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The largest Clock Tower in the World
The tallest tower in the complex is the tallest building in
Saudi Arabia, with a height of 581.1 metres. Currently it
is the fourth tallest freestanding structure in the
world, surpassing Taipei
101 in Taipei, Taiwan, but
shorter than the Shanghai
Tower
in
Shanghai,
China, the Tokyo Sky
Tree in Tokyo, Japan and
the Burj Khalifa in Dubai,
United Arab Emirates.

just below the spires. The clock faces are 43 m × 43 m,
the largest in the world. The roof of the clocks is 530 m
above the ground, making
them the world's most
elevated
architectural
clocks. A 71-metre-tall
spire has been added on
top of the clock giving it a
total height of 601 m. The
tower also includes an
Islamic Museum and a
Lunar Observation Center
which will also be used to
sight the moon during the
Holy Months.

The site of the complex is
located across the street to
the south from an
entrance to the Masjid al
Haram mosque, which
houses the Kaaba. To
accommodate
worshippers visiting the
Kaaba, the Abraj
Al-Bait Towers
has
a
large
prayer
room
capable
of
holding
more
than
10,000
people.
The
tallest tower in
the complex also
contains a fivestar
hotel,
operated by Fairmont Hotels and
Resorts, to help
provide lodging
for the millions
of pilgrims that
travel to Mecca
annually
to
participate in the
Hajj.

The building was planned
to be 734 m tall in 2006.
In 2009, it was published
that the final height would
be 601 m. The complex
was built by the
Saudi
Binladin
Group,
Saudi
Arabia's largest
construction
company.
The
tallest building in
the
complex
(from a height of
450 m up until
the
tip)
was
designed by the
German architect
Mahmoud Bodo
Rasch and his
firm SL Rasch
GmbH. The facade was constructed
by
Premiere CompoThe Abraj Al-Bait Towers in Saudi Arabia
site
Technologies, the
clock by German tower clock manufacturer PERROT
In addition, the Abraj Al-Bait Towers has a five-story
GmbH & Co. KG Turmuhren und Läuteanlagen.
shopping mall (the Abraj Al Bait Mall) and a parking
According to the Saudi Ministry of Religious
garage capable of holding over a thousand vehicles. The
Endowments, the project cost US$15 billion.
project uses clock faces for each side of the hotel tower.
Gary Eastman
The highest residential floor stands at 450 m (1,480 ft),

2

CICIND REPORT

Vol. 33, No. 1

Editorial - CICIND and the Future
Whilst we have seen
a steady decline in
the construction of
thermal power stations in the west and
therefore large chimneys, some members
are still involved in
the design and construction of natural
draught cooling towers on both coal and
nuclear stations. The
Gary Eastman
panel discussion on
Friday didn’t look too hopeful for a large market
developing for NDCT’s apart from China and India
perhaps but towers are getting bigger and the
Chinese are hoping to emulate the Europeans with
towers up to 220m height.

I have just returned from our very successful 86th
conference in Rotterdam which was also our
second combined conference with the Cooling
Tower industry. CICIND and the International
Association for Shell and Spatial Structures (IASS)
combined together to form the International
Conference on Industrial Chimneys and Cooling
Towers (ICCT) for the conference in Prague in
2014 for our first joint event.
Despite being a very successful and well attended
event, we must remember first the tragedy that
happened to our member Salah Abu Laban and his
family who were lost in the terrible plane crash in
the Mediterranean in May. His son, Tarek, was
hoping to join us but was unable to make the
journey but we are hopeful for continued
involvement from the Abu Laban family.
However, we were joined by Osama Salama who
is now the CEO of Salah Abu Laban’s previous
company, Kepco Ltd.

As an industry, we have talked for many years
about updraught towers and solar towers and I am
sure the market for the latter will continue and
expand. It was interesting to note the huge numbers
of Wind Turbines in Holland which is clearly
making a large contribution to their energy needs. I
did note both Wind Turbines and old Dutch
Windmills in the same field as we drove to see the
Maeslanktering barrier.

We were also told of the loss of Udo Wittek who
was a prominent figure in the Cooling Tower world
who died suddenly in July last year.
Our own Klaus Kaemmer is recovering well from
his serious accident and we are hopeful that he will
make a full recovery. It was good to see Brigitte in
Rotterdam but Klaus’s absence meant that many
people had to take over the organisation and assist
Reinhard Harte to put the event together. My
special thanks must go to Hermann Hoffmeister,
Claudia Stein, Carola Verschoor and Barbara van
Spronsen and no doubt many others within the
Hadek organisation and the University of
Wuppertal.

As any industry, we must adopt, adapt and improve
to meet the new challenges and demands of the
ever changing world but we must keep coming to
CICIND conferences, meet many colleagues and
friends and of course, enjoy ourselves.

Gary Eastman
Interim Secretary- CICIND

Despite this series of sad misfortunes, our conference was a success with 175 delegates plus
partners and 55 papers prepared, reviewed, printed,
published and delivered on time. There is no doubt
that there is a definite synergy and overlap between
the two organisations and we should look forward
to continued joint conferences on perhaps a
biennial basis.
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Words from the President
was again pleasantly surprised by this model
country. This is the Europe that we all dream
about: open, friendly, highly educated people
living in a well organized country. On the down
side, there seems to be a little too much water, but,
then again, this is the disadvantage of living in one
of Europe's main drainage outlets, and the Dutch
have made the best of it.

Dear friends,
although my return
from the Rotterdam
conference
was
plagued by the
problems
created
by the announced
air traffic controllers strike in Greece
and
by
my
complicated way of
return to Athens,
this has by no
Michael Angelides
means affected my
recollection of a memorable meeting.

This was the first meeting in a very long time
without Klaus Kämmer. Although Klaus has been
trying very hard to accelerate his rehabilitation, he
was not able to make it to Rotterdam. His
omnipresence was felt by all, and few
conversations did not include comments on Klaus'
absence. Most interestingly, Klaus did surprisingly
well in an unofficial poll for the next president of
the U.S.A. We all look forward to seeing Klaus
again during our next meeting.

The Rotterdam conference was the second
combined chimney and cooling tower conference,
following the successful previous ICCT-2014 in
Prague. A total of 55 presentations were made, of
which 21 were related to chimney issues, 27 were
related to cooling tower issues and the remaining 7
dealt with general issues common to both fields of
activity. I wish to take this opportunity to thank
again the organizers Klaus Kämmer and Reinhard
Harte, as well as Gary Eastman and Hermann
Hoffmeister who stepped in following Klaus'
accident.

During our Governing Body meeting, we
discussed issues related to the status of our model
codes. There has been a long time since these
codes have been substantially revised. If we
expect our model codes to retain (or regain) their
position as international reference codes, we will
have to invest time into them. I therefore urge
anyone interested in participating in this effort to
contact me or any member of the Governing Body.

Many conversations in Rotterdam, including an
organized panel discussion, were centered on the
diminishing combined chimney and cooling tower
market. We have all felt the reduction in tenders
and orders and we are all concerned about the
future of our industry. There are certainly no
answers at his moment, except for the reassuring
fact that experience and expertise gained is never
really lost. We probably need to adapt.

CICIND's next meeting is going to take place in
Singapore. It will be the second time that CICIND
organizes a meeting in the Far East, following the
Shanghai meeting in 2009. This is an important
meeting for us, partly because so much of our
business is now in the Far East and partly because
we feel that so many prospective business
associates and future friends have had little chance
to integrate into our unique group.

The official sponsors of the event were Hadek, to
whom we are indebted for a very generous
hospitality extended to all participants. The
unofficial sponsors were the Dutch people
themselves who made sure that we would feel
perfectly at home in Rotterdam. It has been a long
time since my last visit to the Netherlands and I

It will be a great pleasure to welcome you all in
Singapore.

Michael Angelides
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„The Organizers of Rotterdam“
Photo collage of Elfi Luetcke after an idea of Hermann Hoffmeister

The original of this wonderful 17th century painting by
Karel Dujardin hangs in the Rijks museum in
Amsterdam. It shows the five Regents of Amsterdam
responsible for the Women’s House of Correction
receiving a letter.

from the President of CICIND, Michael Angelides in
the centre of the painting, giving them their detailed
instructions for the organisation of the conference in
Rotterdam.
On the right hand side, just in view, are Claudia Stein
and Carola Verschoor, the real organisers of the
conference, waiting to take command and deal with the
arrangements while the men just sit and talk about them.

In this revised version, there appears the 21st century
Governing Body Regents including from left to right,
Reinhard Harte, Hermann Hoffmeister, Albert de Kreij,
Gary Eastman and Klaus Kaemmer receiving a letter

Gary Eastman

Two Secretaries for CICIND
that the position of the Secretary shall be split between
our former President Gary Eastman and Klaus
Kaemmer. The fields of the individual activities had
been agreed between Gary and Klaus so that CICIND
will have until the end of 2017 two operating
Secretaries.

„Klaus says Good-Bye to CICIND“ this was the motto
of the Mainz Conference in May 2016.
At an earlier stage it was decided by the CICIND
President and the Governing Body that Hermann
Hoffmeister should follow in the position as Secretary.
Both were colleagues when working for KARRENA
(now BEROA).

Gary`s major tasks are the organization of the
Conferences and the editing of the CICIND Report
whilst Klaus will care about all financial and
administrative activities.

Hermann will only retire on 1st January 2018 and will
not start his activities as Secretary before this date. As a
consequence the Governing Body decided at the
occasion of the Rotterdam Conference in October 2016

Klaus Kaemmer
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Immediate Past President of CICIND, Victor Bochicchio

Victor Bochicchio

Andrea and Victor Bochicchio with Klaus Kaemmer

At our conference in Mainz in May 2016, our President Victor
Bochicchio reached the end of his term and our new President
Michael Angelides was elected to serve for two years.

on the ASTM Task Group for the D5364 Standard for FRP
Chimney Liners.
Apart from their expertise in the design, construction and
renovation of concrete and steel chimneys, Hamon Custodis is
currently engaged in the construction of two natural draught
cooling towers at the Vogtle Nuclear Power Station in
Georgia, USA, for their sister company Research- Cottrell
Cooling.

Vic has been President since he was elected at the CICIND
conference in Rio de Janeiro in April 2013. Prior to that, he
served as Vice President and has been a member since 1990.
Vic is currently Vice President of Hamon Custodis in
Somerville, NJ, USA and with his partner, Andrea, has been a
regular attendee at our conferences and a member of the
Governing Body for several years.

Vic assures us that he will continue to be active in CICIND,
attending conferences and Governing Body meetings as his

Victor Bochicchio with Hermann Hoffmeister and
new President Michael Angelides
In addition to his work within CICIND, Vic is also a member
and past Chairman of ACI Committee 307 on concrete
chimneys. He is a member of the American Society of Civil
Engineers and was co-chairman of the ASCE Task Committee
on Chimney and Stack Inspection Guidelines. He also serves

schedule permits, and hopes to find additional areas where he
can make contributions to the organization.

Gary Eastman

Remark 1: In the CICIND Report from Mainz it was written that Hermann Bottenbruch was the first President. This is not correct.
The first President was Marius Diver.
Remark 2: The first Secretary of CICIND, Friedrich Schreckenberg, passed away in the age of 89 years in September 2016.
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The Welcome Reception
The conference commenced with a Welcome Reception in the
Mainport Hotel sponsored and organised by Hadek. About 175
delegates and partners were invited to taste the Dutch
“Herring”; raw fish eaten by hanging the tasty morsel from the
tail – very tasty indeed but a bit messy …!!

Co-organiser, Reinhard Harte, continued by welcoming all the
cooling tower members to our joint conference.
Much fish was eaten, much wine consumed, much Cooling
Tower and Chimney business was discussed and acquaintances
recognised and delegates were still enjoying the welcome
hospitality at 10:30 pm

Our new President, Michael Angelides, gave a welcome
speech and thanked everyone for attending and to our sponsors
for contributing to the event. During his speech, Michael
welcomed past President Roger Bierrum and his wife
Rosemary who had attended the very first CICIND event in
Edinburgh in 1973.

Well done Hadek and your team.

Gary Eastman

President Michael Angelides welcoming the guests

Carola, Barbara, Albert and Catherine. Our sponsors, Hadek

Roger and Rosemary Bierrum from the UK. Roger attended
the first conference in Edinburgh in 1973

Conference co-organiser, Reinhard Harte with
Michael Angelides and Gary Eastman

Vidmantas Stuikys from Lithuania and Josef Teupe
from Germany

Karen Reid, US, Marika Angelides, Greece,
Lale Kilic from Turkey
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Charles Goddard, Lynn Eastman and Steve Hayward, UK

David Anderson, US, Hermann Hoffmeister, Germany, Rob
Ernst, Netherlands, Herbert Flucher, Austria

Would you like some Herring Sir…??

