity and membrane technology.

The company also manufactures special equipment, for example 
made out of copper and copper alloys, and is active in the nuclear 
industry. Supported by a comprehensively equipped test centre 
with 20 pilot systems, the employees – more than 240 strong – 
develop customized and economical solutions for the process 
engineering requirements of customers. These solutions have 
been trusted for many years by renowned global companies, in 

areas which include 
plastics, fibers, 
polymers, specialty 
chemicals, agro-
chemicals, oleo- and 
petrochemicals, fine 
and basic chemi-
cals, foodstuffs, 
pharmaceuticals, 
environmental solu-
tions and energy.

One of the main 
products of Buss-
SMS-Canzler is 
the Short Path 
Evaporator. With its 
internal condenser 
this is designed to 
master demanding 
thermal separation 
tasks. The combina-
tion of evaporation 
and condensation 
in extreme proxim-
ity allows the Short 
Path Evaporator to 
operate at a vacuum 
down to 0.001 mbar 
(a). This allows it to 
operate in special-
ized fields including 
molecular distilla-
tion, evaporation, 
concentration and 
degassing of heat-
sensitive and high-
boiling products.

ACHEMA  
Hall 4.0 B24

www.sms-vt.com
Buss-SMS-Canzler Short Path Evaporator 
with inductive heating

Liquid fuel from the sun
Süd-Chemie’s sunliquid is a cellulosic 
ethanol for biofuels or green chemistry

Süd-Chemie, a member of the Clariant Group, has set a strategic 
focus on the development of processes for the sustainable 

production of bio-based chemicals and biofuels. The conversion of 
lignocellulosic feedstock such as agricultural residues is of particu-
lar interest, says the company. The sunliquid technology developed 
by Süd-Chemie offers a fully integrated, turnkey, full-scale process 
for the economic production of cellulosic ethanol from residues like 
cereal straw, corn stover, bagasse, or other lignocellulosic feed-
stock. It features technological innovations covering the complete 
conversion chain to ensure highest yields at minimum costs.

After pretreatment, the feedstock is treated with a highly opti-
mized set of enzymes, specific to the particular raw material and 
the corresponding process conditions. The enzymes are produced 
process-integrated on site using a small quantity of pretreated feed-
stock as the substrate, thus minimizing enzyme costs and avoiding 
dependence on third-party enzyme suppliers. After saccharification, 
solids are separated for use as a process fuel and the sugar-rich 
liquid hydrolysate enters ethanol fermentation. A proprietary, opti-
mized fermentation organism converts all C5 and C6 sugars simulta-
neously into ethanol in a one-pot reaction yielding about 50% more 
ethanol than C6 fermentation alone. Finally, an innovative ethanol 
purification method using Süd-Chemie technology and proprietary 
material saves up to 50% in energy compared to standard distillation 
technology. Energy derived from byproducts such as lignin meets the 
entire electricity and heat demand of the process, so the resulting 
ethanol achieves greenhouse gas reductions of close to 100%.

In July 2011, Süd-Chemie started constructing a demonstration 
plant to confirm the feasibility of the sunliquid technology at indus-
trial scale. The plant is expected to be operational in March 2012, 
producing up to 1,000 t/y of cellulosic ethanol.

In addition to its potential in greening transport, cellulosic etha-
nol is a valuable raw material for the chemical industry, for instance 
for the production of green polyethylene. The sunliquid technol-
ogy opens up a second-generation sugar platform that can yield 
green products like organic acids, green solvents, higher alcohols, 
aromatics and their derivates as specialty and bulk chemicals which 
can be further converted into bio-based products.

ACHEMA Hall 9.2 D38
www.sunliquid.com

The sunliquid demonstration plant in Straubing, Germany, in 
January 2012; startup is due in March this year
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Customers of Alexanderwerk operate on every continent and at 
all sizes of business, from multinational corporations to small 

private companies. Their dry compaction applications are equally 
diverse, and can be found in the pharmaceutical, nutraceutical, 
food and chemical industries, among other sectors.

Projects undertaken by the firm vary from a single stand-alone 
machine or production unit to a fully integrated turnkey solu-
tion. With over 1,200 installed machines in active operation, 
Alexanderwerk provides responsive and proactive process and tech-
nical support to customers around the globe.

The company’s technology centre, located in Remscheid, 
Germany, is purpose-built to seek out process and technical solu-
tions to customers’ challenges. Partnerships with several universi-
ties across the world ensure an academic foundation for the design 
and development of equipment as well as future research and 
process development.

Based on its equipment, large installed base, customer satisfac-
tion, and track record of innovations and patents, it is therefore no 
surprise that Alexanderwerk and many of its customers consider 
Alexanderwerk to be the market and technology leader in dry 
compaction.

Dry compaction, also referred to as direct compaction, is an 
economical continuous process which yields a high-quality granular 
product. No binding agents or liquids are required; particle adhe-
sion is achieved purely mechanically, through the application of 

high pressures. The more traditional wet granulation processes 
requires an additional drying step, which is not needed with dry 
compaction. Low energy consumption and low environmental expo-
sure are positive attributes of dry compaction technology.

Alexanderwerk’s dry compaction technology is developed with 
full input from customers. The typical Alexanderwerk horizontal 
product feed ensures controlled product supply to the compac-
tion rollers, while the vertical roller arrangement allows complete 
capture of leakage from the uncompacted side.

ACHEMA Hall 6.0 A76
www.alexanderwerk.com

Technology leader in dry compaction
Alexanderwerk champions a cost-effective  
granulation process requiring no binders

Machines from Alexanderwerk’s 
PP series are perfect for the economic compaction of raw materials

Tailor-made valves
OHL Gutermuth makes specialist butterfly 
valves for the world’s biggest projects

Valve manufacturer OHL Gutermuth offers a broad range of 
butterfly valves for both shut-off and control duties, plus special 

types, custom designs and accessories. Nominal diameters are up 
to DN 4000, with pressure ratings of 200 bar and more, for tempera-
tures from –196°C to 1300°C. The firm has offered triple-offset 
butterfly valves for 20 years.

The firm traces its origins back to 1867. “Providing individual 
advice and consulting to our customers right from the start is at the 
centre of our efforts,” explains managing partner Wolfgang Röhrig.

The Altenstadt-based company invests heavily in quality assur-
ance, with certification to ISO 9001:2008 and Module H of the 
EU’s Pressure Equipment Directive. All products are also certified 
under the Russian GOST and RTN standards and licensed for use by 
Gazprom. The company has operated a sales office in Beijing since 
2007, and one in Moscow since 2011.

“In the past 40 years we have supplied customized valves for 
more than 130 gas purification plants, among them the largest in 
the world, in Europe, Russia, Kazakhstan, Turkmenistan, India, 
China, the Middle East and America”, says Röhrig.

Recent projects include 220-ton valves for desulfurization plants 
in Iran, valves for the world’s largest solar power stations, for 
the German and French navies, and for a 170 m-long mega-yacht 
belonging to Russian oil billionaire Roman Abramovitch.

ACHEMA Hall 8.0 C93
www.ohl-gutermuth.de

Controllable electric agita-
tors from Seybert & Rahier 

GmbH (sera) (photo) are 
designed for use with sera’s 

CTD dosing systems with 
tank volumes in the range 
100–1,000 l. They are available 
in a number of different configu-
rations, including two different 
materials of construction for the 
agitator shaft and the mixing 
element itself.

The highlight of the new type 
MU agitators is their optional 
control electronics, adapted 
from sera’s proven dosing 
pump control systems. As well 
as manual control, there are 
three automatic modes: speed 
control, intermittent timed 
operation, and an adjustable 
overrun time. For maximum 
effectiveness, the agitator 
controllers communicate with 
the rest of the sera dosing 
system and the plant’s central 
control system.

ACHEMA Hall 8 K63
www.sera-web.com

Controllable agitators
New electric agitators from sera are well-
matched to the firm’s dosing equipment
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Dry Processing: “Simply a more intelligent way”
LIST high-viscosity processing technology allows manufacturers to reduce or even 
eliminate solvents, with a range of benefits including lower costs and better products

As a worldwide technology leader and  
  pioneer in dry or concentrated process 

technology, LIST develops intelligent solu-
tions for the chemical industry. LIST’s inno-
vative technology allows processing without 
solvents, making it more reliable, economi-
cal, safe, and environmentally friendly.

LIST’s solvent-free technology offers 
manufacturers of polymers, chemicals, 
fibers and food products a way to avoid or 
greatly reduce the need to handle, recover 
and recycle solvents. This “Dry Processing” 

makes customers more competitive by 
dramatically reducing operating costs and 
plant size, and cutting energy consumption.

Key benefits of Dry Processing include:
high, continuous, production capacities;• 
high degree of processing flexibility when • 
changing grades or process parameters;
high-efficiency operation, maximizing • 
process yield to process volume;
environmentally friendly, with low emis-• 
sions and lower energy use (replaces 
steam stripping, no solvent to remove);
economical processing (energy savings, • 
low maintenance, reduced utilities, fewer 
process steps, smaller footprint);
high product quality (no overheating of • 
product, no side reactions, no contamina-
tion with degraded product, product qual-
ity consistent between campaigns); and
lower cost of ownership.• 

LIST technology also provides signifi-
cant health, safety and environmental 
benefits. Reducing CO2 emissions, elimi-
nating solvents, and increasing safety 
through precise thermal management, Dry 

Processing is simply a more intelligent way 
to work, the company says.

Dry Processing has become the choice 
technology for a portfolio of manufac-
turing processes across a spectrum of 
industries. It is LIST’s goal to revolutionize 
other branches of the process industries 
by helping manufacturers update to Dry 
Processing. ACHEMA Hall 5.1 D92

www.list.ch

Reactants

Final Product

LIST KneaderReactor

The LIST KneaderReactor offers maximum 
performance from minimum footprint

LIST KneaderReactor technology is 
successfully applied as a continuous 
main evaporator or as a continuous bulk 
polymerizer

Where innovation is tradition
SAMSON is a world-leading supplier of control valves to  
the chemical process industries

SAMSON is a name recognized world-
wide as a synonym for high-quality 

work, entrepreneurial spirit and innovative 
strength. The company’s field of expertise 
extends from heating and air-conditioning 
to the largest chemical plants. SAMSON 
operates wherever there is controlled flow 
of vapors, gases, or liquids.

Since 1916, the manufacturing plant and 
head office have been located on the river 
Main in Frankfurt, Germany. Here product 
development and manufacturing take place, 
as well as administration and warehous-
ing. The Frankfurt headquarters and the 
affiliated companies employ and train over 
3,200 people, whose loyalty to the company 
stems from their sound working environ-
ment. The management team, progressive 
yet traditional, is committed to the SAMSON 
name and the technical competence and 
partnership it stands for.

For over 100 years SAMSON has devel-
oped and manufactured control equipment 
for industrial processes. From rugged self-
operated regulators to highly specialized 

control valves for industrial processes, the 
broad product range includes valves to 
meet all requirements. The key products 
are control valves, which SAMSON manu-
factures in all common sizes, in standard 
materials and exotic alloys, equipped 
with actuators tailor-made for the specific 
demands of the application. Among acces-
sories, SAMSON positioners set the stan-
dards with their reliability, accuracy and 
versatility. They communicate using all 
common protocols and bus systems, and 
integrate seamlessly into current process 
control systems. Most of the control 
valves and accessories are developed and 
manufactured at SAMSON’s headquarters; 
in-house manufacturing ensures highest 
product quality and reliability.