Rob Ernst sampling the Herring with Steve Reid amused

Peder Andersen taking the Herring

…..and sampling it

Andreas Harling and “het meisje” Hans-Juergen Niemann

Heidrun Steiger, Germany, Lale Kilic, Turkey and Grethe
Anderson, Denmark
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Gangolf and Hannelore Stegh

President Michael Angelides

Lena Zannaki, Greece, Kelly Scott and Erin Brau, US

Rogier Polak and Mitchell Van Den Berg of Netherlands
Nigel Mathews and Paul Bentley, UK

Rick Lohr and Peder Andersen enjoying a glass of wine

Charles Goddard and Darren Smith from the UK

Vitas Stulge and Valdas Virsilas from Lithuania talking to
Evert van den Berg from the Netherlands

Zhao Lin from Tonji University, China, Zhigiang Guan and
Lin Xia from the University of Queensland Australia
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Opening Session

Michael Angelides addresses conference with Gary Eastman
and Reinhard Harte
The opening session of our joint chimney and cooling tower
conference started at 09:00 am on Thursday 6 October with a
speech of welcome from the President of CICIND, Michael
Angelides.

As chair of the first session, Reinhard (above) introduced
CICIND President Michael Angelides (below)
to give the first presentation on the current research projects
funded by CICIND.

Michael asked the delegates to remember the sad loss of our
member Salah Abu Laban and his wife, son and daughter in
law in the tragic air crash in the Mediterranean in May. In
addition, Michael also asked us to remember Udo Wittek who
was died in 2015. The delegates were asked to stand for a
minute’s silence to remember our absent friends and
colleagues.

Delegate Piotr Noakowski of Exponent, Germany,
plans his day

The delegates remembering our colleagues with
a minute’s silence
Our conference joint organiser, Reinhard Harte, addressed the
conference to welcome all the cooling tower representatives
and to explain the organisation of the events as two lecture
theatres are required for the 55 papers that have been
submitted.

Ruediger Meiswinkel gives a paper entitled “Cooling Tower
Design from Yesterday to Today – a Homage to Udo Wittek
and his Cooling Tower Activities”

11

CICIND REPORT

Vol. 33, No. 1

Buildings and models to be manufactured more rapidly
and cheaper than ever before
Large-format printer opens up a new range for models
of chimneys and cooling towers
PICCO´s 3D World GmbH from Germany (Deggendorf and Munich) presented in Rotterdam
during the ICCT from 5th till 7th October 2016 the 3D printer from Delta Tower called RTA 500.
In 42 hours during the congress the printer constructed a model of a cooling tower with a height of
60 cm. For these kind of models the the Delta Tower is perfect because the Delta has one of the
biggest building volumes. In Rotterdam, the conference participants saw the small Delta Tower
RTA 500 with a building volume of Ø 500 x 600 mm. The bigger Delta Tower RTA 700 has a
building volume of Ø 700 x 1.100 mm. So the RTA 700 is the perfect 3D printer for companies
when they need large models.

Printer start of the cooling tower

Cooling tower ready with part

The ready model

Seven in one sweep
Print

room of the standard models up to Ø 700 x 1.100 mm

Made

for office use: noiseless and dust-free

Best

price-performance ratio regarding print room/quality/print costs

Just

10 % of the filament costs compared to industrial printers

Successful

in the market for 4 years.

Can

be built wider and taller on customer request

The

choice for engineering and education
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Conventional 3D printers work using a rail system moving along the X, Y, and Z axes. In contrast,
the DeltaTower features three high-precision linear guides and six holding arms that move the hot
end; the printer head with a hot nozzle. The arms are controlled with belt drives and move the
printing unit in three dimensions – the workpiece stays still on the printing bed throughout the
entire process. “This technique means there are no vibrations of the kind typically caused by
moving print beds – and as a result, it is possible to print taller objects.
Simple installation and operation
To achieve the very highest levels of precision and longest possible lifespan, the printer is
constructed using precisely machined aluminium components. These are individually scrutinised
by hand and tested to make sure they function properly. A heated bed, with constantly adjustable
temperature, is installed on top of the base plate. The bed holds the printed object stably on the
surface without damaging it. This is necessary to make sure the object does not slide during the
printing process. The device is comparatively straightforward to use, as a sensor automatically
calibrates the base surface and adjusts it to make it even. The operator must only manually
calibrate the Z-axis. For optimal results, when the printer is first set up, the integrated screw-in feet
should be adjusted to ensure it is perfectly horizontal.

More info for readers/viewers/interested parties:
PICCO’s 3D World GmbH
Güterstraße 2, 94469 Deggendorf
Tel: (+49)(0)991 372139-0, Fax: (+49)(0)991 372139-9
E-Mail: info@piccos-3d-world.de
Internet: www.piccos-3d-world.de

Note from the Editor
Taking slightly longer than 42 hours of course! – The real construction time for one tower shell is about
one year. Two real towers can be visited in Poland with a size of 185 m. Beroa are currently building
those two cooling towers.
The natural draft cooling towers are designed for the new power blocks no 5 and 6 in the Opole Power
Plant. The outer diameter of the foundation is 113.5 m. The cooling tower shell has the following main
dimensions: Height 185 m, diameter at lintel 100.5 m, diameter at throat 65.0 m, outer diameter at outlet
73.2 m. The shell is supported on the 36 radial columns fixed in the foundation ring as you can see it in
the printed model.
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The Technical Conference
In order to accommodate the 55 papers, two separate
conference rooms were provided and the subjects were split
each day into areas of interest. The first session up to the
coffee break was a joint session followed after coffee by two
sessions, “Structural Design” chaired by Hans-Jurgen Niemann
and “Construction Methods” chaired by Piotr Noakowski.
Every conference needs its “Techies” and these were ably
provided by 5 students from the University of Wuppertal
dressed appropriately in white tee shirts. They succeeded in
coping with all the demands heaped upon them as the delegates
tried to make the equipment function.
Timing is the essence for management of so many
presentations so the Chairman is responsible for making sure
each presenter adheres to the 18 minutes plus 2 minutes for
questions. This is sometimes not an easy task, stopping a
presenter in full flow without turning off the microphone..!!
However, almost without exception, each session maintained
their timetable.

3-D-Printer
making a model of a natural draught cooling tower.
During the conference sessions, the registration desk was
managed by Carola Verschoor and Barbara Van Spronson
from Hadek and Claudia Stein of the University of Wuppertal
plus others when they were free. They also managed to pack
all the registration bags and give a great deal of helpful advice
to the delegates whenever it was needed.

The coffee breaks sponsored by Hadek gave an opportunity for
much talk and networking also to view the various exhibitors
in the coffee area. The most notable being the 3D printer

The registration desk give a great deal of helpful advice

Sponsors Albert and Barbara from Hadek

Hello, nice to see you again ...
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Wilfrid Kraetzig presents his paper during the first session

Hans- Jurgen Niemann

Delegates

Question time

The session chairs

Delegates enjoy the coffee break

Josef Teupe of Gesta GmbH with a model of their Cooling Tower access systems
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Shoptalk and networking

Peder Andersen talks to Hans-Jurgen Niemann

Networking at coffee time

Delegates enjoy the coffee break

Networking at coffee time

Our sponsors Hadek plus Gary Eastman and David Anderson
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Ladies Tour - Delft

The Lady Group and the Night Watch
On a bright and sunny Thursday morning we joined our guide,
Elly van der Meer, for the short bus journey to the city of
Delft. As we approached the city we passed the IKEA Concept headquarters and the hotel where IKEA staff check out
and road test new ideas and products. Our route took us
through the campus of Delft University of Technology on our
way to the Royal Delft Porcelain Factory, and we were faced
with such an unbelievable number of students on their bikes
that we needed the aid of a passing traffic controller to help the
bus make a left turn.

wealthy townspeople of Delft began to use these items in their
homes and blue painted Chinese porcelain became very fashionable and expensive. The potters of Delft found a way to
copy the Chinese using local clays, tin glazing and firing to
achieve the high quality porcelain effect that is still made today.

We were welcomed at the Porcelain Factory by a guide who
took us through the exhibits, pausing for a group photo in front
of a huge tile mural of Rembrandt's "The Night Watch".
Our guide demonstrated how the vases and other items are
made by pouring the special clay mixture into moulds. When
set they are ground and polished until smooth and then hand
painted, glazed and fired to achieve the traditional intense blue
colour resembling porcelain.
Delft was the home port of the Dutch East India Company,
whose ships used to arrive back in Holland from the Far East
with Chinese painted porcelain in their holds as ballast. The

We learned how to tell the difference between the hand painted items and those made using transfers.
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We were able to watch an artist, Leo, painting an
image onto tiles.
After a chance to buy items, our bus took us to the centre of the
city for a walking tour through the old streets and canals.
We walked through almshouses built in 1707 by Elisabeth Pauw
to house poor single women and crossed beautiful canals with
elegant houses (keeping watch along the narrow streets to avoid
being run down by bikes).

The Oude Kerk

CICIND's two "First Ladies"
The Oude Kerk (old church) stands right next to a canal and its
tower leans 2 m from vertical.
The 17thC Delft School of painting was famous for its domestic
style of art and one of its most famous members, Johannes Vermeer who was born in Delft, is buried in this church.
We heard from our guide that, since 1584, members of the Dutch
Royal family have been buried in the crypt of the nearby Nieuwe
Kerk (new church) on the Market Square.
We walked through the delightful streets, stopping to admire the
many notable features, such as painted logos on the houses, and
the narrowest house in Delft which had two front doors, before
arriving at the market square and our restaurant for lunch.
After a delicious meal and refreshing drinks we took a brisk
walk back to the bus, passing through the lively market and
seeing the house where Vermeer lived, now a museum explaining the work of Vermeer and his contemporaries. Sadly there
was no time to shop or visit .... maybe next time!

Lynn Eastman

Old Houses in Delft
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Dinner on „De Majesteit“ Paddle Steamer

The old Paddle Steamer
On the evening of Thursday 6 October, 97 delegates and
partners walked across the road from the Inntel Hotel to the
Maas River to board the Paddle Steamer “Majesteit” which had
conveniently sailed from its permanent mooring further up
river.
The Paddle steamer De Majesteit was built in 1926 by
Sachsenberg Brothers, Rosslau an der Elbe Germany and
named Rheinland for the Köln - Düsseldorfer Rhine steam
navigation company.
After the war, the steamship was rebuilt and back in service
1951, with a modern profile. The boilers where converted to oil
-firing in 1956, and the steamship was rebaptized Rüdesheim in
1965. The steamship was decommissioned after the sailing
season 1981 and the ship was used as a landing stage at Köln.
The paddle steamer was bought in 1993 by the Dutch family
Key. Then the steamship was refurbished and back in service in
Rotterdam in June 1999.

The CICIND caravan enters the „Majesteit“
The boat has been beautifully preserved to maintain its original
character and features but with some very modern additions
including a hydraulic central platform that was raised to reveal
the buffet dinner.

Majesteit is powered by her single original Sachsenberg 750-hp
compound diagonal steam engine, and two paddle wheels with
Thordon bearings. She cruises at 11 knots with a maximum
speed of 13 knots. Majesteit also has a 275kW GM generator
for plenty of onboard power, and a bow thruster for making
tight turns on narrow rivers. Her substantial beam spans nearly
50 feet but she draws under four feet and is ideal for shallow
river work.

The dinner itself was exceptional with a magnificent selection
of beautifully prepared food to satisfy every taste. In addition,
of course, ample red and white wine.
During the dinner, President Michael Angelides presented
some flowers to Carola Verschoor, Barbara van Spronson and
Claudia Stein as a thank you for all their help in both setting up
and during the conference.

Flowers for Carola Verschoor

The engine room
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Reinhard Harte was also pleased to be able to present a copy of
the conference proceedings for the 2014 joint conference to
CICIND Past President Roger Bierrum who was a delegate
together with his wife Rosemary.
We were all very pleased to see Brigitte Kaemmer join us for
the evening
The Majesteit cruised up the Maas river to the docks and we
were able to view one of the largest sea going cranes every
built, quite an amazing structure.
We moored safely at 10.30pm and disembarked the Majesteit
for the short walk back to our hotel.

Gary Eastman

We were all very pleased to see Brigitte Kaemmer

Martin Atkins, Rosemary and Roger Bierrum,
Hannelore and Gangolf Stegh, Martin Breddermann

SKOL…!!

Delegates enjoying dinner

…..and Gary Eastman, Michael Angelides and Reinhard
Harte discuss the bill

Hans-Jurgen Niemann and Philip Gould discuss
a technical matter
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The participants enjoy the elegant ambience

The extensive refreshment bar

Dinner arrives through the floor…….