SAMSON’s Type 3730–6 positioner with 
pressure sensors sets standards in cost-
effectiveness, flexibility and reliability. Its 
features include:

one positioner for throttling and on/off • 
applications;
integrated EXPERTplus diagnostics;• 

TROVIS-• 
VIEW 4 
software for 
configuration 
and operation free of 
charge;
HART commu-• 
nication with 
free EDDL and 
FDT/DTM;
monitor-• 
ing of the 
entire oper-
ating cycle 
with EXPERTplus valve 
diagnostics;
integrated • 
sensors to 
monitor 
supply  
pressure and signal pressure;
automated partial stroke test (PST) suit-• 
able for safety-instrumented systems up 
to SIL 3. ACHEMA Hall 11.1 C75

www.samson.de, www.samsongroup.de

Type 3241–7 pneumatic 
control valve with Type 3730–6 

electropneumatic positioner









H
ead loss due to friction for fluids 

traveling through pipes, tubes 

and ducts is a critical param-

eter for solving turbulent-flow 

problems in the chemical process in-

dustries. The Colebrook equation is 

used to assess hydraulic resistance 

for turbulent flow in both smooth- 

and rough-walled pipes. The equation 

contains a dimensionless fluid-flow 

friction coefficient that must be calcu-

lated for the properties of the pipe and 

the fluid flow. 

Determining friction factors for the 

Colebrook equation requires either 

calculating iteratively or manipulating 

the equation to express friction factors 

explicitly. Iterative calculations can be 

carried out using a spreadsheet solver, 

but can require more computational 

time. Explicit expressions offer direct 

computation, but have a range of sim-

plicity and corresponding error. 

The Lambert W function may be a 

better method to express friction fac-

tors explicitly because it allows users 

to avoid iterative calculation and also 

reduce relative error. This article out-

lines methods for determining friction 

factors, and discusses how to use the 

Lambert W function. The Lambert W 

function is evaluated using real data 

in Part 2 of the feature (p. 40).  

Colebrook equation
Pipe-flow problems are challenging 

because they require determination of 

the fluid-flow friction factor (ƪ), a di-

mensionless term whose expression is 

a non-factorable polynomial. The fric-

tion factor is a complicated function of 

relative surface roughness and Reyn-

olds number (Re), where, specifically, 

hydraulic resistance depends on flow-

rate. The situation is similar to that 

observed with electrical resistance 

when a diode is in circuit. 

The hydraulics literature contains 

three forms of the Colebrook equation 

for which the friction factor is implicit, 

meaning that the term it has to be ap-

proximately solved using an iterative 

procedure because the term exists on 

both sides of the equation. Engineers 

have also developed a number of ap-

proximation formulas that express the 

friction factor explicitly, meaning that 

it is calculated directly rather than 

through an iterative process. 

The equation proposed by Colebrook 

in 1939 [1] describes a monotonic 

change in the friction factor as pipe 

surfaces transition from fully smooth 

to fully rough. 

    

 (1)

At the time it was developed, the im-

plicit form of the Colebrook equation 

was too complex to be of great prac-

tical use. It may be difficult for many 

to recall the time, as recently as the 

1970s, with no personal computers or 

even calculators that could do much 

more than add or subtract.

Many researchers, such as Coelho 

and Pinho [2], have adopted a modifica-

tion of the implicit Colebrook equation, 

using 2.825 as the constant instead of 

2.51. Alternatively, some engineers use 

the Fanning factor, which is different 

from the more commonly used Darcy 

friction factor. The Darcy friction fac-

tor is four times greater than the Fan-

ning friction factor, but their physical 

meanings are equivalent.

Calculation approaches
In general, the following five ap-

proaches are available to solve the 

Colebrook equation:

•		Graphical	solutions	using	Moody	or	
Rouse diagrams (useful only as an 

orientation)

•		Iterative	 solutions	 using	 spread-

sheet solvers (can be highly accurate 

to Colebrook standard, but require 

more computational resources)

•		Using	 explicit	 Colebrook-equation	
approximations (less computation, 

but can introduce error)

•		Lambert	 W	 function	 (avoids	 itera-

tive calculations and allows reduc-

tion of relative error)

Trial-and-error method (obsolete)•	

Graphical solutions 
Graphs	based	on	the	Colebrook	equa-

tion represent the simplest, but most 

approximate approach to avoiding 

trial-and-error-based iterative solu-

tions. In 1943, Rouse [3] developed a 

chart based upon the Colebrook equa-

Feature Report

34     CHEMICAL ENGINEERING   WWW.CHE.COM   MARCH 2012

Cover Story

Dejan Brkić
Beograd, Serbia 

Several approaches are reviewed  

for calculating fluid-flow friction factors  

in fluid mechanics problems  

using the Colebrook equation

Click here to open, save, or print,
and to see everything else you can
do with your document.

Press F1 for more help.

Save as

Save

Print

Open

New

O�ce Button

?

LKVJDANA JJVAJVA 

fi    Jksldlf H;dsv KJokod,,

fi    Jksldlf H;dssdvbfsh  m 

fi    Jksldlf H;dssdvbfsh  m 

fi    Jkslfaabsbsb ;dssd bfsh  m 

fi    J  ldlf H ;dssdvbfsh  m 

fi    Jksldlf H;dssdv

fi    Jksldlf H;dssd

fi    Jksldlf H;dssdvbf

fi    Jksldlf H;

Part 1

FIGURE 1.  Microsoft Excel can carry out it-
erative calculations as needed in solving the 
implicit Colebrook equation

Determining Friction Factors 
in Turbulent Pipe Flow  





Cover Story

36     CHEMICAL ENGINEERING   WWW.CHE.COM   MARCH 2012

TABLE 1. EXPLICIT APPROXIMATIONS TO THE COLEBROOK RELATION

Relation Auxiliary terms Name-year

- Moody-1947

Wood-1966

- Eck-1973

-
Swamee and 
Jain-1976

- Churchill-1973

- Jain-1976

Θ
1

0 9

2 457
7

0 27= ⋅ 



 + ⋅




















. ln

Re
.

. ε
D




16

Θ
2

16

37530= 



Re

Churchill*-1977

Chen-1979

- Round-1980

- Barr-1981

 

or 

-

Zigrang and Syl-
vester-1982

- Haaland-1983

Continues on next page
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TABLE 1. EXPLICIT APPROXIMATIONS TO THE COLEBROOK RELATION  (Continued)

Relation Auxiliary terms Name, year

Serghides, 1984

- Manadilli, 1997

Romeo, Royo and 
Monzón, 2002

Sonnad and Gou-
dar, 2006

Vatankhah and 
Kouchakzadeh, 
2008

Buzzelli, 2008

Avci and Karagoz, 
2009

-
Papaevangelou, 
Evangelides and 
Tzimopoulos, 2010

Using above S, new S (noted as S1) can be calculated to re-
duce error:

  
Or S can be calculated as:
 

*Churchill relation from 1977 also covers laminar regime
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the best function is Lambert W [28–

29]. The Lambert W function (Equa-

tion 2; Figure 3) and the Colebrook 

equations are transcendental.

    

 (2)

The exponential function can be de-

fined, in a variety of equivalent ways, 

as an infinite series. In particular, it 

may be defined by a power series in 

the form of a Taylor series expansion 

(Equation 3):

    

 (3)

The Taylor series is a mathemati-

cal representation of a function as 

an infinite sum of terms calculated 

from the values of its derivatives at 

a single point. Using a Taylor series, 

trigonometric functions can be writ-

ten as Equations (4) and (5):

    

 

 (4)

 

   

  

 (5)

Similarly, the principal branch of 

the Lambert W function can be noted 

as in Equation (6):

 (6)

   

A logical question that arises is 

why the Lambert W function is not 

an elementary function, while trigo-

nometric, logarithmic, exponential 

and others are. Whether Lambert W 

ultimately attains such canonical sta-

tus will depend on whether the wider 

mathematics community finds it suf-

ficiently useful. Note that the Taylor 

series appears on most pocket calcula-

tors, so it is readily usable.

For real-number values of the ar-

gument x, the W function has two 
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branches: W–1 and W0, where the lat-

ter is the principal branch. The evo-

lution of the W function began with 

ideas proposed by J.H. Lambert in 

1758 and the function was refined 

by L. Euler over the subsequent two 

decades. Only part of the principal 

branch of the Lambert W function 

will be used for solving the Colebrook 

equation. The equation can be writ-

ten in explicit form in an exact math-

ematical way without any approxi-

mation involved (Equation 7): 

  

 
(7)

Where x = Re·ln(10)/5.02. Also, proce-

dures to arrive at the solution of the 

reformulated Lambert W function 

could find application in commercial 

software packages. 

The Lambert W function is im-

plemented in many mathematical 

systems, such as Mathematica by 

Wolfram Research, under the name 

ProductLog, or Matlab by MathWorks, 

under the name Lambert [30].

Regarding the name of the Cole-

brook equation, it is sometimes alter-

nately known as the Colebrook-White 

equation, or the CW equation [31].Ce-

dric White was not actually a coauthor 

of the paper where the equation was 

presented, but Cyril Frank Colebrook 

made a special point of acknowledging 

the important contribution of White 

for the development of the equation. 

So the letter W has additional sym-

bolic value in the reformulated Cole-

brook equation.

Summary of uses
In solving the Colebrook equation ap-

proximately, the trial-and-error method 

is obsolete, and the graphical solution 

approach is useful only as an orien-

tation. A spreadsheet solver, such as 

Excel, can generate accurate iterative 

solutions to the implicit Colebrook equa-

tion. The numerous explicit approxima-

tions available are also very accurate 

for solution to the equation. Finally, the 

new approach using the Lambert W 

function can be useful [32–34]. ■
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T
he Nikuradse-Prandtl-von Kar-

man (NPK) equation is the most 

widely used expression to deter-

mine friction factors for fluid flow 

in smooth pipes [1–3]. It implicitly 

relates the friction factor (expressed 

here as f; sometimes called ƪ) to the 

Reynolds number, Re. It is shown in 

Equation (1). 

 (1)

 

Because the friction factor appears on 

both sides of the equation, an iterative 

approach is required to arrive at accu-

rate values for f. To simplify the prac-

tical use of the NPK equation while 

providing highly accurate f values 

and eliminating the need for iterative 

estimations of f, several empirical ap-

proximations have been proposed [4] 

(see Part 1 of this feature, p. 34). 

The authors employed the Lambert 

W function to derive an explicit repre-

sentation of the NPK equation for tur-

bulent flow in smooth pipes and used 

the expression to determine the accu-

racy of numerous empirical approxi-

mations of the NPK equation [4, 5]. 

More recently, other studies have used 

newer experimental data sets to derive 

an alternate relationship between f 

and Re [6, 7], and it is shown here:

 (2)

While functionally identical to the 

NPK equation, Equation (2) has dif-

ferent constants. Using two sources of 

experimental data, a comparison was 

made between the new expression and 

the widely used NPK equation and is 

presented here. Specifically, explicit 

representations of Equations (1) and 

(2) were derived using the Lambert W 

function that allowed estimation of f to 

machine precision. Subsequently, ex-

perimental f versus Re data were com-

pared with estimates from Equations 

(1) and (2) to determine their respec-

tive deviations from observed values.

Equation (2) was shown to effec-

tively describe experimental data in 

the range of 31 × 103 < Re < 35 × 106. 

In the first data set for which Equation 

(2) was derived, Equation (2) was more 

accurate than the NPK equation with 

average and maximum errors of 0.51% 

and 1.78%, respectively, compared with 

1.94% and 4.06%, respectively, for the 

NPK equation. For the second data set, 

both equations were very similar, with 

average errors of 2.06% and 2.27% and 

maximum errors of 4.84% and 4.88%, 

respectively. When f estimates were 

compared over 4 × 103 < Re < 108, the 

range typically encountered in practice, 

the average and maximum differences 

were 1.70% and 3.25%, respectively. 

Given the inherent experimental error 

(1.1–4%) and the relatively minor dif-

ferences in f, either equation may be 

used for turbulent-flow friction-factor 

estimation in smooth pipes. The single 

explicit representation with two con-

stants presented in this study should 

make it easy to incorporate f calcula-

tions using either expression into ex-

isting piping-system design software.

Deriving explicit equations
Equations (1) and (2) can be rewritten 

as the following:

 (3)

Where C1 = –2.0 and –1.930 and C2 

= 0.8 and 0.537 for Equations (1) and 

(2), respectively. Equation (3) can be 

rewritten as the following: 

 (4)

 

Substituting  and simpli-

fying results yields the following:

 (5)

This may be expressed analogous to 

the Lambert W function, which is de-

fined as follows [8]:

 (6)

From Equations (5) and (6), φ may be 

written as the following:

 (7)

Substituting for  in Equa-

tion (7) results in the desired explicit 

expression for the friction factor.

 (8)

Equation (8) explicitly relates f and Re 

using the Lambert W function, and is 

a mathematically exact representa-

tion for Equations (1) and (2). Mul-

tiple techniques to calculate W exist, 

and the Matlab (Mathworks, Natick, 

Mass.; www.mathworks.com) imple-

mentation — which was shown to be 

accurate to machine precision [5] was 

used to determine f from Equation (8). 

Percentage error between experimen-

tal and calculated f values was deter-

mined as the following: 
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typically encountered in practice. Friction 

factor estimates from Equations (1) and 

(2), along with the percentage difference in 

estimates, are shown in Figure 4 for 1,000 

logarithmically spaced Re values in the 4 

× 103 < Re < 108 range. For 4 × 103 < Re < 

38.35 × 103, f estimates from Equation (1) 

were higher than those from Equation (2), 

and the error difference between Equations 

(1) and (2) decreased monotonically with 

Re from 2.02% at Re = 4 × 103 to 5.9 × 10−4% 

at Re = 38.35 × 103. For Re > 38.35 × 103, f 

estimates from Equation (1) were lower 

and the error difference also increased 

monotonically with increasing Re values 

from −6.62 × 10–3 % at Re = 38.35 × 103 to 

3.25 % at Re = 108. Overall, the average 

absolute difference was 1.70%, while the 

maximum difference was 3.25% (Figure 

4). Given that experimental data in very 

specialized and controlled experiments 

have errors in the 1.1–4% range [6, 9], 

Figure 4 suggests that both Equations 

(1) and (2) are comparable over the entire 

range of Re values typically encountered 

in practice. Their explicit representation 

as Equation (8) eliminates the need for 

iterative calculations and should simplify 

their use in practical applications.  ■
Edited by Scott Jenkins
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struction limitations on the height of 

a single column. Vapor recompression 

distillation for the same application, 

however, has only one column with a 

common reboiler-condenser. A flash 

tank is added to the flowsheet to avoid 

the return of flashing reflux back to 

the column. An alternate configura-

tion for vapor recompression distil-

lation consists of compressing the re-

boiler outlet vapors instead of column 

overhead vapors. As shown in Figure 

2, this configuration includes lowering 

the pressure on reboiler liquid so that 

it boils at a lower temperature, and 

then compressing the bottoms vapor 

back to the column pressure. In either 

case, an auxiliary condenser or an 

auxiliary reboiler may be required if 

the column reboiling and condensing 

heat duties do not match exactly.

For many conventional distillation 

systems, the column operating pres-

sures are dictated by limitations of 

either heating- or cooling-media tem-

peratures. In these cases, it is not pos-

sible to operate the column at lower 

pressures to take full advantage of the 

relative volatility factor. This imposes 

a constraint on optimization and thus 

on energy requirements. On the other 

hand, vapor-recompression-assisted 

distillation columns can be optimized 

for lower-pressure operation. The 

vapor recompression concept is gener-

ally applied to close-boiling super frac-

tionator systems due to small temper-

ature differences between condensing 

and reboiling temperatures [1]. If the 

temperature difference is large, it may 

result in an uneconomical amount of 

external work to be added — keep in 

mind that electricity costs are typi-

cally much higher than the costs of 

other utilities, such as steam or cool-

ing water. Thus, the typical application 

area for this concept is mainly in the 

separation of close-boiling mixtures.

There are a number of additional 

advantages associated with vapor re-

compression systems. First, a large 

amount of heat can be moved between 

the condenser and reboiler with a rel-

atively small work input. This results 

in overall energy savings. Operating 

pressures of a vapor-recompression-as-

sisted column can be set where desired 

to achieve the maximum separation, 

and are not governed by the cooling- 

and heating-media utilities available. 

For close-boiling-point systems the re-

sult is significant since relative vola-

tility is improved at lower pressures 

and separation becomes easier, thus 

reducing the column height and/or re-

flux requirements. 

C3-splitter design case study
Using the basic concepts outlined 

above, a process optimization case 

study is presented to demonstrate en-

ergy savings achieved by employing a 

vapor recompression scheme for a C3-

splitter column. To illustrate the ben-

efits, energy requirements are com-

pared with a conventional system. 

The C3-splitter column is used for 

separation of propane and propylene 

to obtain polymer-grade propylene. 

This is a commonly encountered indus-

trial separation process. Conventional 

distillation consists of a single column 

(typically split into two columns due 

to height limitations, and connected 

with a pump for internal, liquid traf-

TABLE 1.  FEED, PRODUCT AND UTILITY CONDITIONS

Feed Conditions

Components Mass Fraction

Propane 0.25

Propylene 0.75

Temperature 40°C

Pressure 25 kg/cm2 abs

Feed flowrate 50,000 kg/h

Product Specifications

Overall propylene recovery in  
overhead product

95 wt.% 

Propylene product purity 99.7 wt.%

Available Utilities

Circulating cooling water 32°C supply and 38°C return

Low pressure steam Saturated at 3.5 kg/cm2 gage

TABLE 2.  COLUMN SIMULATION RESULTS

Parameter Units Conventional Vapor 
recompression

Underwood minimum reflux 
ratio

10.5 9.0

Operating reflux ratio 16.4 14.3

Number of trays (theoretical) 180 160

Feed tray location (theoretical) 142 127

Reboiler duty mm kcal/h 44.72 42.97

Condenser duty mm kcal/h 44.54 6.64 (auxiliary)

Column diameter mm 6,250 5,800

Maximum jet flooding % 76.3 76.4

Overhead product rate kg/h 35,733 35,733

Propylene purity in overhead 
product

wt.% 99.7 99.7

Reflux pump capacity m3/h 1,230.5 975

Intermediate column transfer 
pump

m3/h 1,400 not applicable

Operating pressure, top/bottom kg/cm2 abs 18.033/18.92 13.033/13.94

Column temperature, top/ 
bottom 

°C 42.5/51.5 28.5/38

Compressor power kW not appli-
cable

7,045
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fic flow) with a steam-heated reboiler 

and water-cooled overhead condenser. 

The vapor-recompression-assisted 

distillation consists of an overhead 

vapor compressor, common reboiler-

condenser and an auxiliary condenser. 

Table 1 gives details for the feed condi-

tions, product specifications and utili-

ties used for the distillation column 

designs. In a fluid catalytic cracking 

(FCC) unit of a petroleum refinery, 

the C3-splitter column is installed 

downstream of a de-ethanizer column. 

Hence, the feed stream to the C3 split-

ter essentially contains propane and 

propylene with negligible amounts 

of other components. Therefore, for 

simplicity, a binary system is consid-

ered. For simulation and other com-

parisons, the feed and product purity 

as well as recovery are kept the same 

for both the conventional and vapor-

recompression cases.

The simulation model 

Rigorous simulations were developed 

using steady-state simulation soft-

ware. The thermodynamic systems 

are based on the Soave Redlich Kwong 

(SRK) equation of state. The built-in 

convergence method for distillation 

models is Russel’s “Inside Out” rou-

tine [6] converging on error tolerance 

between inner simple loop and outer 

rigorous loop. Initial estimates are ob-

tained from the shortcut distillation 

module, which uses the Fenske method 

to compute minimum trays required 

and the Underwood method for com-

puting the minimum reflux ratio [7].

Conventional column simulation. 

Thermodynamically, it is desirable to 

operate the column at a pressure as 

low as possible for better separation. 

However, column pressure is also gov-

erned by the available utilities. A cir-

culating cooling-water system used as 

the cold utility in this case study has 

a 32/38°C supply/return temperature. 

Considering a reasonable approach of 

10°C for the overhead condenser de-

sign, the dew point of overhead vapors 

must be 42°C, which corresponds to 17 

kg/cm2 gage pressure. Thus, the col-

umn operating pressure is fixed at 17 

kg/cm2 gage based on the constraints 

of the cold-utility supply temperature.

A shortcut distillation model is set 

up for the given feed composition and 

required product specifications. The 

shortcut distillation module uses av-

erage relative volatility for the column 

and calculates the minimum reflux 

ratio required for the desired sepa-

ration using the Underwood method 

[7]. For a column operating at 17 kg/

cm2 gage pressure, the minimum re-

flux ratio was calculated as 10.51. A 

rigorous distillation model is then set 

up based on the results of the shortcut 

distillation model. An optimum reflux 

ratio of 1.5 to 1.6 times the minimum 

reflux ratio is selected. Theoretical 

stages are varied from 120 to 240, and 

the reflux ratio — which in turn is rep-

resented by reboiler duty (mm kcal/h) 

here — is plotted against the number 

of theoretical trays. The reboiler duty 

or the reflux ratio decreases as the 

number of stages increases. As it can 

be noted from Figure 3, there is no sig-

nificant reduction in the reboiler duty 

beyond 180 trays, hence the number 

of theoretical stages is fixed at 180. 

Theoretical trays are numbered from 

the top in the simulation model.

The feed tray location is selected so 

as to minimize reboiler and condenser 

duties. Figure 4 indicates that the op-

timum duty is achieved when the feed 

tray is located at tray 142. Finally, the 

column diameter of 6,250 mm is esti-

mated based on a maximum of about 

75% flooding. Results of the conven-

tional column simulation are summa-

rized in Table 2 for comparison.

Vapor-recompression-assisted col-

umn simulation. Steady-state simu-

lators solve distillation column prob-

lems using various built-in algorithms 

that necessarily include reboilers and 

condensers as part of the distillation-

column module itself. Thus, there is no 

need for the user to define the recycle 

streams (such as the reflux or vapors 

from the reboiler) or solve the distil-

lation system by defining the calcula-

tion sequence manually in the simula-

tion (using “tear stream algorithms”).  