Cuong Nguyen and Glenn Barnes are glad about the choice

Bon appetit!

The delegates fill their plates ...

… but Gary and Lynn Eastman can’t decide
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Culture Tour to the Maeslantkering Barrier
As our conference was in Rotterdam, it was important that
during our stay in the Netherlands, we visit one of the barriers
that have been constructed to prevent flooding over large parts
of the country. Our visit was to see the barrier at
Maeslantkering which is part of the Delta Works

The model of Maeslantkering

The Maeslantkering Barrier

The initial plan
The construction of the Maeslantkering was a part of the
Europoortkering project which, in turn, was the final stage of
the Delta Works. The main objective of this Europoortkeringproject was improving the safety against flooding of the
Rotterdam harbour, of which the Europoort is an important
part, and the surrounding towns and agricultural areas. This
had to be carried out by the reinforcement of existing dykes as
far as 50 kilometres inland. During the 1980s it became clear
that this project would take at least 30 years and would cost a
huge amount of money. It would also mean that historic town
centres, sometimes built more than four centuries ago, had to
be broken down and rebuilt behind renewed, larger dykes.

The group pursues with interest to the words
of the museum speaker
Therefore, the initial plan was put aside and the Ministry of
Waterways and Public Works organised a competition in
which construction companies could make plans for the
construction of a reliable yet relatively cheap storm surge
barrier.

The storm surge barrier
This storm surge barrier had to be located in the waterway
(Nieuwe Maas – the Scheur – Nieuwe Waterweg) that
connects Rotterdam with the North Sea. This played an

An impressive construction
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important role in the planning stage of the construction, as
this waterway is the main route to the port of Rotterdam, at
that time the world's largest port.
The winning plan called for two large floating gates on both
dykes of the waterway. A major advantage of this plan was
that construction of the storm surge barrier could take place
under dry conditions, in dry docks. Other advantages were
that no vital parts of the barrier had to be placed under water,
and maintenance of the barrier would be easy because of the
dry docks. Finally, there would be almost no inconvenience
for passing ships. The winning plan was put forward by the
BMK consortium (Bouwcombinatie Maeslantkering).

Construction of the barrier
The construction of the barrier started in 1991. First the dry
docks were constructed on both shores and a cill was
constructed at the bottom of the Nieuwe Waterweg. Then the
two 22-metre high and 210- metre long steel gates were built.
After this, 237-metre long steel trusses were welded to the
gates. The arms weigh 6,800 tonnes each The main purpose
of the arms is transmitting the immense forces, exerted on the
gates while closed, to one single joint at the rear of each gate.
During the closing or opening process, this ball shaped joint
gives the gate the opportunity to move freely under the
influences of water, wind and waves. It acts like a ball and
socket joint, such as in the human shoulder or hip. The joints
were made in the Czech Republic at Škoda Works. The ballshaped joint is the largest in the world, with a diameter of 10
metres, and weighing 680 tonnes. The construction of the
barrier cost 450 million euros.

Gary Eastman

It looks like a modern piece of art

Massive arm of the barrier
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Dinner in the Euromast
The Euromast was built in 1960 by architect H.A. Maaskant
and contractor J.P. van Eesteren, to mark the occasion of
Floriade, the international flower and garden exhibition.

On 11 July 1959, the running headline in Nieuwe Rotterdamse
Courant was a report on lifting the crow's nest restaurant. The
240-ton structure was raised in five days using strand jacks.
Hundreds of people looked up on the hot
summer evenings to witness it slide along
the mast at a speed of 60 centimetres per
hour. The operation was completed on 10
July with the restaurant suspended at 100
metres, taking exactly 131 hours to get
there.

In November 1958, the Rotterdam
newspapers reported that the observation
tower would be named Euromast. 'Euro' as
Rotterdam is located in the very heart of the
Euro market zone and 'mast', as in addition
to the Dutch, others nationalities too use the
same name, such as the English, Germans,
Swedes, Norwegians and Danes.
Vrije Volk newspaper reported that the
foundation stone was laid by Mayor Van
Walsum on 10 December 1958, wearing an
oilskin jacket and safety helmet. Students of
the Wilton-Feijenoord shipyard company
school encouraged the workers: 'Ram! Ram!
Ram those 130 piles!'

In the sixties, the Euromast was 101 metres
high. This was sufficient to tower above the
skyline of the City on the Meuse. However,
Rotterdam's pride was taken over by other
buildings left right and centre! In 1970,
Euromast retaliated. The addition of the
Space Tower meant another eighty-five
metres up. This once again made the
Euromast the highest building in Rotterdam.

At a height of 32 metres, Maaskant provided
the tower with a replica of a ship's bridge,
complete with navigation equipment and
chart room. In this room, the public was
able to experience what it meant to navigate
a sea-going vessel.

During the first decade, more than 6 million
visitors came to enjoy the views. On clear
days, they could see Antwerp, Moerdijk and
The Hague in the distance. Rotterdam is still
beautiful in all its glory, even without
glorious weather to match.

Early in 2004, thanks to the intervention of
The tower is made of reinforced concrete
Euromast Tower
the Hotel New York Group, the Euromast
with a diameter of 9 metres (internal) and its
ultimately underwent a complete makeover.
walls are 30 centimetres thick. Its foundation
Everything will change, apart from the view, so the motto said.
consists of 131 piles. The crow's nest is a steel construction of
The restaurant was given a modern interior (designed by Jan
240 tonnes. It was assembled at the foot of the mast and raised
des Bouvrie) and an international menu with style, from an
in 5 days. The ship's bridge was suspended at 32 metres. The
inviting brasserie. Rotterdam instantly gained a fantastic
speed of the lifts is 4 metres per second, taking you to 100
catering establishment, in a unique location.
metres in 30 seconds.

Gary Eastman

View from Euromast Tower into the night of Rotterdam
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Hadek and Omega Teplotechna share a table

Three past presidents and one president elect of CICIND
on this VIP table

Mostly German spoken here tonight..!!

….and this table as well…

Mainly an English speaking table and Sue proposes a toast
to the next US President.

Our three Lithuanians share a table with
Professor Philip Gould and Deborah

Albert and Catherine of Hadek, our sponsor, share a table
with some of their staff

United Nations table of Americans, Turkish
and Austrian delegates
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The Panel Discussion
Vic Bochicchio is currently building two
NDCT’s in the US on a
Nuclear plant but cannot
see a large market
expanding.

The subject of the panel discussion was:
The future of industrial chimneys and cooling towers
in view of energy policy
Chairman Gary Eastman (Eastman Engineering Consultants - UK), introduced the panel and asked them about their
view of the market for natural draught cooling towers (NDCT)
in their country.

Hermann Hoffmeister is
also building two new
towers in Poland and
considers there will still
be some more to be built
in the near future.

 Michael Angelides, President of CICIND,

AMTE Consultants - Greece
 Vic Bochiocchio, Vice President of Hamon Custodis
involved in the design an construction of chimneys and
cooling towers

The chairman asked
about legislation for
clean water and curPanel Chairman
rently legislation in
Gary Eastman
Europe and the US is
now calling for water to be cooled rather than using the sea to
provide the cooling but most stations are using either fan
towers or condensers.

 Guan Zhiqiang, University of Queensland, Australia
 Hermann Hoffmeister, Director Chimney & Tower,
Beroa Deutschland
 Roger Rusch, Industrial Water Cooling - SA
 Zhao Lin, Tonji University, China

The chairman asked if any members were having issues with
the removal and disposal of the old asbestos packs but it
appeared that there are very few still operating.

Roger Rusch from S Africa thought that it was unlikely that a
natural draught tower would be built in S Africa in the
foreseeable future and the rest of the panel agreed apart from
Zhao Lin of the Tonji University of China who thought that
there is still a large market for towers in China. He said that
they are currently looking at making towers larger like in
Europe, up to 200m high.

There was some discussion about the replacement of film
because of a build-up of material making them less efficient. It
was suggested this market will expand because it is a problem
experienced on a number of towers and removal of the clogged
plastic film pack is very difficult and expensive.

Roger said that the issue of water availability was also an issue
particularly in S Africa where they have experienced a severe
drought. This makes the use of NDCT less of an option due to
the high evaporation loss.

In summary, the market place for NDCT’s looks very bleak ...

Gary Eastman

The Panel
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Amsterdam Excursion
On Saturday 8 October, 61 delegates and partners set off very
early from the hotel to spend the day in Amsterdam. We had
been told to be prompt and be ready for the bus to leave at
8.30am “sharp” which is a little unfair as we were very late
back on the previous evening after the dinner on the Euromast.
However, everyone was on time and we left only four minutes
late.

The Rijksmuseum was founded in The Hague in 1800 and
moved to Amsterdam in 1808, where it was first located in the
Royal Palace and later in the Trippenhuis. The current main
building was designed by Pierre Cuypers and first opened its
doors in 1885. On 13 April 2013, after a ten-year renovation
which cost € 375 million, the main building was reopened by
Queen Beatrix. In 2013 and 2014, it was the most visited
museum in the Netherlands with record numbers of 2.2 million
and 2.45 million visitors. It is also the largest art museum in
the country.

Our first stop was at the Rijks Museum where we were split
into four groups with a guide each. Both the building and the
exhibits are spectacular but the allocated time allowed for only
seeing four or five paintings but many us decided to make a
return visit in the future.

The museum has on display 8,000 objects of art and history,
from their total collection of 1 million objects from the years

The Rijksmuseum

Visitors marvel at "The Night Guard" from Rembrandt

The Rijksmuseum is a Dutch national museum dedicated to
arts and history in Amsterdam. The museum is located at the
Museum Square.

1200–2000, among which are some masterpieces by
Rembrandt, Frans Hals, and Johannes Vermeer.

The CICIND party outside the museum
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CICINDERs on tour

Reinhard and Annette enjoy the view

River trip
The coach took us into the centre of Amsterdam and we
boarded a sightseeing boat to take us on a one hour long trip
around the canals. It was an excellent way to see the city and
the wonderful architecture of the canal side houses built with
“clock” or “stepped” gables.
We passed the museum dedicated to Anne Frank with a very
long queue of tourist waiting to gain entry and we also passed
the hotel which had been the conference centre of CICIND
back in the autumn of 2002

Houseboats belong to the Amsterdam townscape

One of the more than 1200 canal bridges

Nice view through seven brigdes

Typical canal side view

Wonderful Dutch architecture
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Wherever you look: bicycles

Old warehouses

Lunch at the In de Waag

Amsterdam is one of Europe’s most beautiful and exciting
cities desperately trying to cope with an excess of people due
to its popularity and splendour.

A long walk from the boat quay took us to our lunch venue of
“In de Waag” braving the millions of cyclist who seemed
intent on running us over on the cycleways. Amsterdam was
absolutely full of tourists, trams, bikes and of course cars so
escorting 64 CICINDers to the restaurant took some time but
all survived.

Gary Eastman

Restaurant “In de Waag”
There’s a part of Amsterdam that never sleeps: Nieuwmarkt. In
the middle stands the Weigh House or Waag. Originally built
in 1488, this characteristic monumental structure now houses
Restaurant-Café In de Waag: the ideal place for our lunch in
the heart of Amsterdam.
This magnificent historic building with its constrained yet
informal interior design is lit by 300 candles.
After lunch we walked back to the coach but had to sadly
abandon our scheduled tour of Jordaans because we were very
late for the lunch and it took so long to drive out of the city
due to the 80 seater coach navigating through the narrow
streets of the town.
However, for some unknown reason, every occupant of the
coach was asleep so the sensible decision was to head straight
back to Rotterdam – and we were still late ..!!

Time for lunch
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Exhibitors in the Conference Venue
The following companies have contributed with their rental of an exhibition stand to the
professional judgement of the conference
Asplit
Christian-Heibel-Str. 51
56422 Wirges
Germany
Bergische Universität Wuppertal
Fakultät für Architektur und Bauingenieurwesen
Pauluskirchstr. 7
42285 Wuppertal
Germany

GESTA GmbH
Koloniestraße 5
41541 Dormagen, Germany

Hadek Protective Systems
P.O. Box 30139
3001 DC Rotterdam
The Netherlands
MB SCHORNSTEIN- UND
BETONABBRUCH GMBH & CO.KG
Oberer Ziegeleiweg 3
87766 Memmingerberg
Germany
MC - Bauchemie GmbH & Co.
Steinberg 5
46238 Bottrop
Germany

PICCO´s 3D World GmbH
Güterstraße 2,
94469 Deggendorf
Germany

VGB PowerTech e.V.
Deilbachtal 173
45257 Essen
Germany
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We thank our Conference
Partners, Sponsors and Exhibitors:
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For your Planning:

NEXT CICIND CONFERENCES: 2017 and 2018
Singapore: April/May 2017

Sponsor: Balanced Engineering Ltd.