When the vapor recompression system 

is used, the reboiler and condenser are 

one integrated unit (called the “com-

mon reboiler-condenser”) rather than 

individual units. 

The reboiler temperature approach 

TABLE 3.  OPERATING COST BASIS

On stream operation 8,000 h/yr

Circulating cooling-water cost $0.05 /m3 circulation

Steam cost 0.058 SRF*/ton

Power cost 0.252 SRF/MWh

*SRF: Standard refinery fuel value; 1 SRF = $175

TABLE 4.  OPERATING ENERGY REQUIREMENTS

Parameter Units Conventional Vapor  
recompression

Reboiler steam ton/h 79.69 None

Condenser cooling 
water

m3/h 8,725 None

Auxiliary-condenser 
cooling water

m3/h None 1,295

Reflux pump duty kW 287.3 201

Intermediate column 
transfer-pump duty

kW 400 None

Compressor duty kW None 7,045

Cooling water cost $million/yr 3.49 0.518

Steam cost $million/yr 6.47 None

Pumping cost $million/yr 0.139 0.07

Compressor power cost $million/yr None 2.48

Total operating energy 
costs

$million/yr 10.1 3.074







T
hermodynamics cannot yield any information about 

the intermediate states of a given reacting system. 

These intermediate states are the subject matter of 

chemical kinetics, which studies reaction rates and 

mechanisms. Chemical kinetics will predict what chemi-

cals are present while thermodynamics will predict the 

limits of distribution of those chemicals in the different 

phases [1]. The design and analysis of industrial systems 

usually involve simulating a steady state process by mod-

eling its thermodynamic equilibrium to optimize the op-

erating conditions. 

Thermodynamic modeling of hydrocarbon systems has 

been extensively analyzed in literature and textbooks, 

while phase equilibria of aqueous systems have usually 

been ignored or briefly mentioned in broad terms. Thermo-

dynamic modeling of electrolyte systems has been gaining 

momentum recently due to significant developments in a 

variety of chemical processes involving ionic solutions. The 

objective of this article is to simplify building thermody-

namic models for simulating electrolyte systems. 

A concise outline of modeling the thermodynamic equi-

librium of electrolyte solutions is presented. The outline 

includes an overview of a number of useful activity-coeffi-

cient models as well as a new approach to express the ther-

modynamic equilibrium constants. Good quality expres-

sions for thermodynamic equilibrium constants combined 

with a suitable activity coefficient model plus mass balance 

and electroneutrality relations can be used to simulate the 

behavior of ionic solutions under equilibrium. Methodical 

modeling of electrolyte systems is essential in accurately 

predicting the dynamics of their phase and chemical equi-

libria at different operating conditions.

Ionic equilibrium
The thermodynamic equilibrium constant for a specific re-

action is defined as

 (1)

Accordingly, the thermodynamic equilibrium constant of 

the generic equilibrium reaction,  is 

given as

 (2)

The equilibrium constants can be expressed as functions 

of temperature by integrating the van’t Hoff equation with 

respect to temperature while assuming a constant heat ca-

pacity, which leads to Equation (3):

 (3)

Reference-state thermodynamic properties of the reacting 

species are widely available in literature and can be used 

to evaluate the reference-state reaction thermodynamic 

properties above as follows:

 (3a)

 (3b)

 

 (3c)

 
(3d)

A more accurate version of the equilibrium constant re-

lation can be obtained by substituting a temperature-de-

pendent heat-capacity function above, Cpi(T), integrating 

it, and then proceeding with the same steps to get to the 
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FIGURE 1.  The equilibrium constant, KHSO4, as a function of 
temperature 



equilibrium constant relation. Another alternative can be 

used to obtain a more accurate version of the equilibrium 

constant relation above if experimental data of the equi-

librium constant at various temperatures are available. 

DCp° and DH° can be used as adjustable parameters to 

fit the data to the above equilibrium-constant relation by 

means of nonlinear regression. This will compensate for 

the temperature-independent heat capacity assumption 

used to develop that equation, which will result in better 

estimates of the equilibrium constants. Figure 1 illustrates 

this improvement by comparing two equilibrium-constant 

predictions to experimental data for the disassociation 

reaction of the hydrated 

sulfate ion, HSO4
–1. Both 

predictions were produced 

by the above-derived equi-

librium constant relation; 

however, one used published 

literature values for DCp° 

and DH° and the other one 

used adjustable parameters 

for DCp° and DH°.

Ionic activity
In 1887, Svanté Arrhenius 

[2] presented his theory of 

electrolytic dissociation of 

solute into negatively and 

positively charged ions. He 

assumed that the distribu-

tion and motion of ions in 

a solution is independent of 

the ionic interaction forces. 

Experimental work showed 

that Arrhenius’ theory 

holds only for weak electro-

lytes, and that electrostatic 

forces between ions must be 

considered, especially for 

strong electrolytes.

In 1923, Peter Debye and Erich Hückel [3] presented 

their theory of inter-ionic attractions in electrolyte solu-

tions. As electrolyte dissociation in solutions increases, ion 

concentration also increases resulting in smaller distance 

and greater electrostatic force between ions. The strength 

of this Coulombic interaction between ions must therefore 

be considered in modeling thermodynamic equilibria of 

electrolyte systems. 

Ionic strength is a measure of the average electrostatic 

interactions among ions in an electrolyte. Lewis and Ran-

dall [4] defined the ionic strength as one half the sum of the 

terms obtained by multiplying the molality of each ion by 
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NOMENCLATURE

A  Debye–Hückel constant for osmotic 
coefficients, (kg H2O/mol)½

a Molality based activity
B Interaction term, kg H2O/mol
C  Interaction term, (kg H2O/mol)2

Cp  Partial molar specific heat, J/(mol·K)
D’ Dielectric constant of water
D Interaction term, kg H2O/mol
e Electron charge = 1.602 10–19, C
E  Constant in self-interaction parame-

ter equation, kg H2O/mol
f  Pitzer’s electrostatic function or vapor 

phase fugacity 
F  Constant in self-interaction parame-

ter equation, kg H2O.K/mol
G  Partial molar Gibbs free energy,  

J/mol
H Partial molar enthalpy, J/mol

I Ionic strength, mol/kg H2O
k  Boltzmann constant =  

1.381  10–23, J/K
ki Setschenow coefficient
K Dissolution equilibrium constant
Kaq Vapor–liquid equilibrium constant
Ksp Solubility product
m Molality, mol/kg H2O
MW Molecular weight, kg/mol
n Number of moles, mol
NA  Avogadro’s number =  

6.022137 10+23 , 1/mol
P Pressure, Pa
pH pH of liquid
R  Ideal gas constant = 8.314 J/mol·K
T  Temperature, K
X Interactions summation
x Mole fraction in solid

Y Interactions summation
Z  Interactions summation, mol/kg H2O 
z Ionic charge
∆Cp  Molar specific heat of dissolution or 

solubility, J/(mol·K)
∆G  Molar Gibbs free energy of dissolu-

tion or solubility, J/mol
∆H  Molar enthalpy of dissolution or 

solubility, J/mol
0  Interaction parameter, kg H2O/mol
1 Interaction parameter
γ Molality based activity coefficient
e0  Permittivity of free space = 

8.854  10–12, C2/(N·m2)
μ Chemical potential, J/mol
 Stoichiometric coefficient, J/mol
ρ Mass density, kg/L

TABLE 1.  EXPEDIENT EVALUATION OF VARIOUS ELECTROLYTE ACTIVITY 
COEFFICIENT MODELS
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Debye–Hückel [3] Yes No No Yes No No I < 0.001 M

Extended Debye–Hückel [11] Yes No No Yes No No I < 0.1 M

Bromley [12] Yes No Yes Yes No No I < 6 M

Meissner [13, 14] Yes No Yes Yes No No I < 15 M

Pitzer [15, 16] Yes No Yes Yes No No I < 6 M

Edwards–Maurer–Newman–
Prausnitz [6, 7]

Yes Yes Yes Yes Yes Yes I < 6 M

Beutier–Renon [17, 18] Yes Yes Yes Yes Yes Yes

Chen [19, 20] Yes Yes Yes Yes Yes Yes
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its valence squared:

 (4)

The chemical potential of species i is expressed in terms of 

its activity as follows:

 (5)

Where the standard state is a hypothetical solution with 

molality m° for which the activity coefficient is unity. Activ-

ity is a way for expressing the effective concentration of spe-

cies to account for their deviation from ideal behavior. Ac-

tivity can be applied to different concentration scales, such 

as molality, molarity or fractional scales; however, molality 

is the most common concentration scale for electrolyte solu-

tions. Molality-based activity is defined as ,  

where m° is the reference-state unit molality; however, m° 

is normally omitted with the understanding that both the 

activity and the activity coefficient are dimensionless. Mo-

lality-based activity is then written as follows:

 (6)

Ionic activity coefficient models
The Debye–Hückel theory [3] presented in 1923 paved the 

way for modeling electrolytes by accounting for the electro-

static forces present in aqueous solutions. Many aqueous 

electrolyte thermodynamic models based on the Debye–

Hückel theory have been developed since then, with most 

models containing adjustable interaction parameters to 

fine tune their analytical approach.

Electrolyte activity is very challenging to model due to 

the various interaction forces present between the differ-

ently charged and differently sized molecules. Having a 

clear objective is essential in selecting the appropriate 

model to simulate the activity of electrolyte solutions. The 

appropriate model is selected based on its validity range, 

interaction mode characterization, interaction param-

eters availability, and mathematical complexity. In addi-

tion, some models can only express the activity of ionic 

species and do not include expressions for water or mo-

lecular species.

Table 1 compares several electrolyte activity coefficient 

models. If easy convergence is preferred, a simple model 

can be selected to express the activity of ionic species com-

bined with a simple relation, for instance the Setschénow 

equation [5], , to express the activity of mo-

lecular species. If consistency is preferred, a comprehensive 

model should be selected to express the activity of all spe-

cies. Furthermore, the simulated system should always be 

within validity range of the selected activity model.

The Edwards-Maurer-Newman-Prausnitz Pitzer-based 

model [6, 7] is a comprehensive self-contained activity co-

efficient model that handles both charged and uncharged 

species in a multi-component solution. It can be unequivo-

cally incorporated into electrolyte thermodynamic models 

to write the activity coefficients of all ions and molecules 

due to its objective and straightforward approach to obtain-

ing the interaction parameters. Accordingly, the model is 

selected in this article to express the activity coefficients 

of the simulated electrolyte system. The Edwards-Maurer-

Newman-Prausnitz Pitzer-based model is considered vi-

able for aqueous solutions with ionic strengths up to 6 mol/

kg H2O and for temperatures ranging from 0 to 170°C.

The activity coefficients of all ions and molecules in solu-

tion are given by the following:

 (7)

The Edwards–Maurer–Newman–Prausnitz Pitzer–based 

model also offers an expression for water activity in a 

multi–component solution:

 (8)

The included electrostatic functions of the activity coeffi-

cient model are defined by the following equations:

 (9)

 (10)

 (11)

 (12)

The colligative properties of the activity coefficient model 

are given as follows:

 (13)

 (14)

 (15)

The interaction terms of the activity coefficient model are 

given as follows:

 (16)

 (17)

 (18)

Edwards and others [6, 7] proposed a simplified approach 

to estimate the interaction parameters of the activity co-
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efficient model in a multi-component solution. Their ap-

proach can be summarized as follows:

1. If i and j are ions of like charge, .

2. If i or j is a molecular species, .

3. If i and j are molecular species, .

4.  Molecular self–interaction parameter is a function of 

temperature: .