Vilnius, Lithuania: Sept./Oct. 2017

Sponsor: Aukstata

San Francisco: May 2018

Sponsor: US CICIND Members

Graz: Sept./Oct. 2018

Sponsor: Austrian CICIND Members
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Ladies in CICIND: Catherine Sauderais
For most of our members, a CICIND meeting wouldn’t be
such a successful event if they couldn’t come accompanied
by their spouses. This long-lived tradition has proved, over
the years, to be an integral part of our meetings. To the point
that a social agenda is now always organized to entertain the
partners of our members, while the latter dutifully attend the
conferences.
This group is mostly made up of ladies, although husbands
have been seen to attend in the past, as well as children. They
all know each other well and share common interests to visit
historical sites, museums, to shop and to enjoy each other’s
company.
The Ladies events are well attended, as growing numbers
joining the group can prove. So if you are pondering about
bringing your partner during a CICIND Conference, don’t
hesitate, as she will be warmly welcome and be soon a happy
member of the Ladies group. Beware though, as she will
probably want to join each event!

Catherine Sauderais

Albert and Catherine in Rotterdam

Our Brazilian ladies on tour
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The new Post Box
This Letter Box was the
present of the Governing
Body to Klaus at the
occasion of his final
Conference held in Mainz
2016. The Letter Box was
handed over by Andreas
Harling, member of the
Governing Body of CICIND,
containing many wonderful
letters
from
CICIND
members with best wishes
for Klaus’ future.

It was only a few months
later that this Letter Box was
installed at the entrance of
Brigitte’s and Klaus home.
From now on it is daily filled
with news, not all are good
news.

Andreas hands over a letter box filled with messages from
CICIND members with best wishes to Klaus

Brigitte and Klaus Kaemmer with their new Post Box in front of their house in November 2016
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CICINDER‘s at the „Oktoberfest“ in Munich
Oktoberfest is the world`s largest Volksfest (beer festival and
travelling funfair). Held annually in Munich, Bavaria,
Germany, it is a 16-to 18-day folk festival running from mid or
late September to the first weekend in October, with more than
6 million people from around the world attending the event
every year. The Oktoberfest is an important part of Bavarian
culture, having held since 1810. Other cities across the world
also hold Oktoberfest celebrations that are modelled after the
original Munich event.

People celebrate the Oktoberfest in a tent

Peder and Grethe Andersen enjoy the Munich festival

During the event, large quantities of Oktoberfest Beer are
consumed: during the 16-day festival in 2013, for example, 7.7
million litres were served and drunk. There is also a wide
variety of traditional foods including Hendl (roast chicken),
Schweinebraten (roast pork), Schweinshaxe (grilled ham

hock), Würstl (sausages) along with Brezen (pretzels),
Knödel (dumplings) and Rotkohl (red cabbage). Not

to forget the real Bavarian food: Weiss-Wurst
(White sausage).

Brigitte Kaemmer and Lynn Eastman in the CICIND tent

Bavarian food with a Bavarian glass of beer
It was in September 2009 that CICIND arranged a Conference
in Munich. CICIND’s traditional social full day event on
Saturday was held at the Oktoberfest area in a so-called tent
which is the normal place for these celebrations. This event
was proposed by our Danish Member, Peder Andersen, who
was one of the major activists in celebrating beer drinking and
eating Bavarian food. who was one of the major activists in
celebrating beer drinking and eating Bavarian food.

Klaus Theobald lifting a Beer Mug
with Jaqueline Susong
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It is also a tradition that the ladies wear a special dress called
DIRNDL. This is a typical dress in various colors but in many
cases showing the ladies in most “appreciated parts” with
pushing-up support.

Steigers, Andersens and Klaus Theobald

Two ladies in pushed-up Dirndls
In 2016 a repetition of the 2009 event was proposed and
requested by Peder Anderson again, supported by our Spanish
members, mainly from the Beroa group. They had asked the
then Secretary Klaus famous for his good connections to the
Oktoberfest Scenario, to arrange this event. Klaus did it. Same
tent, same Hotel same Social Program in 2016 as 7 years
earlier. It worked and all participants were as happy as in 2009

Our member Rodrigo Adriano with his wife Sabrina ...
We
have
one
further member in
CICIND, Rodrigo
Adriano, who celebrates the Oktoberfest in his home
town
Blumenau,
South of Sao Paulo
in Brazil. Blumenau
was founded by
German Immigrants
and as additional
import they brought
the
Oktoberfesttradition to Brazil.
Rodrigo married his
lovely girl Sabrina
and both gave birth
to their little son
Martin. It is assumed that Martin
was
borne already
and little Martin
in
the
typical
Bavarian dress, especially the traditional Oktoberfest hat.

Steigers, Andersens and Klaus Theobald

Anna and Fernando Lamelas with
Juan-Marie Bilbao and his wife

Klaus Kaemmer
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CICIND
87th Conference of CICIND
in Singapore
10th to 13th May 2017
Conference Venue:

Orchard Parade Hotel
1 Tanglin Road
Singapore 247905

The LION of Singapore

37

CICIND REPORT

Vol. 33 No. 1

SOCIAL PROGRAM
Wednesday 10th May 2017
Meeting of the Governing Body: 09:30 - 12:30 h

Lunch

for Conference Attendees in the Hotel Restaurant at 12:30 h

Welcome Drink:

19:00-21:00 h in the Conference Venue
The Welcome Drink is sponsored by:

Our CICIND Members:
Ian Morrison and Eddie Lloyd-Williams
from Balanced Engineering, Singapore
All Conference Attendees are invited !

Thursday 11th May 2017
Conference Attendees:
Technical Meeting:

09:30h - 17:00h

Partners Program:

10:00h to 16:00 h: Guided Bus tour to:


Little India



Merlion Park



Chinatown



Orchid Gardens



Lunch at the Red House

Bus, Guide, Entrance Fees, Lunch, all is included in the Lady-Tour arrangement

Lunch:

for Conference attendees in the Hotel: 12:30 h

Evening:

Traditional CICIND Dinner in the Restaurant

JUMBO SEAFOOD
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Friday, 12th May 2017
Conference Attendees:
Technical Meeting:

09:30 - 12:30 h

Lunch

for conference attendees in the hotel at 12:30 h

Normal General
Assembly

For all CICIND delegates 13:30 to 14:30 h
in the Conference room

Afternoon:

Culture Tour from 15:00 h – 17:30 h

Singapore River mouth

Raffles Statue

Boat Quay

Waterloo Street

Singapore River

Evening:

Dinner at the Clifford Fullerton Bay Hotel

Dining Room of the Clifford Pier
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Saturday, 13th May 2017
Full Day Program:

From 09:00 h-17:00 h Sentosa Island






At Noon Time:

Marina Bay
Gardens by the Bay
Tiger Sky Tower
Sea Aquarium
Sky Park

Lunch at “Good Old Days” Restaurant

Restaurant „Good Old Days“

END of the MEETING
If you have any questions: contact the Secretary at secretary@cicind.org
or
Gary Eastman at gary@garyeastman.co.uk

Come and enjoy the CICIND Conference
in Singapore
Listen to the Technical Papers,
Meet Friends and have Fun!

Your CICIND Conference Team:






Ian Morrison
Eddie Lloyd-Williams
Michael Angelides
Gary Eastman
Klaus Kaemmer
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ICCT 2016
INDUSTRIAL CHIMNEYS
AND

COOLING TOWERS

TECHNICAL SECTION
Program
Persons
Papers
 INTRODUCTORY LECTURES
 STRUCTURAL DESIGN

 CONSTRUCTION METHODS

 WIND ACTION

 THERMODYNAMICS

 CHIMNEY DESIGN

 STRUCTURAL DESIGN

 CONSTRUCTION and

 MAINTENANCE and REPAIR

 MATERIAL SCIENCE and

 FUTURE DEVELOPMENTS

MAINTENANCE

BUILDING METHODS
The following pages show the Conference Program
followed by the portrait photos of the speakers and a short summary of their
presentations.
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ICCT 2016 - PROGRAM
INTERNATIONAL CONFERENCE ON INDUSTRIAL CHIMNEYS
AND COOLING TOWERS
OCTOBER 5 - 8, 2016, ROTTERDAM, NETHERLANDS

Thursday, October 6, 2016
Opening Session - Introductory Lectures
Time

Chair: HARTE Reinhard

09:15

HARTE Reinhard, GER and
EASTMAN Gary, UK
ANGELIDES Michael, President of CICIND, Athens, Greece

Opening Ceremony and Minute's Silence for Udo WITTEK and
Abou LABAN
Current Research Projects funded by CICIND

09:25

MEISWINKEL Rüdiger, Kaiserslautern, GER

09:45

KRÄTZIG Wilfried, Honorary Member of IASS, Bochum, GER

10:05

NIEMANN Hans-Jürgen, Bochum, GER

10:25

ANGELIDES Michael, President of CICIND, Athens, Greece

Cooling Tower Design and Construction from Yesterday to Today
- an Homage to Udo Wittek and his Cooling Tower Activities
Influence of Imperfections on the Buckling Safety of Natural Draft
Cooling Towers
Wind Load Effects and Structural Safety of Cooling Towers –
Retrospect and Prospect
Ovalling Issues in Chimneys and Silos

09:00

Structural Design

Construction Methods

Chair: NIEMANN Hans-Jürgen

Chair: NOAKOWSKI Pjotr

11:15

GOULD Philip
St. Louis, USA

Effect of Unanticipated Extreme Loads
on the Resilienceof Chimneys and
Cooling Towers

GAJEWSKI Jörg
Cologne, GER

The Chimney to the ARC Waste
Incinerator Project, Copenhagen

11:35

POPE Alun
North Ferriby, UK

GUEHMANN
Christoph
Ratingen, GER

Erection Procedures of 2 x 185 m high
Natural Draft Cooling Towers Opole
Power Plant

11:55

RADECKI Denis
Portsmouth, USA

Estimation of Resonant Stresses and
Dynamic Amplification Factors for
Reinforced Concrete Natural Draught
Cooling Towers
Comparison of Concrete Chimney
Section Strength Calculations in ACI
307-08 and CICIND 2011: Part 1
Sections without Openings

MEINHARDT
Christian
Berlin, GER

Experimental Assessment of the Efficacy
of Tuned Mass Damper Systems Applied
to Chimneys

12:15

RADECKI Denis
Portsmouth, USA

Comparison of Concrete Chimney
Section Strength Calculations in ACI
307-08 and CICIND 2011: Part 2
Sections with an Opening

DICKEHAGE Simon
Bochum, GER

Deconstruction of a 99 m high exhaust
air stackof reinforced concrete in the
Lubmin Nuclear Plant

12:35

KILIC Sami
Istanbul, Turkey

An Investigation of Opening
Reinforcement Configurations for
Reinforced Concrete Chimneys

ROST Markus
Düsseldorf, GER

Conventional Demolition Design of
Cooling Towers

Structural Design

Thermodynamics

Chair: GOULD Philip

Chair: GUAN Zhiqiang

14:00

JUN Daniel
Bochum, GER

Investigations on Stability Verification
by Example of a Recent Indian Cooling
Tower

DÖMÖTÖR Zoltán
Budapest, HUN

Natural Draught Concrete Cooling
Towers for Heller Dry Cooling Systems
– a Brief History and Current Challenges

14:20

WEHR Franziska
Wuppertal, GER

Design and Safety Proof of Concrete
Chimneys via Nonlinear Shell Analysis

RUSCH Roger
Johannesburg, SA

Use of Variable Speed Drives on
Mechanical Draft Cooling Tower Fans

14:40

ANGELIDES
Michael
Athens, Greece

Design of a Large Cooling Tower under
Combined Earthquake and Wind
Loading

GHEZELASHEGI
Gholamreza
Tehran, Iran

15:00

BREDDERMANN
Martin,
Bochum, GER

Keynotes of the Design and Analysis of
Towers and Tanks Irrespective of Wind
Load Capacity

SUN Yubiao
Brisbane, AUS

Selecting Optimum Dry Cooling System
(ACC or Heller) Based on Ambient Air
Temperature and Wind Condition
Impacts
Single Nozzle Arrangement
Optimization for Pre-cooling ofInlet Air
in Natural Draft Dry Cooling Towers

15:25

CONG Peijiang
Changchun, China

Study on the Calculation Method for
Hyperbolic Cooling Tower Structure
under Non-axisymmetrical Load

XIA Lin
Brisbane, AUS
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In the following we provide abstracts of the presented papers. For detailed information we propose
the Conference Proceedings.
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Michael ANGELIDES

President of CICIND, AMTE Consult. Eng., Athens, Greece
Keywords: Industrial Chimneys, Model Codes, Technical Publications, Research
DIRECTIONAL DEPENDENT VIBRATION
BEHAVIOUR OF STEEL CHIMNEYS
Research Project: Rp-2013-No. 3 (Verwiebe, 2013)

ABSTRACT: This presentation introduces Research Projects
which have been awarded to CICIND members or academic
Institutions which had the capability to carry out Research
work in the field of Industrial Chimney Technology.

In practical calculations steel chimneys are considered in
general as rotationally symmetrical rod-shaped structures.
Consequently, the structural calculations are carried out for a
beam with a tubular cross section. Usually it is assumed that
the eigenfrequency for all directions in which the tube can
move and thus also for all wind directions is identical. Also the
dimensioning of the frequently requested tuned mass damper is
based on this calculated eigenfrequency. The finally installed
and built structure does in fact very often deviate from this
assumption.

The fields of activities include the effects of external loads to
chimneys (along wind, across wind, seismic loads, etc) and
material properties (fiber reinforced plastic, reinforced
concrete, etc) and updates on CICIND's existing Model Codes
and Standards.
INTRODUCTION
CICIND is a private association dealing with all aspects of
Industrial Chimneys from concrete, steel or reinforced plastics.
The activities cover design, construction, maintenance, repair,
demolition, material and the operation of chimneys.

BUCKLING OF LARGE DIAMETER STEEL CHIMNEYS
(Angelides et Al., 2016)
Until recently, steel chimney diameters did not use to exceed 4
meters and this is reflected in the pertinent technical literature.
However, in recent years the development and proliferation of
combined cycle power plants has led to boiler exhaust stacks
with diameters in the order of 7 meters. The provisions of all
major steel chimney design codes (ASM STS-1, CICIND, EN
1993) contain uncertainties with respect to frequently
encountered issues concerning the design of modern large
diameter steel chimneys. An extensive parametric study has
been carried out using non-linear finite element analyses.

The scope and purpose of CICIND is to:
 Promote knowledge about industrial chimneys.
 Stimulate harmonisation of design codes.
 Organise international conferences.
 Publish Model Codes and Technical Papers.
 Sponsor research in chimney technology.
With special reference to the last item, the sponsoring of
research, CICIND has supported and initiated a considerable
number of projects in the Technology of Chimneys. A first
group of such research projects was presented during
ICCT2014 in Prague (Kämmer & Eastman, 2014). This
presentation introduces a second group of research projects.
The final reports of all CICIND sponsored research projects
are available to CICIND members through the CICIND
website (www.cicind.org).
FATIGUE LIFE PROGNOSIS FOR CHIMNEYS
Research Project: Rp-2013-No. 3 (Clobes et Aizpurua, 2013)
The response of slender industrial chimneys under wind
buffeting loading has been simulated in order to compare the
fatigue life prognosis according to Eurocode 1 and the wind
statistics provided by Willecke at site Gartow. For this
purpose, a Monte-Carlo simulation has been carried out to
provide statistically solid data. A large number of synthetic
wind profiles has been generated using the mean vector and
the covariance matrix.

Figure 1: Buckling of chimney with array of circular
openings (Geometric & Material non-linear analysis results).
The use of a large single opening for the accommodation of the
inlet duct requires strengthening with large cross-sections for
replacing the removed material and achieving similar areas
and second-moment of inertia to the ones of the structure
without an opening. Especially, the requirement for similar
second-moment of inertia is very difficult to fulfill. An
alternative way to construct openings is by making use of an
array of many small circular openings (Fig. 1).

A 150 m high steel chimney has been simulated and its
response to wind buffeting calculated applying the stochastic
vibration theory. The model, divided into 10 beam elements
has been generated as realistically as possible including the
influence of the aerodynamic damping, as well as the inclusion
of several wind profile shape-dependent variables, thus making
the simulation more precise than other wind buffeting studies
provided in the literature. The final results provided by the
Monte-Carlo simulation show a clear differentiation between
the wind classes on the response of the chimney.
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Cooling Tower Design and Construction
from Yesterday to Today
1

Rüdiger MEISWINKEL1, Christian LANG2

MBI Bautechnik GmbH, Enkenbach-Alsenborn, Germany
2
IBB GmbH, Maikammer, Germany

Keywords: Cooling Towers, design, construction
ABSTRACT: On 27 July 2015 Udo Wittek passed away.
With him the professional world has lost a world-recognized
expert in the field of cooling tower constructions. So in this
paper the state of the art of cooling tower construction will be
presented, which significantly has been influenced by Udo
Wittek until his death.

knowledge of the buckling of shells and of realistic structural
behaviour of reinforced concrete shells, as well as with his
extensive experience in the construction of reinforced concrete
natural draught cooling towers he was considered as one of the
most famous cooling tower experts worldwide. These topics
will be highlighted in the following sections.

INTRODUCTION

STRUCTURAL DESIGN

General remarks
The large natural draught cooling towers represent extremely
bold civil engineering works, which exert an essential function
for the operation of thermal power plants. They stand like
giants in the sky and impress by their size in combination with
their hyperbolic structural form.

The different structural components of a natural draught
cooling tower are shown in Fig. 2:
 the cooling tower shell, which serves as shielding the inner
thermal to the turbulence of the outer atmosphere, with the
support on columns founded on individual or ring
foundations, possibly with an additional pile foundation,

Large natural draught cooling towers have to fulfill the high
demands on safety, serviceability and durability for the design
and construction which are specified in the VGB Guideline
(nowadays called standard) for RC cooling towers VGB-R 610
(Eggers & Lenz & Meiswinkel 2014). The development of the
VGB-R 610 took place over the past four decades on the basis
of international research. Udo Wittek has contributed
significantly to this development and thus shaped the state of
the art of the cooling tower construction.

 the internal components required for the internal cooling
water distribution such as the cooling water supply, the
water distribution channels and the supporting structure of
the cooling installations at about 15 m height as well as the
water basin for the collection and return of the cooling
water,

The vita of Prof. Wittek

 the flue gas introduction construction, consisting of
exhaust gas (flue gas channel) and its supports, as an
optional component in coal-fired power plants.

The cooling tower as a "Prima Donna of the power plant
construction" was the focus of his professional life. With his

The basis for the
design and construction of these
cooling
tower
specific components is given by
the VGB Guideline “Structural
Design of Cooling
Towers”
(VGB-R 610).
Missing design
Figure 2: The VGB-guideline for design
rules for such
and construction of cooling towers
challenging buildings and the
collapse of three large cooling towers in Ferrybrigde on 1
November 1965 (see Fig. 3) have been the reason to develop a
Technical Guideline for
„Ordering of Cooling
Towers“ (VIK 1971),
followed by the first VGB
Guideline
“Structural
Design
of
Cooling
Towers”. Since that time
several revisions of this
guideline have been published by a special expert
group and applied successfully
for
the
construction of a large
Figure 3: Collapse of cooling
number of cooling towers
towers in a gale, Ferrybridge
in Germany and other parts
(UK), 1 November 1965
of the world.

Udo Wittek was
born in 1942 in
Finsterwalde behind the iron
curtain in East
Germany and he
moved with his
parents to West
Germany, when
he was 12 years
old. After his civil
engineering studies at the TechFigure 1: Prof. Wittek – pioneer of the
German development of cooling towers
nical University
of Berlin and his
first triannual professional activity in the construction company
Heitkanp in Herne/Germany he returned back to university. He
obtained his PhD in 1974 at the Ruhr University of Bochum
and in 1979 he finished his academic studies with his
habilitation “contribution to the behaviour of structures
exposed to finite deformations, especially considering the postbuckling of thin shells”. In 1983 he got the call on the chair of
Structural Engineering at the University of Kaiserslautern,
where he retired in 2007. Until his death on 27 July 2015, he
was Professor Emeritus at the University of Kaiserslautern. His
research work was marked by the further development of nonlinear numerical calculation methods of structural structures,
taking into account the practical applicability. This, he devoted
himself in particular realistic behaviour of cooling tower shells,
taking into account the non-linear properties of reinforced
concrete.

51

CICIND REPORT

Vol. 33, No. 1

52

CICIND REPORT

Vol. 33, No. 1

Influence of Imperfections on the Buckling Safety of Natural Draft Cooling Towers
Wilfried B. KRÄTZIG1,2, Matthias ANDRES1, Ulrich ECKSTEIN1, Reinhard HARTE1,3, Daniel JUN1,4
Krätzig & Partner, Ingenieurgesellschaft für Bautechnik Bochum, 2Ruhr-University Bochum, Department of
Civil and Environmental Engineering, Bochum, 3Bergische Universität Wuppertal, Wuppertal,
4
Hochschule Ruhr West, University of Applied Sciences, Mülheim, all Germany

1

Keywords: Natural draft cooling towers, shell buckling, imperfection sensitivity, instabilities
ABSTRACT: The present paper deals with the verification of
stability safety of large cooling tower shells, which usually is
performed by solution of an eigenvalue problem of the perfect
structure. Such processing generally is valid, when the limit
load level will be reduced only to small extents by existing
geometric imperfections of the shell’s middle surface. To
prove this, classical K
’s initial post buckling theory will
be extended to hyperbolic shells. Finally the safety verification
in case of single imperfection patterns is depicted, which also
may occur during the construction process of the tower shell.

det {Kel + λcrit Kgeom(P0)} = 0,

→ λcrit = νbuckl.

(2)

In these matrix equations, Veig denotes the normalized (first)
buckling deformation mode, and λcrit describes directly the
buckling safety related to the load-vector P0(load
combination). .

INTRODUCTION AND EIGENVALUE
INSTABILITY CHECK
In recent years natural draft cooling towers (NDCTs) have
reached altitudes up to 200 m, towers with heights above are in
the design. Since transportation costs of the green concrete
raise with height, the wall-thickness will be designed highly
economic. For these then extremely thin tower shells
instability safety will step much further into the foreground.
How may such NDCTs possibly fail? At the F
disaster on November 1, 1965, the collapse of 3 towers during
strong gusts had been observed and described by eye-witnesses
(CEGB 1967) as highly dynamic processes with large
observable deformations. Which limit cases in the design will
be able to exclude such failures in future?
 The classical cross-sectional dimensioning, presently due to
E
, excludes sectional failures within prescribed
partial safeties (Harte 2014). The entire tower shell appears
hereby in terms of internal stress resultants, evaluated
generally by linear analysis methods.
 A code-prescribed lower bound of the lowest natural
frequency of vibration suppresses inacceptable large
oscillation amplitudes of the shell (VGB 2010), caused by
resonance due to wind impact.
 The evaluation and bounding of the buckling safety
excludes instabilities of the tower, thereby all cross-sections
generally are idealized as linear elastic. The solved linear
eigenvalue-buckling-problem is considered as a first step
into nonlinearities of the NDCT’s load response. This topic
shall be in the focus of the present treatment (Eckstein et al.
1984).
A modern engineering tool for evaluation of limits of global
instability failure is the solution of a linear eigenvalue problem
in the FE-context, which today is applied for the whole design
process of NDCTs. This requires the computer-treatment of
large matrices, namely the global elastic stiffness matrix Kel
and the geometric stiffness matrix Kgeom(P0), of the entire
tower structure including supports and foundation. The latter
matrix is a function of the global vector P0 of the considered
load combination, for which buckling safety shall be
determined. Structural instability then is described by:
{Kel + λcrit Kgeom(P0)} ´ Veig = 0,

Figure 1: First buckling modes of UNIPER NDCT Datteln,
Unit 4, for 2 different wind directions

(1)
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Wind Load Effects and Structural Safety of Cooling Towers –
Retrospect and Prospect
Hans-Jürgen NIEMANN1, Wolfgang HUBER2, Norbert HÖLSCHER3
1

Ruhr-Universität Bochum, Germany, 1, 2 ,3 Niemann & Partner Engin. Bochum, Germany

Keywords: Wind loads on CT’s; load effect; full-scale and wind-tunnel tests; interference
ABSTRACT: Wind load of CTs has been investigated
intensely since the 1960s. The problematic of the Reynolds
number disparity could be resolved by full-scale
measurements. The campaigns in Europe, the US and China
are summarized. Their results are the basis of the design
guidelines. A novel tool provides real load distributions which
can be identified routinely thanks to advanced experimental
techniques and progress in data analysis.

Tensile failure is dominated by the difference of wind induced
tension and compression due to dead load. Fig.2 exemplifies the
situation. It depicts the stresses at the windward meridian.
Under characteristic load intensities w and g, both components
are in the same order of magnitude so that the difference, the
tensile force Z is small. A global safety factor of 1.5 applied on
Z allows only for a factor of 1.2 in the wind load. A wind load
factor of 1.5 ensures that the structure survives extreme wind
storms. This stipulation requires a factor of 2.28 on Z in this
example. When the first CT’s were designed in Germany in
1965, the solution to this deficiency was to apply individual
safety factors for the wind load and the dead load, a standard
principle to-day known as the partial factor concept, and at that
time from designing prestressed concrete structures. The
nominal yield strength of the reinforcing bars was not reduced.
The precision of the aerodynamic coefficients, of the prediction
of extreme wind, of calculating the static and dynamic response
determines the structural reliability of CT’s. The world-wide
research efforts and the present state of knowledge regarding
wind loading, the structural response and the structural
reliability will be the subject of what follows.