5.  The remaining ion-ion and ion-molecule interaction pa-

rameters are estimated using Bromley’s theory of the ad-

ditivity of single ion interactions [12] given here:

 and .

Single interaction parameters are obtained by apply-

ing Bromley’s additivity theory to the binary interaction 

parameters given by Pitzer and Mayorga [8] at 25°C for 

strong electrolytes.  and  are arbitrarily set to zero 

to accomplish this separation.

Solid-liquid equilibria
Electrolytes dissolve in some solvents until they form a sat-

urated solution of their constituent ions in equilibrium with 

the undissolved electrolytes. In a saturated solution, elec-

trolytes continue to dissolve, and an equal amount of ions in 

the solution keep combining to precipitate as a solid. Simple 

dissociation reactions can be represented as follows:

The equilibrium constant for a dissolution reaction is called 

the solubility product, and is given by the above thermody-

namic equilibrium constant, Equation (1). The solubility 

product of the given arbitrary dissolution reaction is then

 (19)

The activity of undissolved electrolytes or any other solid is 

usually expressed on fractional scale by Equation (20):

 (20)

For slightly soluble electrolytes, deviation from ideality 

is diminutive and the value of the activity coefficient ap-

proaches unity. The above solubility product relation can 

then be rewritten:

 (21)

Notice that Ksp at the standard conditions can be calcu-

lated by using the definition of the equilibrium constant or 

by using the van’t Hoff equation [21] given above.

Vapor-liquid equilibria
Some gases dissolve in electrolyte solutions and establish 

an equilibrium with the undissolved gas. As before, this can 

be represented as follows:

 (22)

 can be obtained using the liquid-phase activity relation 

given above, and  is related to the partial pressure by its 

fugacity coefficient as follows:

 (23)

Notice that Kaq at the standard conditions can be calcu-

lated by using the definition of the equilibrium constant or 

by using van’t Hoff equation [21] given above.

Auxiliary relations
The hydrogen ion activity in a solution is an important con-

cept in many chemical and biological processes. The magni-

tude of this activity is measured by the pH, where

 (24)

Note that the mass density of water was used to convert the 

activity concentration scale from molality to molarity as re-

quired by the pH definition. In other words, pH is the nega-

tive logarithm (base 10) of the hydrogen ion activity given 

on a molarity scale. The mass density of water can be calcu-

lated as a function of temperature by the following [9]:

 (25)

The electrostatic forces between different ions in a solution 

depend on the polarity of the solvent. The dielectric con-

stant of a solvent is a measure of its polarity and is widely 

used in modeling molecular interactions. The Dielectric 

constant of water can be calculated as a function of tem-

perature by Equation (26) [2]:

 (26)

A charge balance is needed to satisfy the electro-neutrality 

condition as shown here:

 (27)

Simulation algorithm
Thermodynamic equilibrium modeling of electrolyte sys-

tems begins with considering their major equilibrium reac-

tions, which describe the dissolution of acids and bases as 

well as the precipitation of salts. Subsequently, a material 

balance comprising all the species of the considered equi-

librium reactions is formulated using their molalities and 

molecular weights. The material balance is interlocked with 

a charge balance using the electro–neutrality relation given 

in Equation (27). The equilibrium constants of the consid-

ered equilibrium reactions are evaluated at a given design 

temperature using Equation 3 and are expressed in terms of 

activities using Equations (1), (21) and (22). The activity of 

each species is related to its molality using its activity coeffi-

cient as in Equations (6), (20) and (23). Finally, the activity of 

water and the activity coefficients of all species are computed 

using a suitable activity coefficient model, Equations (7–18), 

and its auxiliary relation, Equations (4) and (24–26).

Simulation is accomplished by building a computer code 

based on the above indicated equations and solving them si-

multaneously. Executing that computer code will probably 
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require providing initial guesses to some system variables 

due to the integrated nature of its equations. Providing dis-

creet guesses is very essential to the convergence of the 

code. The mathematical complexity of the code increases 

significantly with increasing difference in the value of its 

equilibrium constants. In addition, very fast and very slow 

equilibrium reactions do not disturb the equilibrium; there-

fore, they can be ignored.

A case study
Phosphoric acid is produced via the dihydrate process by 

reacting phosphate rock, principally tricalcium phosphate, 

with sulfuric acid and water as follows:

The process involves the co–precipitation of gypsum as well 

as dicalcium phosphate dihydrate, known as DCPD. The 

precipitation of DCPD is considered a phosphate loss and 

it is desired to model the reacting system to study the con-

trolling variables of that loss.

The model is built based on the following reacting sys-

tem:

The slow dissolution of H2O and HPO4
2– and the fast dis-

solution of H2SO4 are ignored. The total phosphate molal-

ity and the total sulfate molality are known parameters 

defined as follows:

The liquid phase mass balance is given below:

Mi is the total mass of i per the total mass of water in the 

liquid; therefore, MH2O equals 1 and MTotal is greater than 

1. The electro–neutrality condition is a required constraint 

given by the following equation:

Neglecting the presence of impurities, the solid-phase mass 

balance is given here:

The equilibrium constants of model reactions are defined 

by the following:

Activities are given by ai = gi 
. mi for liquid-phase ions, and 

by ai = gi 
. xi for solid-phase molecules. The equilibrium 

constants are expressed as functions of temperature by:

Experimental data of equilibrium constants at various 

temperatures of model reactions were regressed using the 

above relations yielding the adjusted values of DCp° and 

DH° given in Table 2.
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The solid phase is assumed to be ideal; thus, gGypsum 

= gDCPD = 1. The Edwards-Maurer-Newman-Prausnitz 

Pitzer-based model detailed above is used to express the 

activity coefficients of all solution ions and molecules. Table 

3 lists the single interaction parameters obtained by apply-

ing Bromley’s additivity theory to the Pitzer’s binary inter-

action parameters as was mentioned earlier. The molecular 

self–interaction parameter of phosphoric acid has been de-

termined in previous work and is given by bo
H3PO4–H3PO4 

= 0.3609 + 73.1537/T.

A computer code was developed to simultaneously solve 

the above equations describing the developed model. In one 

simulation, the sulfate level was varied at typical manufac-

turing conditions to study its effect on the phosphate loss 

yielding matching results to experimental data as shown 

in Figure 2. A detailed analysis of this case study has been 

carried out by Abutayeh and Campbell [10].

One way to optimize the dihydrate process is to minimize 

phosphate loss by shifting system equilibrium toward more 

dissolution and less precipitation of DCPD. The preceding 

model can be employed to carry out different simulations 

using several inputs of temperatures and liquid-phase sul-

furic-acid contents to find their optimum operating values. 

Decreasing temperature and increasing liquid-phase sul-

furic-acid content were found to minimize phosphate loss; 

however, this needs to be balanced with other cost contrib-

uting factors.

The Edwards-Maurer-Newman-Prausnitz Pitzer-based 

model has been successfully used to model many other 

industrial electrolyte systems. Models representing NH3–

H2O, CO2–H2O, and NH3–CO2–H2O systems have been 

developed and reconciled with experimental data [2]. The 

Edwards-Maurer-Newman-Prausnitz Pitzer-based model 

was also incorporated into a detailed FORTRAN code sim-

ulating the complex NH3–CO2–H2S–H2O–KOH–NaOH re-

active absorption process yielding results that were in very 

good agreement with data taken from a gas purification 

pilot plant [23]. ■
Edited by Gerald Ondrey
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package is essentially a customized 

enterprise, each machine produces 

its own unique “operational” signa-

ture. Figure 1 shows an example of a 

a complex rotating machine in a CPI 

setting. Figure 2 shows an example of 

a gear unit that has been taken apart 

for inspection.

Condition monitoring
Condition monitoring is carried out 

by analyzing trends in data related to 

key operating parameters. It requires 

the strategic use of suitable sensors to 

track relevant parameters, and the es-

tablishment of normal (baseline) data 

so that excursions between measured 

and baseline values can be recognized 

quickly and analyzed to identify con-

dition changes.

The major components that can ben-

efit from condition monitoring include 

bearings (including radial and thrust 

bearings), seals and packings, rotors 

(shaft or crankshaft mechanism) and 

auxiliaries. Ideally, baseline informa-

tion should be collected “early in the 

life” of the machine components, so that 

it captures “ideal” operating conditions 

(not conditions that may have already 

been subject to some degradation). Too 

often, operators fail to collect data re-

lated to baseline operating conditions 

because the initial weeks or months of 

operation tend to be very busy. A lack 

of adequate baseline data will seriously 

reduce the value of condition monitor-

ing since there is no reference informa-

tion available for comparing and in-

terpreting the operating data.  

Revised baseline data 

should also be collected after  

any major maintenance over-

haul.

What to look for
Problematic machines often 

generate high vibration (dy-

namic forces) or hot spots. This 

occurs because machines or 

components that are operating 

inefficiently or with a problem 

often run “hot,” causing compo-

nents to wear out or fail pre-

maturely. Temperature sensors 

and infrared thermometers are also 

essential parts of monitoring rotating 

machines and auxiliary equipment. 

Figures 3 and 4 show examples of 

thermographic monitoring results.

Rotating machines do not fail ran-

domly. There are root-causes for each 

failure mode. To effectively prevent 

failure, the reasons leading up to po-

tential failure must be known. To 

carry out effective failure analysis, 

proper measurement parameters, sen-

sors, and setpoints should be defined 

for all key components. Being aware of 

the major reasons for failure and ob-

serving the conditions that could lead 

to failure enable operators to address 

the issue and improve reliability.

Major failure categories include  

the following:

•	 	Process	 condition	 changes,	 which	
may include changes in either oper-

ating conditions or operating proce-

dures and represents the most im-

portant cause of rotating machine 

failure

•	 	Design,	 fabrication,	 assembly,	 in-

stallation and commissioning is-

sues and problems

•	 Machine	wear-out
All rotating machines react to operat-

ing conditions in the facility. Individ-

ual types of machinery will adjust in 

different ways.

For instance, for positive-displace-

ment rotating machines (such as 

reciprocating compressors, screw 

compressors, screw pumps and oth-

ers), the adjusted flowrate of the ma-

chine is not significantly affected by 

the process system. Thus, flowrate 

is a very good parameter to monitor  

over time, to assess the health of 

positive-displacement machines and  

determine if any problems or wear-out 

have arisen. 

FIGURE 2.  Disassembly of a gear unit for inspection allows operators to in-
spect gear-contact patterns after installation or during operation. Under ideal 
conditions, the contact pattern across each tooth will be uniform around each 
gear (indicating full contact). However, machining, assembly errors, distortion 
of the gear unit housing and misalignment can create problems. An improper 
gear-set contact pattern creates high stresses on the gear teeth

FIGURE 3.  Thermographic monitoring of 
mechanical machines is a useful tool during 
condition monitoring. Improper lubrication, mis-
alignments, and failing parts are just a few of the 
common problems that can be identiied using an 
infrared scan of mechanical equipment. Properly 
scheduled thermal inspections can help to pro-
vide early detection of problems and thus avoid 
costly unscheduled shutdowns

FIGURE 4.  Infrared thermographic inspections of 
electrical auxiliary equipment related to plant ma-
chinery can reveal “hot spots” that are commonly 
found in equipment prior to failure. Loose connec-
tions, faulty components, overloaded parts and high 
friction are some of common problems that can be 
found during a thermographic scan. All “exceptions” 
should be properly documented with thermal and 
digital images that can be used in the condition 
monitoring
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Dynamic machines (such as cen-

trifugal compressors, axial compres-

sors, centrifugal pumps and others) 

use high-speed rotating parts (such 

as blades or impellers) to increase the 

velocity of the fluid, and then use the 

velocity of the fluid to increase the 

fluid pressure. They typically have 

variable flow and pressure character-

istics. As a result, flowrate can vary 

with changing operating conditions, 

such as differential pressure or fluid 

density, and thus the reliability of 

dynamic rotating machines (as well 

as the reliability of their drivers and 

auxiliaries) is directly affected by the 

process and operating conditions. The 

rotating machine loading, transmitted 

torques, driver power and auxiliary 

system operation are affected by the 

process. For example, process require-

ments that call for a higher flowrate 

may result in driver overload. 

The reliability of machine compo-

nents (such as bearings, seals and 

others) is directly related to auxiliary 

systems. Changes in the auxiliary sys-

tems supplied fluid temperature (such 

as the temperature of lubrication oil 

or cooling fluid supplied to the ma-

chine) resulting from a change in the 

cooling water temperature (for water-

cooled systems) or in the ambient-air 

temperature change (for air-cooled 

systems) is a common root cause of 

component failure. Figure 5 shows the 

placement of a coolant temperature 

sensor in a rotating machine.

Failure of machines and components 

often occurs because the equipment is 

subjected to conditions that exceed 

its design values. Most often, machin-

ery damage and wear occur during 

transient conditions, such as startup 

or shutdown. During these times, 

the equipment is often subjected to  

rapid temperature, pres-

sure and speed changes.

In many cases, the root-

cause of mechanical dam-

age to dynamic rotating 

machines is that the head 

required by the process 

system has exceeded the 

capability of the machine. 

For a given impeller vane 

slope, the head produced 

by a centrifugal pump is 

a function of impeller di-

ameter and impeller speed. Once the 

impeller is designed and fabricated, 

it can produce only one value of head 

for a given shaft speed and flowrate. 

The only circumstance that can cause 

a lower value of head is if the machine 

has experienced mechanical damage 

or has become fouled. Thus pressure 

(particularly differential pressure) is 

a very good parameter to monitor in 

assessing dynamic machine health.

Based on experience, the most com-

mon root cause of failure is changes 

to process or operating conditions.  

The second most-common reason re-

lates to installation and commission-

ing issues.

Design or manufacturing problems 

rank third, but this type of problem 

usually shows up shortly after startup. 

The main cause of design problems is 

that the component has not been de-

signed for the specified operating con-

dition. Component wear is most often 

the result of the problem  — not the 

root cause of the problem. Excessive 

wear of the bearing, seal, wear-ring, 

or similar item usually results from 

process condition changes. Bearings 

often suffer as a result of assembly or 

installation problems.

In rotating machine applications, 

online condition-monitoring systems 

allow operators to monitor key oper-

ating parameters, such as vibration, 

displacement, velocity, air-gap, tem-

perature and other parameters in all 

operating conditions (in all operating 

cases including normal and special 

modes). Figure 6 shows an example of 

a shaft-vibration signal for a complex 

vertical-type rotating machine. Figure 

7 shows an example of gear unit vibra-

tion monitoring. Figure 8 shows an ex-

ample of the device arrangement used 

to monitor rotational speed.

Machine troubleshooting
Troubleshooting efforts aim to discover 

and eliminate the root causes of prob-

lems. Too often, in the rush to define 

what the problem is, sufficient time 

is not taken to obtain all of the facts, 

and this thwarts any troubleshooting 

effort. Any change that has happened 

recently (or any change compared to 

design conditions) should be properly 

identified for all components in rotat-

ing machine systems. All functions 

of the components and sub-systems 

should be clearly identified. It is nec-

essary to interview all groups, such as 

operators, maintenance people, manu-

facturers, sub-vendors and related 

contractors, during any troubleshoot-

ing exercise.

Failed components should be care-

fully observed and the mode of fail-

ure should be identified. The vendor’s 

opinion and any consultant advice 

should be considered. The machine 

history should be properly investi-

gated, including both the operating life  

before failure and the history of any 

previous failures.

As noted earlier, baseline conditions 

need to be obtained or established. 

Operator’s logs and reliability data 

should be examined. Special attention 

is required when monitored param-

eters exceed normal values. Trends 

must be analyzed.

Data related to the failed compo-

nent’s supply source (that is, the man-

ufacturer or other supplier), design, 

materials, manufacturing details, as-

sembly data and tolerances should 

all be considered. Unit piping, piping 

stress analysis, thermal loads, nozzle 

loads, temperatures, support condi-

tions, foundation and generally all 

surrounding facilities should also be 

analyzed during the investigation to 

ascertain the root cause of a compo-

nent failure.

New modeling methods, advanced 

simulation techniques and numeri-

cal calculations have become impor-

tant tools in modern troubleshoot-

ing and failure root-cause analysis. 

For example, rubbing on the casing 

is a widely reported problem in ro-

tating components. Realistic simu-

lations of the dynamic and thermal 

expansion of rotating parts and 

inner casings are required to carry 

FIGURE 5.  The root cause of rotating machine com-
ponent failure is often found in the supporting aux-
iliary system, particularly the oil or cooling systems. 
Since change in the coolant supply temperature is 
a common cause of many machine failures, coolant 
temperature sensors (shown here) should be used
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out a root-cause analysis in such 

cases. For many reliability studies 

or troubleshooting exercises, the use 

of accurate finite element analysis 

(FEA) of the machine can also yield 

important insight. Figure 9 shows 

an example of an FEM model with 

fine meshing carried out for a fan 

impeller.

Notes on gear unit inspection
A broken gear tooth is one of the most 

serious problems that can occur in 

a gear unit. Because of the relative 

weakness of the softer core material 

of gears, any gear tooth that has sub-

stantial surface deterioration may be 

at risk of breakage.

The most common surface damage 

mechanism is pitting. Gear pitting 

occurs as the result of a combination 

of fatigue forces and surface tension. 

Any pits on the surface of a gear are 

cause for concern because they show 

that the tooth loads are far in excess 

of the design loads or there is a prob-

lem. Pitting could also indicate serious 

misalignment, contact pattern issues 

or metallurgical problems.

Poor tooth contact, eccentric load-

ing that causes pitting, and the re-

sultant tooth fractures are the most 

frequently experienced gear problems. 

Micro-pitting, a less severe form of 

surface fatigue damage, sometimes 

occurs when there is an inadequate 

lubricant film. It shows up where the 

high spots of the mating gear surfaces 

create pressures sufficient to cause a 

series of tiny fatigue spalls (resulting 

in a sandblasted appearance). 

The normal progression of damage 

in a tooth with excessive loads (or mis-

alignment) is that the micro-pitting 

eventually yields to full-scale pitting. If 

the micro-pitting occurs in bands and 

is uniform and well distributed, it indi-

cates that the gears are heavily loaded 

or there were some machining errors. 

When micro-pitting is off to one side of 

a gear, it indicates there is excessive 

misalignment within the unit; this 

increases the chance of catastrophic 

failure. Future up-rating or modifica-

tions (particularly speed changes) may 

be required for some gear-unit-driven 

rotating-machine trains.

FIGURE 6.  Shown here is an example 
of shaft vibration monitoring on a com-
plex vertical-type rotating machine. The 
radial vibration amplitude of the shaft is 
an indicator of the overall mechanical 
condition. Such a vibration signature al-
lows operators to detect many machine 
malfunctions, including rotor unbalance, 
misalignment, bearing wear and rubs. 
In some complex rotating machines,  
vibrations are not easily detected by 
measuring the dynamic motion of the 
shaft relative to that of the bearing. De-
pending on bearing stiffness, vibrations 
may be transmitted entirely to the bear-
ing housings. Such a vibration signature 
often cannot be detected by conventional 
methods for measuring shaft vibration. 
In such cases, a piezoelectric acceler-
ometer or seismic velocity-meter may be 
used to measure the absolute severity of 
the bearing vibration
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The gear unit could be designed to 

allow for a replacement gear set with 

a different speed ratio, thereby provid-

ing the required operating speed for 

the alternate operating cases.

Practical recommendations

Establishing proper alarm and trip 

setpoints is very important for proper 

operation of a CPI rotating machine. 

These setpoints should be properly 

selected to avoid unnecessary alarms 

or shutdowns (trips). Malfunctions 

and problems must be identified in 

the early stages to avoid catastrophic 

damages. While appropriate setpoints 

must be selected on a case-by-case 

basis, the following rules of thumb 

and practical recommendations gen-

erally apply. 

Regarding rolling-element bearings, 

peak housing vibration and tempera-

tures in the bearing housing should 

be maintained below around 12 mm/s 

and 90°C, respectively. For hydrody-

namic bearings, peak-to-peak hous-

ing vibration and temperature in the 

bearing housing are recommended to 

be maintained below around 70 mi-

crons and 115°C, respectively. For roll-

ing-element and hydrodynamic thrust 

bearings, as a rough indication, axial 

displacement should be maintained 

below around 1.2 mm/s and 0.6 mm, 

respectively. Lubrication-oil supply 

and return temperatures should be 

maintained below around 55°C and 

85°C, respectively.

Lubrication oil analysis is another 

effective tool for evaluating bear-

ing health. It is helpful to measure 

the temperature variation (typically 

FIGURE 8.  Shown here is an example 
of a rotational-speed-monitoring system 
using gear teeth. Common sensors that 
are used to monitor rotating speed and 
the phase angle of the rotor are known 
as rotational-speed sensors or phase-
angle-reference transducers (most often 
called key-phasor transducers). This type 
of sensor can be used to tie the rotor 
vibration data (or other performance or 
monitoring data) to the shaft rotational 
motion or phase angle reference. The re-
sulting information is extremely valuable 
for balancing, vibration condition moni-
toring, torsional monitoring and diagnos-
ing various machine malfunctions

FIGURE 7.  Continuous (online) vibra-
tion monitoring should be implemented 
for critical gear units. The dynamic forces 
and vibration that result from gear mesh-
ing often present challenges to unit 
reliability, causing excessive gear and 
bearing wear and adversely affect the 
driver, driven equipment, steel structures, 
foundation and even nearby equipment
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 • Size Distribution • Purity • Product Micro-Analysis
 • Laboratory Investigations • Caking • Polymorphism
 • Filtration • Drying • Kinetics Studies

◆◆◆  Industrial Seminars  ◆◆◆

Circle 244 on p. 70 or go to
adlinks.che.com/40265-244

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.!

RECRUITMENT

Circle 253 on p. 70 or go to
adlinks.che.com/40265-253

ZeaChem Inc.
Boardman, Oregon

 • Biorefinery job openings •
See:

http://zeachem.com/contact/career.php 

Circle 252 on p. 70 or go to adlinks.che.com/40265-252

HTRI Xchanger Suite® – an integrated, easy-to-use suite of tools that 

delivers accurate design calculations for

 • shell-and-tube heat exchangers • fired heaters
 • jacketed-pipe heat exchangers • air coolers
 • hairpin heat exchangers • economizers
 • plate-and-frame heat exchangers • tube layouts
 • spiral plate heat exchangers • vibration analysis

Interfaces with many process simulator and physical property 
packages either directly or via CAPE-OPEN.