INTRODUCTION
Natural Draught Cooling Towers, CTs, are typically constructed
as reinforced concrete shells supported by a ring of columns.
The meridian is shaped as one or two hyperbolas, providing a
double shell curvature, along both the meridian and the
circumference. The wall thickness is in the order of 20 cm.

WIND LOADING AND STRUCTURAL RESPONSE
The turbulent wind flow in the atmospheric boundary layer may
be separated in a mean flow on which a field of vortices is
superimposed varying randomly in size and intensity.
Accordingly, the wind actions are mean pressures and random
pressure fluctuations. Fig. 3 shows pressure distributions of a
CT-model measured in a wind tunnel in turbulent flow. The full
-scale dimensions are height H = 130m, mean diameter
dm = 70.8m. The pressure coefficient cp at elevation z and at an
angle q from (mean) stagnation is by definition the pressure p
(z,q;t) normalized with the mean velocity pressure qm(z) at
elevation z from the ground:
The solid line in Fig. 3 shows how the mean cpm(z,Q) = pm
(z,Q)/qm(z) develops along the tower contour.

Figure 1: Power Plant Mehrum, Germany
(© Kraftwerk Mehrum GmbH)
The actions leading in the design are dead load, wind,
temperature change, foundation settlements, concrete shrinkage,
and eventually earthquake. The wind load is the topic of this
paper. As Fig. 1 indicates, the wind attack depends on the wind
direction: for some the CT is free-standing; for others, the large
boiler house affects the wind flow provoking interference
effects on the wind induced stresses. Designing for the limit
state of structural failure, the combination of wind and dead
load is critical regarding both the tensile bearing capacity
required, and the shell buckling safety.

Figure 3: Mean, peak and instantaneous pressure
distributions at the circumference of an isolated tower;
measured in simulated atmospheric boundary layer flow with
turbulence intensity Iv = 0.17 at z/H = 0.4

Figure 2: Combined effect of wind load w and dead load g on
the membrane force n22 at the windward meridian

The shaded area indicates the width of the pressures fluctuations in a
turbulent flow
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Ovalling Issues in Chimneys and Silos
Michael ANGELIDES
AMTE Consulting Engineers, Athens, Greece
Keywords: Ovalling, Chimneys, Silos, Steel, Concrete, Shells.
ABSTRACT: The presentation involves the work carried out
and the experience gained over numerous projects, concerning
the investigation of ovalling issues in chimneys and silos.
Ovalling is the in-plane distortion of a circular section and it is
frequently encountered in steel chimneys and circular ducts.
Concrete chimneys are also investigated, particularly the ones
with low height to diameter ratios. Although the predominant
loading which may trigger ovalling is wind loading, the
discussion is extended to ovalling control in the case of silos
loaded by internal material pressure combined with earthquake
action.

The above intuitively familiar four ovalling parameters will be
quantified in the following sections for the particular cases of
chimneys and silos.
AXISYMMETRY
This presentation deals with chimneys and silos, which are
basically cylindrical shells with axisymmetric support
conditions. Geometric irregularities, such as inlet duct
openings for chimneys or truck access doors for silos are not
considered here. Non-axisymmetric conditions are therefore
limited to loading.

INTRODUCTION

NON-AXISYMMETRIC LOADS IN CHIMNEYS

Ovalling (or ovalisation) refers to the in-plane distortion of a
circular section. It is frequently encountered in large diameter
steel ducts and chimneys. This presentation aims at outlining
and quantifying the basic parameters governing the ovalling
process.

The main non-axisymmetric loading condition for chimneys is
caused by the wind pressure distribution around the shell. The
form of this distribution causes circumferential bending
moments on the shell with varying magnitude and direction, as
is illustrated in Fig. 2.

Ovalling and its underlying determining factors are intuitively
familiar to anyone who has held a paper cup full of water: As
long as the cup is left alone, it holds the liquid without any
visible distortion. When however the cup is picked up, its
response is directly dependent on how it is being handled. The
experienced user will let the cup "hang" from its upper rim,
while the inexperienced one will apply pressure on the cup
surface and cause it to distort and even spill the water.

Figure 1:
Height over
diameter ratio is
the second
ovalling
parameter

RE 1.5

The following Fig. 1 illustrates the second
determining parameter in the ovalling
process: the height over diameter ratio.
Everyone will immediately recognize that,
although plastic straws and cups are
usually made of the same material and
thickness, it is the plastic cup that requires
a "wind girder", i.e. a reinforced upper
rim. The determining structural difference
between a plastic straw and a plastic up is
the height over diameter ratio (h/D). A
low h/D structure (the plastic cup, for
example), will exhibit a higher ovalling
tendency in comparison to a high h/D
structure (the plastic straw, for example),
for comparable material, thickness and
loading conditions.

3 [kN.m]

Figure 2: Wind pressure distribution as per EN 1991-1-4
(left) and circumferential bending moment distribution on
shell (right)
The response of the shell to this bending moment distribution
is a distortion of the cross-section with depressions in the
along-wind direction and elongations in the across-wind
direction. The other significant non-axisymmetric loading to
be considered for chimneys corresponds to the earthquake
excitation. Seismic response is an inertia loading, i.e. the
structure responds to a dynamic motion of its supports.
Consequently, the resulting load consists of a distribution of a
horizontal distributed load, which is proportional to the weight
of the shell.

The third determining parameter is again
intuitively quite familiar and has already
been hinted at earlier. It corresponds to
the stiffness of the cross section. All
plastic cups have a reinforced upper rim and, if we simply
replace the paper cup with a glass, we know very well that our
ovalling problems will disappear. The structural improvement
has been provided by the increased stiffness of the upper rim
reinforcement or by the stiffer glass.

Verformungen
|u| [mm]
23.6
21.4
19.3
17.1
15.0
12.9
10.7
8.6
6.4
4.3
2.1
0.0
Max :
Min :

The fourth parameter in the ovalling process is obviously the
magnitude of the loading. If you squeeze the plastic cup or the
stiffer crystal glass hard enough, the first will crumple and the
latter will shatter.

23.6
0.0

Figure 3: Concrete silo under earthquake loading.
Beneficial impact of silo roof in restraining ovalling of shell
caused by acceleration of stored material
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Effect of Unanticipated Extreme Loads on the
Resilience of Chimneys and Cooling Towers
Phillip L. GOULD
Washington and St. Louis University, St. Louis MO , USA
Keywords: Extreme Loading, Cooling Tower, Chimney, Resilience
shown in Fig. 1. Also the frequency content of a record may
indicate regions with several dominant periods. This may be
important in that a structure damaged by an initial shock could
be susceptible to a later shock, even though the peak
acceleration is less, because the damage would lengthen the
dominant period. Or period lengthening may work the other
way and make the structure less susceptible to further peak
shocks.

ABSTRACT: The essential characteristics of extreme
loadings such as earthquake, blast and tornado are briefly
described. For some of these loading cases, the impact of a
significant event on an actual chimney and cooling tower is
used to illustrate selected aspects of the structural
performance. While chimneys and cooling towers have been
successfully constructed worldwide for decades, in the present
context of resiliency they both possess an undesirable
structural characteristic in that they are globally statically
determinate. The response of these structures to extreme
events is reviewed with the objective of validating design
characteristics that may improve performance under any
imaginable loading condition.

The blast loading also shown on Fig. 1 has an extremely fast
rise time to a maximum single overpressure followed by more
gradual decay. The dynamic characteristics of the structure do
not play a large role in the incident pressure felt by the structure
but of course affect the propagation. In some confined systems,
there is a possibility of a reflected pressure wave of even greater
magnitude than the original peak. The tornado velocity profile
shown in Fig. 2 shows that the peak velocity pressure due to the
rotating component of the wind does not impact an entire
structure uniformly but is local at any given instant. The total
pressure at any point also includes a straight -line component.

INTRODUCTION
Resilience is defined by Wikipedia as the ability of a system to
cope with change. In the broad framework of structural
systems, resilience has become a central requirement of
performance-based design. A recent article in the Canadian
press forecasted that resilient design will be an increasingly
important factor in engineering practice in the next decade
(Wall, 2016). Often the structure, even though it is attractive
and magnificent, acts as an enclosure which resists the
environmental and gravitational forces while serving as a
housing for an industrial, manufacturing or commercial
operation that has much higher value than the structure itself.
Other structures provide both operational functions as well as
the primary load resistance. Chimneys and cooling towers are
such structures and their failures obviously compromise
resilience.
The essential characteristics of earthquake, blast and tornado
loadings, as they affect the capacity of conventional structures,
are briefly described. For some of these loading cases, the
impact of a significant event on an actual chimney or cooling
tower is used to illustrate selected aspects of the structural
performance. In addition, nonlinear analysis techniques that
may be applicable to more than one hazard are noted. Lastly,
some comments are offered on the concept of resiliency as
applied to chimneys and cooling towers.

Figure 1: Comparison of Blast and Earthquake Loading
Time Histories

LATERAL LOADING ON CHIMNEYS AND TOWERS
The most common lateral loading conditions are straight-line
wind, earthquake, rotating wind and blast. While the first two
are considered routinely in modern building codes, the latter
two are relatively unfamiliar for the designers of conventional
structures. Also earthquake loading was not always included in
some regions until rather recently so that an existing structure
that appears to be serviceable may be inadequately designed
for current seismic design loads. In this paper it is assumed
that the straight-line wind conditions are the basis for the
lateral load resisting system and the extreme loads are the later
three: earthquake, rotating wind and blast.

Fig. 2: Rankine vortex velocity profile for a tornado
The tornado velocity profile shown in Fig. 2 shows that the
peak velocity pressure due to the rotating component of the
wind does not impact an entire structure uniformly but is local
at any given instant. The total pressure at any point also
includes a straight -line component.

It is instructive to compare some characteristics of the three
extreme loading types as represented by the examples in Fig.s
1 and 2. A typical earthquake time history may have duration
of several seconds to a minute and possess several peaks as
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ABSTRACT: In the UK and German guidelines for the design
of reinforced concrete natural draught cooling towers the
methods for assessing, and incorporating into design, the
magnitude of resonant vibration induced by wind in a cooling
tower shell are quite different. This paper reviews and
compares the results of applying the advice found in those
codes of practice to the analysis of cooling towers, of different
sizes, and standing as single, isolated, structures in flat terrain
in the various wind regimes defined by the wind zone map of
Germany (DIN EN 1991-1-4/NA).

Ferrybridge C power station in November 1965, which showed
very good agreement with the wind speeds measured on the
day of failure and also the sequence of events. It was
concluded that residual errors in separate aspects of the
simulation in the wind-tunnel test technique was not of great
consequence.
In respect of resonant stresses in cooling tower shells the
research found that in the wind tunnel tests, because the
frequencies of atmospheric turbulence increase with wind
speed, the resonant contribution increases much more rapidly
than the quasi-static part. A 4th power variation of resonant
stress with mean wind speed was measured in the experimental
model tests. A theoretical analysis according to the theory of
structural response to random vibrations also indicated that a
4th power variation of stress with wind speed was plausible.

POST FERRYBRIDGE / UNITED KINGDOM
Following the CEGB Committee of Inquiry (COI) into the
collapse of three reinforced concrete natural draught cooling
towers at the Ferrybridge C power station in the UK, research
focused on the development of measuring the wind induced
strains in model aero-elastic cooling towers directly by
electrical gauges (Davenport & Isyumov 1967). This technique
was applied using models of power station layouts with
grouped towers in an atmospheric boundary layer (ABL) wind
tunnel at the Central Electricity Research Laboratories (CERL).
The simulation of the atmospheric wind was produced using
elliptic wedge generators and a castellated barrier as described
by Counihan (Counihan 1969), (Counihan 1970).

From Armitt (Armitt 1973) the variation of the total stress in a
shell with wind speed takes the form :

σ max (V ) = σ0 (
and

V 2
) + C
Vr

σT2 = σr2 + σq2 where

√

2

σq (

8
V 4
2 V
) + σr ( )
Vr
Vr

(1)

σmax (V) = maximum stress at wind speed V
σ0 = mean stress at wind speed Vr

A uniform layer of 0.25mm sand was glued to the surface of
the aero-elastic models producing an artificial roughness so
that a correct external pressure distribution was induced. In
particular the location of the separation angle and magnitude
of the external suction found on full size towers at high
Reynolds numbers – typically more than 108. A scale of 1/500
would have been the best match for the scale of the turbulence
developed in the wind tunnel, but at this scale a typical tower
would have a Reynolds number ≈ 1 to 2 x 105. Armitt (Armitt
1968). showed that Reynolds numbers in the range 1 to 2 x 105
are too low for reliable use of roughness as a simulation
procedure, whereas with a suitable choice of roughness a
Reynolds number of 2 to 4 x 105 is adequate.