CAPE-OPEN
Compliant!

Heat Transfer Research, Inc. HTRI@HTRI.net

150 Venture Drive www.HTRI.net

College Station, Texas 77845, USA 

 

SOFTWARE

CONSULTING

Get Chemical  

Engineering’s 

plant cost index 

to improve plant 

cost estimates… 

and delivered in 

advance of the 

print edition!

For more than 37 years, 

chemical process industries 

professionals- engineers, 

manager and technicians, 

have used Chemical  

Engineering’s Plant Cost 

Index to adjust process 

plant construction costs 

from one period to another.

This database includes all 

annual archives (1947 to 

present) and monthly data 

archives (1970 to present). 

Instead of waiting more 

than two weeks for the 

print or online version of 

Chemical Engineering to 

arrive, subscribers can  

access new data as soon as 

it’s calculated.

•  Electronic notiication of 
monthly updates as soon 

as they are available

•  All annual data archives 
(1947 to present)

•  Monthly data archives 
(1970 to present)

•  Option to download in 
Excel format

Resources included with 

Chemical Engineering’s 
Plant Cost Index:

Subscribe today at 

www.che.com/pci

17817
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Circle 249 on p. 70 or go to 
adlinks.che.com/40265-249

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

Diane Hammes Email: dhammes@accessintel.com

Tel: 713.444.9939 • Fax: 512.213.4855

CLASSIF IED ADVERTIS ING THAT WORKS

Advertise in the ClassifiedAdvertise in the Classified

Circle 245 on p. 70 or go to adlinks.che.com/40265-245

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

www.EquipNet.com/chemical  ::  781.821.3482  ::  Sales@EquipNet.com

Chemical Processing Equipment 

from Merck

NEW & USED EQUIPMENT

Circle 251 on p. 70 or go to 
adlinks.che.com/40265-251

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

POWER EQUIPMENT CO.

444 Carpenter Ave., Wheeling, IL 60090

wabash

Circle 252 on p. 70 or go to 
adlinks.che.com/40265-252

HEAT EXCHANGERS

Liquid Cooled

Air Cooled

▼

▼

FOR GASES & LIQUIDS!Talk Directly with Design Engineers!Blower Cooling  Vent Condensing

(952) 933-2559  info@xchanger.com

Circle 242 on p. 70 or go to 
adlinks.che.com/40265-242

ASC Analytical
 • SEM • LC
 • TEM • Fluorescent Micro
 • GC • www.ascanalytical.com

941-360-8220

Circle 250 on p. 70 or go to 
adlinks.che.com/40265-250

HIGH SHEAR 
MIXERS

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

	 •	1⁄2 -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-ROSS

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

Circle 246 on p. 70 or go to 
adlinks.che.com/40265-246

Remove 
Tramp Metals

Plates from

$248

Grates from

$85

ProGrade Magnets
Low Cost • High Power

9100
Metal Separator

• Detects & Rejects:
 - Aluminum       - Steel
 - Brass/Copper  - Stainless

call  888-300-3743
visit www.eriez.com

RemoveTrampAd-ChemEng_Layout 1  1/30/12  5:     
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FREE PRODUCT INFO 
(please answer all the questions)

YOUR INDUSTRY

01 Food & Beverages

02 wood, Pulp & Paper

03 inorganic Chemicals

04 Plastics, Synthetic resins

05 Drugs & Cosmetics

06 Soaps & Detergents

07 Paints & allied Products

08 organic Chemicals

09 agricultural Chemicals

10 Petroleum reining,  

Coal Products

11 rubber & misc. Plastics

12 Stone, Clay, glass, Ceramics

13 metallurgical & metal Products

14 engineering, Design & Construc-

tion Firms

15 engineering/environmental Ser-

vices

16 equipment manufacturer

17 energy incl. Co-generation

18 other————————————

JOB FUNCTION

20 Corporate management

21 Plant operations incl. mainte-

nance

22 engineering

23 research & Development

24 Safety & environmental

26 other————————————

EMPLOYEE SIZE

28 less than 10 employees

29 10 to 49 employees

30 50 to 99 employees

31 100 to 249 employees

32 250 to 499 employees

33 500 to 999 employees

34 1,000 or more employees

YOU RECOMMEND,  
SPECIFY, PURCHASE 
(please circle all that apply)

40 Drying equipment

41 Filtration/Separation equipment

42 heat Transfer/energy Conserva-

tion equipment

43 instrumentation & Control Sys-

tems

44 mixing, Blending equipment

45 motors, motor Controls

46 Piping, Tubing, Fittings

47 Pollution Control equipment 

& Systems

48 Pumps

49 Safety equipment & Services

50 Size reduction & agglomeration 

equipment

51 Solids handling equipment

52 Tanks, Vessels, reactors

53 Valves

54 engineering Computers/Soft-

ware/Peripherals

55 water Treatment Chemicals 

& equipment

56 hazardous waste management 

Systems

57 Chemicals & raw materials

58 materials of Construction

59 Compressors

Fax this page back to 800-571-7730

New Product Information March 2012

JustFAXit!      or go to
Fill out the form and circle or write in the number(s) 
below, cut it out, and fax it to 800-571-7730.

www.che.com/adlinks
go on the web and ill out the  
online reader service card.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

if number(s) do not appear above,  
please write them here and circle:

name  Title
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✁

ADVERTISING SALES REPRESENTATIVES

North America

Eric Freer, District Sales Manager
Chemical Engineering 

11000 richmond ave, Suite 690, houston, TX 77042 

Tel: 713-343-1904    E-mail: efreer@che.com 

Alabama, Alaska, Canada, Connecticut, Delaware, Florida, 

Hawaii, Idaho, Kentucky, Maine, Maryland, Massachusetts, 

Michigan, Mississippi, Montana, Nebraska, New Hampshire, 

New Jersey, New York, North & South Carolina, North & South 

Dakota, Ohio, Oregon, Pennsylvania, Rhode Island, Tennessee, 

Utah, Vermont, Virginia, Washington, D.C., West Virginia, 

Wyoming, Latin America 

International

Petra Trautes  

Chemical Engineering 

Zeilweg 44 

D-60439 Frankfurt am main 

germany 

Phone: +49-69-58604760 

Fax: +49-69-5700-2484 

email: ptrautes@che.com 

Austria, Czech Republic, Benelux, 

Eastern Europe, Germany, Scandinavia, 

Switzerland, United Kingdom 

Jason Bullock,  

District Sales Manager 

Chemical Engineering 

8325 Broadway, Ste. 202/PmB 261 

Pearland, TX 77581  

Tel: 281-485-4077; Fax: 281-485-1285 

E-mail: jbullock@che.com;  

Arkansas, Arizona, California, 

Colorado, Georgia,  Kansas, 

Louisiana, Missouri,  New Mexico, 

Nevada, Oklahoma, Texas, 

Washington  

Diane Hammes 

Inside Sales Manager 

Chemical Engineering; 

11000 richmond ave, Suite 690,  

houston, TX 77042 

Tel: 713-444-9939 

E-mail: dhammes@che.com

Product Showcase,  

Literature Reviews,  

Classiied Display  

Advertising 

Dipali Dhar 

Chemical Engineering  

88 Pine Street, 5th loor, new York, nY 10005  

Tel: 718-263-1162 

E-mail: ddhar@accessintel.com 

India

Katshuhiro Ishii  

Chemical Engineering  

ace media Service inc., 12-6, 4-chome 

nishiiko, adachi-ku, Tokyo 121, Japan 

Tel: 81-3-5691-3335; Fax: 81-3-5691-3336 

e-mail: amskatsu@dream.com 

Japan

Ferruccio Silvera  

Chemical Engineering 

Silvera Pubblicita 

Viale monza, 24 milano 20127, italy  

Tel: 39-02-284-6716;  

Fax: 39-02-289-3849 

E-mail: ferruccio@silvera.it/www.

silvera.it 

Andorra, France, Gibraltar, Greece, 

Israel, Italy, Portugal, Spain

Rudy Teng 

Sales Represntative  

Chemical Engineering;  

room 1102 #20 aly 199 Baiyang road 

Pudong Shanghai 201204 

China 

Tel: +86 21 50592439 

Fax: +86 21 50592442  

mP: +86 13818181202 

E-mail: rudy.teng@gmail.com 

Asia-Paciic, Hong Kong, People’s 

Republic of China, Taiwan

Dan Gentile  

District Sales Manager 

Tel: 512-918-8075 

E-mail: dgentile@che.com

Indiana, Illinois, Iowa,  

Minnesota, Wisconsin
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PLANT WATCH

AkzoNobel invests €80 million to supply 

new Suzano pulp mill in Brazil

February 1, 2012 — AkzoNobel (Amsterdam, the 
Netherlands; www.akzonobel.com) plans to 
invest €80 million in the construction of a new 
pulp “chemical island” facility in Brazil. The plant, 
operated by the company’s Pulp and Paper 
Chemicals business, Eka Chemicals, will supply 
the Suzano Maranhão pulp mill. The investment 
will involve supplying, storing and handling 
all chemicals for the 1.5-million-ton/yr pulp 
mill, which is being constructed in Imperatriz, 
Maranhão, Brazil. The mill is expected to come 
on stream in the 4th Q of 2013.

Toyo awarded contract for  

caprolactam plant in China

January 22, 2012 — Toyo Engineering Corp. 
(Toyo; Chiba, Japan; www.toyo-eng.co.jp) has 
been awarded a contract for a caprolactam 
plant for DSM Nanjing Chemical Co., which 
is a joint venture (JV) between Royal DSM 
N.V. and Sinopec Group. The project aims to 
install a 200,000-ton/yr caprolactam plant in 
Nanjing, China, which is in addition to an existing  
200,000 ton/yr caprolactam plant. The project 
involves an investment of approximately $300 
million, and is scheduled to be completed in 
the 3rd Q of 2013. 

BASF to build an integrated TDI  

plant in Ludwigshafen

January 17, 2012 — BASF SE (Ludwigshafen, 
Germany; www.basf.com) says it will build a 
single-train 300,000-m.t./yr production plant 
for toluene diisocyanate (TDI) and expand 
additional plants for its precursors at its site in 
Ludwigshafen. These include the construction 
of a new hydrogen-chloride recycling plant 
as well as the expansion of plants for nitric 
acid, chlorine and synthesis gas. It also plans 
to expand the aromatics complex at the site 
for the supply of toluene. Total investment 
including the required infrastructure will be 
about €1 billion. Production will start at the end 
of 2014. BASF plans to close its 80,000-m.t./yr 
TDI plant in Schwarzheide, Germany, when the 
new plant goes onstream. 

Toyo awarded contract for a bioethanol 

production facility in Malaysia

January 17, 2012 — Toyo Engineering & 
Construction Sdn. Bhd. (Toyo-Malaysia), a 
Malaysian subsidiary of Toyo Engineering 
Corp. has been awarded a contract by a JV 
company between GlycosBio Asia Sdn. Bhd. 
and Malaysian Bio-XCell Sdn. Bhd., to build a 

bioethanol production facility with a capability 
of 10,000 ton/yr. GlycosBio Asia Sdn. Bhd. is 
a subsidiary of Glycos Biotechnologies Inc. 
(Houston; www.glycosbio.com). Bio-XCell Sdn. 
Bhd. owns and develops a government-supported 
biotechnology industrial park in Malaysia. This 
plant is to produce industrial-grade bioethanol 
from crude glycerin. The project is scheduled 
for completion in the 2nd Q of 2013. The plant 
will be developed in several phases with a total 
planned production capacity of up to 30,000 
ton/yr by 2014.