σq r.m.s. quasi-steady stress at speed Vr
σr = r.m.s. resonant stress at speed Vr
σT = r.m.s. total stress at speed Vr
C = crest factor
More details of the research by the CEGB addressing the
issues identified in the Ferrybridge COI conclusions was
described by Armitt at the ASCE Annual Convention,
Exposition and Continuing Education Program held in San
Francisco October 1977 (Armitt 1980).
An empirical formula giving an order of magnitude of the
meridional resonant stress resultant was presented:

At the scale of 1/250, resulting in appropriate Reynolds
numbers, the most significant structures of a power station and
its environs, with groups of up to eight towers modelled, could
be accommodated on a turn-table in the floor of the tunnel.
The thinnest shell thickness of the models was 0.5mm (at fullscale 127 mm - 5 inches), near to the limit of the technique
used for manufacturing the aero-elastic models which were
made from a proprietary plastic – DEVCON A.

σr = K G V4 / n2

(2)

in which σr = resonant load per unit circumference; G =
grouping factor = 1.0 for isolated towers; n = resonant
frequency; V = wind speed as hourly mean; K incorporates air
density, effects of scale of turbulence, turbulence intensity,
wind shear and structural effects including damping.

Whilst the model scale of 1/250 was somewhat larger than the
scale of the turbulence developed in the tunnel, that error (in
the simulation) was reckoned to lead to errors in the total
loading (static plus dynamic) only of the order of a few
percent for an isolated tower, and probably less when a tower
is in the wakes of other large structures.

The correlation lengths of the imposed pressure fluctuations
decrease as a tower becomes larger. But a higher tower has a
higher wind speed at its top. These changes cancel each other
out to some extent and so the use of V at a reference height to
that of V at tower height was preferred in equation (2). For the
“stress” in units of kilonewtons per metre and wind speeds in
metres per second a value of K = 1/4000 was advised as
covering most test results. The level of damping matching that
value of the factor K is 1% critical.

Details and findings of the CEGB research post Ferrybridge
were presented by Armitt at a symposium in Keswick, England
in 1973 (Armitt 1973). The presentation included the findings
of an analysis of the failure of the three cooling towers at the
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Comparison of RC Section Strength Calculations in ACI 307-08 and CICIND- 2011
Part 1: Sections without Openings
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ABSTRACT: ACI 307-08 and CICIND 2011 both contain
methods for determining the bending strength of a horizontal
concrete chimney section. There are differences, however, in
the assumptions underlying these methods. In this first of two
papers, sections without openings are considered. The section
strengths calculated by each method are compared using the
non-dimensional plot format of Commentary No. 6 of
CICIND 2011. Only four of the standard seven contours are
shown for clarity. For each difference of assumptions between
the methods, the ACI 307 results are modified by replacing
the ACI 307 assumption with the CICIND 2011 assumption.
Results are plotted to display how much of the total difference
is attributable to each individual difference.

Figure 1: CICIND 2011 vs. ACI 307-08
DIFFERENCE 1: STRESS-STRAIN LAW

CAPACITY ANALYSIS MODEL

The stress-strain laws assumed for concrete differ slightly.
Fig. 2 shows the assumed concrete stress-strain laws for
CICIND and ACI 307. The CICIND law is consistent with the
Eurocodes 2, while the ACI 307 law is consistent with ACI
318. Both assume that the concrete strain at the ultimate load is
0.003. For strains up to 0.002, the stress-strain laws are
parabolic and identical. For strains between 0.002 and 0.003,
though, CICIND assumes that the concrete stress is constant at
0.85 while ACI 307 assumes a linear decrease of concrete
stress from 0.85
to 0.85(0.85 ) for this range. Although
ACI 307 provides a “modified stress block” for computing the
concrete force, this study uses the stress-strain law shown in
Fig. 2.

The ACI 307 code and the CICIND code treat the concrete
shell as a beam-column, that is, a structure subject to axial
compression and bending with a linear variation of strain over
the cross-section when under load. Such an assumption should
require a restriction on the radius-to-thickness ratio to avoid
local buckling failure. In ACI 307, Sections 4.1.3.1 and 4.1.3.3
require a minimum wall thickness of 8 inches (200mm) for
cast in place chimneys and 7 inches (175mm) for precast
sections. Additionally, the minimum thickness must be
increased by 1/8 in. (3mm) for every foot (305mm) of inside
diameter over 28 ft. (8.5m). In CICIND, Section 10.5 requires
a minimum wall thickness of 200mm (8 in.). There appears to
be no explicit radius-to-thickness ratio restriction in CICIND.
The radius-to-thickness restriction in ACI 307 ensures that
local wall buckling will not occur prior to the concrete
reaching its ultimate strain and justifies the linear strain
assumption. Additionally, both ACI 307 and CICIND contain
minimum wall thickness requirements at openings. In ACI
307, Section 4.1.3.2 requires a maximum height-to-thickness
ratio of 24. In CICIND, Section 10.5 requires a maximum
height-to-thickness ratio of 25. This limit guarantees that the
edge of the opening, viewed as a column, will behave as a
short column, that is, the ultimate concrete strain will be
reached prior to any instability due to column slenderness.

Figure 2: Stress-Strain Laws
Fig. 3 shows the effect of computing strength by the ACI 307
method but using the CICIND stress-strain law. The effect is
small, with the largest effect occurring for high values of axial
compression and high values of reinforcement.

DIMENSIONING DIAGRAM COMPARISON
Commentary No. 6 of the CICIND Concrete Chimney Code
contains dimensioning diagrams for horizontal cross sections.
The figures show non-dimensional pairs of strength level axial
load and bending moment, nu and mu, for seven nondimensional values of steel ratio. These figures are for a steel
reinforcing yield strength of 400 MPa (58 ksi). Fig. C6.1 of the
Commentary is for the case of no openings.
Fig. 1 below shows the CICIND calculations for Fig. C6.1
compared to the corresponding axial load-bending moment
pairs as computed according to ACI 307-08. Only four values
of non-dimensional steel ratio are considered for clarity: 0.00,
0.10, 0.20, and 0.30. The ACI 307 values are smaller in all
cases. This paper identifies and quantifies the differences
between the computation methods.

Figure 3: ACI 307-08 vs. ACI 307-08 w/
CICIND Stress-Strain Law
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ABSTRACT: ACI 307-08 and CICIND 2011 both contain
methods for determining the bending strength of a horizontal
concrete chimney section. There are differences, however, in the
assumptions underlying these methods. In a first paper, sections
without openings were considered. In this second paper,
sections with an opening are considered. The assumptions used
by each method to compute the reduced section strength due to
the opening are identified. The section strengths calculated by
each method are compared using the non-dimensional plot
format of Commentary No. 6 of CICIND 2011.

CALCULATION METHODS
Fig. 2 shows a horizontal section with a large opening. The
non-dimensional width of the opening is characterized by the
half-angle β. Both the CICIND method and the ACI method
assume that the maximum concrete strain occurs at the
intersection of the middle surface of the section and the
symmetry axis (point A) rather than at the side of the opening
(point B). Although this is not stated explicitly in CICIND
2011, Fig. 8.1 and calculation results seem to imply this.
Similarly, Fig. 5.1(a) of ACI 307-08 implies the same
assumption is used.

CAPACITY ANALYSIS MODEL

The first difference is that CICIND assumes that the opening
width used to calculate bending strength should be 1.1 times
the actual opening width. ACI 308 uses the actual opening
width.

As noted in Part 1, the ACI 307 code and the CICIND model
code treat the concrete shell as a beam-column, that is, a
structure subject to axial compression and bending with a
linear variation of strain over the cross-section when under
load. For sections at and near an opening, however, the strain
is not linear. Both ACI 307 and CICIND, though, allow use of
the linear strain assumption with some restrictions. The ACI
307 limit for using beam theory is that the opening width must
be no larger than the mean radius at the section. The CICIND
limit is defined in terms of a “virtual” opening width which is
1.1 times the actual opening width. The virtual opening width
must be no larger than 1.2 time the inside radius at the section.
For typical R/t values for chimneys, the CICIND restriction
yields a value that is about 7% higher than the ACI 307 limit.

The second difference is that CICIND assumes that the
reinforcing steel interrupted by the opening be considered
placed “close” to the opening on each side. “Close” is not
defined. For this paper “close” will mean that for a distance
equal to one-half the opening width on each side of the
opening, the vertical steel ratio will be doubled. ACI 307-08
does not require that the reinforcement interrupted by an
opening be relocated, that is, the reinforcement is assumed to
be uniformly distributed on the circumference, implying that
the error of assuming this is small.

The CICIND model code also provides a restriction on the clear
distance between two openings occurring at the same section.
ACI 307 provides no restriction, but states that when the wall
segment between two openings is “critical” by height or width
(“critical is not defined), the segment is to be investigated as a
beam-column. This paper addresses sections with only one
opening, so no comparison of this last restriction is made.
DIMENSIONING DIAGRAM COMPARISON
Fig. 1 below shows Fig. C6.7 from the CICIND Commentary
with additional curves for the corresponding axial loadbending moment pairs as computed according to ACI 307-08.
The ACI calculations utilize the corrected equilibrium
condition pointed out in Part 1. For clarity, only four of the
seven curves are shown in this paper. The four curve
correspond to non-dimensional steel ratios 0.00, 0.10, 0.20 and
0.30. The ACI 307 values are generally larger and the
difference increases as the axial load increases. This paper is
devoted to identifying and quantifying the differences between
the computation methods.

Figure 2: Section with Opening
The third difference is that CICIND assumes that the vertical
steel ratio for a distance equal to one-half the opening width on
each side of the opening should be 0.005 less than the actual
steel ratio. This assumption cannot be strictly implemented for
a non-dimensional calculation because the non-dimensional
steel ratio is ρfsk/fck. So, to know the non-dimensional effect of
reducing the steel ratio by 0.005, one must know not only the
steel yield strength, but also the concrete compressive strength.
For this paper, the minimum concrete compressive strength
allowed by CICIND, 25 MPa, will be used. The nondimensional effect of using 25 MPa concrete strength is to
reduce the non-dimensional steel ratio by (0.005)(400MPa)/
(25MPa) = 0.08. For this paper, the net non-dimensional steel
ratio is allowed to become negative. ACI 307-08 makes no
reduction of the reinforcing steel.

Figure 1: CICIND 2011 vs. ACI 307-08
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ABSTRACT: This study investigated different corner
reinforcement configurations for opening regions in
reinforced concrete (RC) chimneys. A tall RC chimney was
modeled using hexahedral finite elements for the windshield
and line finite elements for all reinforcements. The vertical,
hoop, and opening reinforcements were included in the finite
element model explicitly. The lap splicing and staggered
configurations of the vertical reinforcement were taken into
account. Nonlinear constitutive material models were used
for the windshield concrete and reinforcing steel. An
eigenvalue analysis was conducted in order to calculate the
first four vibrational modes of the chimney. The response of
the chimney was investigated under gravity and push-over
loads. In the light of the findings of the study, the
effectiveness of corner reinforcements was evaluated under
the action of lateral loading.

explicitly modeled by beam finite elements, the resulting
mesh size reached approximately 7 million elements.
The computer run-time for one second simulation of the highresolution model with 7 million elements took in excess of 7
days on a parallel computing cluster of 4 servers, 32
processors, and 256 GB of RAM memory. Therefore, mesh
coarsening and model size reduction steps had to be taken.
The mesh regeneration of the model was made without
altering the reinforcement ratio and staggered pattern of the
vertical reinforcement (lap splices). Regenerated model
resulted in approximately 440 000 elements.
Fig. 1 shows the
explicit modeling of
the concrete windshield, brick liner,
corbel ring and corbel
ring supports of the
regenerated model.

INTRODUCTION
Design codes provide different reinforcement schemes for the
opening regions. Due to concrete area lost in the opening
region, RC chimney design codes ACI 307, ASCE 7, and
CICIND require additional reinforcements to be placed
around the opening region. The common denominator of
opening reinforcements is to place horizontal and vertical
rebars around the opening regions. In addition, ACI 307
requires diagonal rebars to be provided at the corners of the
opening regions in order to prevent diagonal crack formation.