MERGERS AND ACQUISITIONS

Dover’s Pump Solutions Group to 

acquire the Maag Group

February 13, 2012 – Pump Solutions Group (PSG; 
Downer’s Grove, Ill.; www.pumpsg.com), a business 
unit within the Engineered Systems segment of 
Dover Corp., has signed a definitive agreement 
to acquire the Maag Group headquartered 
in Zurich, Switzerland. The Maag Group, which 
posted a 2011 revenue of approximately $170 
million, will operate as a business unit within 
PSG. The transaction is subject to customary 
regulatory approvals, and is expected to close 
around the end of the 1st Q of 2012.  Terms of 
the transaction were not disclosed.

Eastman Chemical Co. plans  

to acquire Solutia Inc.

January 27, 2012 — Eastman Chemical Co. 
(Kingsport, Tenn.; www.eastman.com) and 
Solutia Inc. (St. Louis, Mo.; www.solutia.com) 
have entered into a definitive agreement, under 
which Eastman will acquire Solutia. Under the 
terms of the agreement, Solutia stockholders 
will receive $22 in cash and 0.12 shares of 
Eastman common stock for each share of 
Solutia common stock. This represents a total 
transaction value of approximately $4.7 billion, 
including the assumption of Solutia’s debt. 
The transaction, which is expected to close 
in mid-2012,  was approved by the boards of 
directors of both companies. It remains subject 
to approval by Solutia’s shareholders and receipt 
of required regulatory approvals and other 
closing conditions.

Siemens to acquire Cambridge  

Water Technology

January 25, 2012 — Siemens Industry Automation 
Division (Warrendale, Pa.; www.siemens.com/
industryautomation) has entered into an agreement 
to acquire Cambridge Water Technology 
(Cambridge, Mass.; www.cambridgewatertech.
com), which is expected to be combined with 
Siemens’ municipal wastewater business and 

will continue to operate out of Cambridge, Mass. 
The planned acquisition will include global 
technology rights, but not Cambridge Water 
Technology’s subsidiaries outside of the U.S.

Rhodia and Avantium to jointly develop 

bio-based polyamides

January 24, 2012 — Rhodia (Paris, France; www.
rhodia.com), a member of the Solvay Group, 
and Avantium (Amsterdam, the Netherlands; 
www.avantium.com) have entered into 
a partnership to jointly develop a range of 
new bio-based polyamides. This partnership 
expands and completes the previously 
announced development agreement in the 
field of bio-based engineering plastics between 
Solvay and Avantium. In the frame of this joint 
development, the companies will explore the 
market potential of polyamide compositions 
on the basis of YXY building blocks (YXY is 
Avantium’s brand name of a family of “green” 
building blocks. For more on this and other bio-
based materials, see The Bio-Based Economy, 
Chem. Eng., August, 2011, pp. 14–16). Rhodia 
and Avantium have entered into a multi-year, 
exclusive collaboration toward commercialization 
of these new polyamides.

Solvay creates new business unit to focus 

on energy and carbon dioxide

January 23, 2012 — Solvay (Brussels, Belgium; 
www.solvay.com) has announced the creation 
of Solvay Energy Services, the first concrete 
outcome of the integration of Solvay and Rhodia. 
This new business aims to optimize the energy 
costs and CO2 emissions both of the Group 
and on behalf of third parties. The business 
will also develop activities to help customers 
reduce their environmental footprint. These will 
focus on energy services, CO2 management 
and renewable energy and biofuels. 

U.K.- and U.S.-based biobutanol 

manufacturers merge

January 20, 2012 — Green Biologics Ltd. (GBL; 
Abingdon, Oxfordshire, U.K.; www.greenbiologics.
com), an industrial biotechnology company 
has merged with Butylfuel Inc., a U.S.-based 
renewable chemicals and biofuels company. 
The new company will operate under the 
Green Biologics name and will continue to be 
headquartered in Abingdon, U.K. with a strong 
operational presence and commercial focus 
in the U.S. by Butylfuel Inc., which will become 
Green Biologics, Inc. The merged GBL will be a 
globally managed company focused on the 
production of C4 chemicals and advanced 
fuels from renewable feedstocks.  ■

Dorothy Lozowski

BUSINESS NEWS
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Economic Indicators

CURRENT BUSINESS INDICATORS LATEST PREVIOUS YEAR AGO

CPI output index (2007 = 100) Jan. '12 = 89.1 Dec. '11 = 89.1 Nov. '11 = 87.4 Jan. '11 = 87.0

CPI value of output, $ billions Dec. '11 = 2,117.1 Nov. '11 = 2,121.0 Oct. '11 = 2,095.8 Dec. '10 = 1,914.6

CPI operating rate, % Jan. '12 = 77.1 Dec. '11 = 77.1 Nov. '11 = 75.6 Jan. '11 = 74.9

Producer prices, industrial chemicals (1982 = 100) Jan. '12 = 303.9 Dec. '11 = 309.6 Nov. '11 = 320.2 Jan. '11 = 297.4

Industrial Production in Manufacturing (2007=100) Jan. '12 = 93.5 Dec. '11 = 92.8 Nov. '11 = 91.4 Jan. '11 = 89.4

Hourly earnings index, chemical & allied products (1992 = 100) Jan. '12 = 165.5 Dec. '11 = 165.5 Nov. '11 = 155.7 Jan. '11 = 156.1

Productivity index, chemicals & allied products (1992 = 100) Jan. '12 = 108.7 Dec. '11 = 109.8 Nov. '11 = 109.2 Jan. '11 = 112.7
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DOWNLOAD THE CEPCI  TWO WEEKS SOONER AT  WWW.CHE.COM/PCI
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CURRENT TRENDS 

Capital equipment prices, 
as reflected in the CE Plant 

Cost Index (CEPCI), decreased 
0.34% from November to 
December. Decreases are typi-
cal during the third quarter. 
Annual CEPCI data will be 
released in next month’s issue, 
when the December 2011 
numbers are finalized.

Meanwhile, the CPI Op-
erating Rate, as reported 
from IHS Global Insight, re-
mained flat from December 
to January. 

Visit www.che.com/pci for 
more information and other 
tips on capital cost trends and 
methodology.  ■

            2009            2010            2011          2012

CHEMICAL ENGINEERING PLANT COST INDEX (CEPCI)

              (1957-59 = 100) Dec. '11
Prelim.

Nov. '11
Final

Dec. '10
Final

CE Index 588.8 590.8 560.3
Equipment 718.6 721.0 674.6
   Heat exchangers & tanks 681.5 686.7 627.1
   Process machinery 670.9 674.1 627.6
   Pipe, valves & fittings 902.1 899.3 854.3
   Process instruments 427.4 428.0 426.2
   Pumps & compressors 910.1 910.4 903.6
   Electrical equipment 511.5 510.6 488.4
   Structural supports & misc 762.4 767.5 696.3
Construction labor 324.5 326.6 328.1
Buildings 519.1 519.0 503.3
Engineering & supervision 329.6 330.4 335.6

 

MARSHALL & SWIFT EQUIPMENT COST INDEX
(1926 = 100)  4th Q

 2011
 3rd Q
 2011

 2nd Q
 2011

 1st Q
 2011

 4th Q
 2010

M & S INDEX  1,536.5  1,533.3  1,512.5  1,490.2  1,476.7 

Process industries, average  1,597.7  1,592.5  1,569.0  1,549.8  1,537.0 
   Cement  1,596.7  1,589.3  1,568.0  1,546.6  1,532.5 
   Chemicals  1,565.0  1,559.8  1,537.4  1,519.8  1,507.3 
   Clay products  1,583.6  1,579.2  1,557.5  1,534.9  1,521.4 
   Glass  1,495.7  1,491.1  1,469.2  1,447.2  1,432.7 
   Paint  1,613.6  1,608.7  1,584.1  1,560.7  1,545.8 
   Paper  1,507.6  1,502.4  1,480.7  1,459.4  1,447.6 
   Petroleum products  1,704.9  1,698.7  1,672.0  1,652.5  1,640.4 
   Rubber  1,644.2  1,641.4  1,617.4  1,596.2  1,581.5 
Related industries
   Electrical power  1,515.0  1,517.6  1,494.9  1,461.2  1,434.9 
   Mining, milling  1,659.6  1,648.6  1,623.5  1,599.7  1,579.4 
   Refrigeration  1,889.4  1,884.4  1,856.4  1,827.8  1,809.3 
   Steam power  1,574.3  1,572.2  1,546.5  1,523.0  1,506.4 

Marshall & Swift's Marshall Valuation Service© manual. 2012 Equipment Cost Index Numbers reprinted and 
published with the permission of Marshall & Swift/Boeckh, LLC and its licensors, copyright 2012. May not be 
reprinted, copied, automated or used for valuation without Marshall & Swift/Boeckh's prior permission.

Current Business Indicators provided by IHS Global Insight, Inc., Lexington, Mass.

 Annual Index:

2003 = 402.0

2004 = 444.2

2005 = 468.2

2006 = 499.6

2007 = 525.4

2008 = 575.4

2009 = 521.9

2010 = 550.8
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ChemInnovations and Chemical Engineering Magazine are excited to present eLearning 
On Demand. This new feature allows you the convenience of watching online courses 
anytime, anywhere, and at your own pace. 2 hour courses start at $49. Receiving 
educational training has never been easier!

Visit www.cpievent.com/elearning and use promo code TRIAL to view a free trial of 
ChemInnovations’ 2011 Keynote Presentation “U.S. Oil, Natural Gas, and Natural Gas 
Liquids (NGL) Outlook and its Impact on the Chemical Industry by 2020.” 

Learn valuable information 
relevant to your daily work 

without having to leave your desk! 

Visit the BRAND NEW eLearning On Demand site and enjoy the luxury 
of receiving training without leaving the office! 

www.cpievent.com/elearning

OUR INDUSTRY EXPERTS COVER 
DOZENS OF TOPICS INCLUDING:

 » Global Energy Outlook
 » Regulatory Issues
 » Process, Design and Operations
 » EH & S
 » Equipment Maintenance
 » Equipment Reliability
 » Instrumentation
 » Controls
 » Automation
 » And more…



YOU CAN DO THAT

Electronic marshalling eliminates the rework, the redesign and the headaches.

With DeltaV Electronic Marshalling, Emerson lets you make I/O changes where and when you need

them without costly engineering and schedule delays. Our new DeltaV CHARacterization Module

(CHARM) completely eliminates the cross-wiring from the marshalling panel to the I/O card–regardless of signal 

type–so you’re no longer held to predefined specifications. All those wires, gone. All that time and engineering, gone.

See how easy it can be by scanning the code below or by visiting IOonDemandCalculator.com

The Emerson logo is a trademark and a service mark of Emerson Electric Co. © 2012 Emerson Electric Co.

Another I/O change? Great.
So another wiring schedule.
Another marshalling design.
And another cabinet...
Just make it all go away!
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