Figure 1: Brick liner and
corbel rings

The purpose of this research study is to investigate the
effectiveness of the additional diagonal rebars placed at the
corners of opening regions in terms of failure modes under
push-over lateral loads. The postulate of this study is that
additional vertical and horizontal rebars can replace diagonal
corner reinforcement. A 3D finite element model was
constructed by including explicitly all horizontal, vertical,
and diagonal rebars. The concrete windshield was modeled
with volumetric finite elements.
The results of the alternative configuration of opening
reinforcements and traditional diagonal reinforcements were
compared. In the light of the findings of the study,
suggestions were made in terms of design alternatives for
opening reinforcements.

Figure 2: Staggered vertical and
hoop reinforcements

NUMERICAL MODEL

Vertical
reinforcements were placed in
a staggered configuration
inside
the
concrete windshield of
the
chimney
as
illustrated
in
the
original design blueprints. The concrete
windshield was modeled by using 8-node
volumetric hexahedral
elements. Fig. 2 shows
the staggered vertical
and hoop reinforcement details in the
finite element model.
The concrete hexahedral elements share
nodes with the line
finite elements representing the reinforcement.
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MODERN GLOBAL STABILITY CRITERION
In structural engineering nowadays the standard tool for the
evaluation of limits for global instability failure is the solution
of a linear eigenvalue problem for a certain load combination
P0. Abbreviating dead load with D, external wind actions with
We, and internal suction with Wi, this buckling load will be
evaluated for the serviceability combination:

ABSTRACT: Especially in densely populated areas, locations
for power plants are often highly unsuited, and the most
unsuitable lots often are reserved for the cooling towers. In
such cases of rather low soil stiffness and strength, cooling
towers have to be designed as extreme light-weight structures,
in which stability verifications dominate. In the lecture, by
example of a recent high and rather thin cooling tower, the
stability due to different buckling criteria will be exemplified.
First the design of the cooling tower with its main dimensions
will be explained in detail. Then the modern global eigenvalue
buckling criterion will be applied, and further comparisons to
the historical Mungan criterion are drawn. Finally some
general conclusions with respect to the buckling design of
cooling tower shells will be drawn.

All loads and internal design variables for this combination
P0 = D + We + Wi.

(1)

generally are stored already in the computer from the structural
design phase. In the context of a FE analysis, the solution of
the eigenvalue instability verification means the discrete
treatment of large matrices, often sparsely populated, namely
the global elastic stiffness matrix Kel and the geometric
stiffness matrix Kgeom(P0), the latter a function of the above
global vector P0 of the load combination (1), for which
buckling shall be investigated. Structural instability then is
described by:

INTRODUCTION
Modern large natural draft cooling towers (NDCTs) are
dominated by an extremely thin RC shell structure. Such tower
shells are highly sensitive to instability failure. Fig. 1 gives an
impression showing the main dimensions of the 200 m high
NDCT at the RWE PP Niederaussem, for 20 years the highest
cooling tower in the world. Its tower height of H=200.00 m
and the minimum shell thickness of the RC shell of h=0.22 m
in the upper area, leads to a “boldness-parameter” of H/h=909.
For comparison, the often cited chicken’s egg delivers values
around 100. In China, presently NDCTs with heights up to 230
m are under design.
After the first NDCT shells were built as thin-walled RC
structures some 100 years ago, these towers became more and
more sensitive to instability failure. This danger has increased
since then considerably with growing height. Presently, we
know from extensive computer simulations (Andres 2004) that
a hypothetical cooling tower collapse will perform as a highly
nonlinear deterioration process of crack formation with large
deflections, all of dynamic character, as it had been observed
by eyewitnesses at the Ferrybridge-disaster (CEGB 1967).
In such cooling tower collapses, buckling phenomena may
play the role of an initiation process (Wittek 1977).

{Kel + λcrit Kgeom(P0)}x Veig = 0,

(2)

det {Kel + λcrit Kgeom(P0)} = 0, → λcrit = νbuckl.

(3)

Herein Veig denotes the normalized (first) buckling mode
deformation, and the eigenvalue λcrit is directly identical to the
buckling safety, related to the loading vector P0. The computer
solution of this eigenvalue problem (3) is since long carried
out in an optimal manner by means of sub-space iteration
techniques (Krätzig et al. 2016). As an illustrative example,
Fig. 2 shows the first buckling mode of a 120.0 m high NDCT
at Uniper PP Puertollano (Spain) for the load combination (1).

wind

wind
Figure 2: First buckling mode for
design load of Puertollano PP NDCT

Figure 1: Main measure of world-largest NDCT
at RWE PP Niederaussem
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ABSTRACT: This paper compares the load-bearing capacity
of chimneys calculated via beam and shell theory. It becomes
apparent that the design via beam theory and nonlinear shell
theory show similar results for the vertical reinforcement of
the chosen example for h/d ratios greater than 30. For nonslender chimneys the design via beam theory overestimates
the load distribution around the circumference and yields
wrong results. On the other hand a linear elastic shell
calculation underestimates the load-bearing capacity of the
chimney. However a realistic distribution of stresses in a
chimney can still be calculated using shell theory with
nonlinear material properties.

For the vertical reinforcement only mechanical impacts have
to be considered. This means that usually only dead loads G,
wind W, seismic actions E, rotations of the foundation and
second order effects need to be applied. According to
(CICIND 2011) a temperature drop in the wall may be
neglected if it is smaller than 60 K. Tab. 1 shows the load
combinations for ULS design according to (CICIND 2011)
and (EN 13084-2:2007).
The material properties for concrete (for example C30/37) and
reinforcement (for example B500B) for the ULS design are
shown in Fig. 1. The material properties listed in
(EN 13804 2:2007) are referring to the Eurocode (EN
1990:2002 and EN 1992-1-1:2004). The diagramed stresses in
Fig. 1 are already reduced by a design factor γ. The stress-strain
-curve for concrete is identical for both considered standards,
but the strain limit according to (CICIND 2011) is reduced to
3 ‰ instead of 3.5 ‰ according to (EN 13804-2:2007). Both
standards allow only compressive stresses for concrete in ULS
design. The stress-strain-curve for steel is defined to be
symmetric for the compressive and tensile stresses in both
codes. The steel-curves are identical up to a strain of 10 ‰.

INTRODUCTION
Chimneys are one of the main components of thermal power
plants. In design of industrial concrete chimneys the structural
integrity is characterized by the ultimate limit resistance
against wind action and the serviceability limit resistance
against constraints caused by thermal effects. Detailed
investigations on damaged chimneys (Noakowski et al. 2005)
have shown that mechanical actions like wind load are not the
only reason for the observed crack patterns. These actions have
to be accompanied by constraints due to thermal effects.
CURRENT DESIGN CONCEPT FOR RC CHIMNEYS
Currently the design of concrete chimneys is regulated in
codes such as the international CICIND Model code for
concrete chimneys (CICIND 2011), the EN 13084 –
freestanding
chimneys
(EN
13084
1:2007
and
EN 13084 2:2007) for Europe and the ACI 307 08 – code
requirements
for
reinforced
concrete
chimneys
(ACI 307 2008) for the USA. A main difference between the
ACI-code and the other two codes mentioned is that the
American code uses the strength method, as the other codes
are based on ultimate limit state (ULS) and serviceability limit
state (SLS) design method. A detailed comparison of the three
codes can be found in (Harte & Pouran 2014). This paper
focusses on ULS design according to CICIND model code
and the European standard EN 13804 for the vertical
reinforcement.

Figure 1: Stress-strain-curves of concrete (left) and
reinforcement (right) acc. to (EN 13804 :2007),
with reduced strain limits acc. to (CICIND 2011)
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Table 1: Combination of actions at ULS for chimneys acc. to (Harte & Pouran 2014)
Veriﬁca on

Leading ac on

Combina on of ac ons acc. to CICIND
(CICIND 2011)

Combina on of ac ons acc. to
EN 13084 (EN 13084‐2:2007)

Ver cal strength

Inline wind

1.0 G + 1.6 W + 1.0 T

1.0 G + 1.5 W + 1.0 T

Cross wind

1.0 G + 1.5 Wcross + 1.2 W + 1.0 T

1.0 G + 1.5 Wcross + 1.5 W + 1.0 T

Earth‐quake

1.0 G + 1.4 E + 1.0 T

1.0 G + 1.0 E + 1.0 T

Combined ver cal
strength
Shear and ﬂexural
strength
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ABSTRACT: The presentation involves the work carried out
for the design of the natural draught cooling tower for the
Ptolemais V 660 MW lignite fired power plant in Greece. The
cooling tower has a height of 171.90 m above the top of
foundation and an internal diameter of 110 m at the shell
bottom lintel. The project specifications required the design to
be carried out according to VGB R610, with an additional load
combination involving the full earthquake loading with
simultaneous 50% of the design wind loading. The earthquake
loading was according to EN 1998 with a 0.21 g peak ground
acceleration.

considerations and investigations carried out in the course of
the design for the foundation, the columns, the shell and the
internal structure are presented hereafter.

The presentation covers the optimization process carried out
during the course of the design, as well as the difficulties and
particularities arising from the high horizontal forces. Topics
discussed include the foundation system, the arrangement and
size of the shell columns, the shell geometry and the internal
structure.

INTRODUCTION
The Ptolemais V 660 MW lignite fired power plant is currently
under construction in northwestern Greece. Cooling of the
turbine water is to be effected through a natural draught
cooling tower. The cooling tower will also serve as exhaust
point for the cleaned flue gases, conveyed by a GRP duct
through a shell opening at their discharge point on top of the
central riser. The GRP duct axis level at the center of the
cooling tower lies approximately 57.5 m above the foundation
top level. The shell diameter at the column support level is
approximately 110 m and the cooling tower height is 171.90
from the top of foundation.
The Plant Owner is PPC (public Power Company of Greece)
and the EPC contractor for the whole plant is TERNA. The
thermal designer for the tower is Hamon Thermal Europe and
the structural design for the cooling tower has been carried out
by AMTE in collaboration with L.A.W.
The project specifications required the cooling tower to be
designed according to VGB R610 (2010), with an additional
load combination involving the full earthquake loading with
the simultaneous application of 50% of the design wind
loading. The earthquake loading was according to EN 1998
with a design response spectrum specified by the Owner. The
design spectrum includes a 0.21g peak ground acceleration, a
1.3 importance factor and a 1.5 behaviour factor.

RF-DYNAM 2007 FA1
27. Eigenform - 1.47582 Hz
u

Eigenschwingung
u [-]
1.0
0.9
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
Max :
Min :

The high earthquake loading and the requirement to combine it
with wind loading led to a significant demand on the cooling
tower. In view of the fact that this demand greatly exceeded
experience gained from other cooling tower projects, as well as
cases reported in the literature, particular caution was
exercised in the course of the design. Several finite element
models from different software have been used for the analysis
and the design (ROSHE3 by L.A.W. and Sofistik and Dlubal
RFEM by AMTE - see Fig. 1), particularly for the foundation/
columns/shell structure. The design was carried out in a
parametric form and aimed at optimizing the main construction
quantities (shell volume, shell reinforcements, column sizes,
foundation volume, foundation reinforcements). The major

1.0
0.0

X
Y
Z

Max u: 1.0, Min u: 0.0 [-]

Figure 1: Finite element models used for the design. Left:
1st buckling mode by ROSHE3 model. Top right: Left: 1st
buckling mode by Sofistik model.
Bottom right: 1st natural vibration mode by RFEM model.
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ABSTRACT: The structural analysis of complex reinforced
concrete structures must not be separated from the overall
design, the construction sequence and the concrete technology
to be used! Rotationally symmetrical structures are statically
undetermined at least in horizontal direction. With this, they
are highly sensitive in terms of induced stresses, which derive
from temperatures or strains due to shrinkage etc.
This paper is about several “weak points” which may be
forgotten in view of wind as the leading impact to cooling
towers and chimneys. Using the example of a 40m high
digester which is filled with a warm liquid some topics are
emphasized: geometry, foundation, jacking formwork,
concrete technology, construction sequence – all of those with
the aim to control crack width for tightness and durability
reasons.

Figure 1: Twin digesters with stairway on slab foundation

INTRODUCTION

Regular temperature actions are:

Tower-like structures may be subject to very different types of
shape, function and statics. There are chimneys acting more or
less like a cantilever, cooling towers being thin shell structures
and also high tanks with characteristics somewhere in between, for example tall egg-shaped digesters filled with warm
liquids.

 Ambient temperatures and sun radiation.
 Heating by the regular liquid filling.
 Cooling by test water filling.

The last will be used to explain some of the impacts during
erection and operation also in addition to inline wind.

The emphasis of this paper is not on the well-known leading
impacts to “normal” tower-like structures dead load and wind.
Anyway, as for the digesters, wind almost can be neglected
while the filling with the warm liquid rules the whole design.

DIGESTERS

Construction

The two twin digesters to be designed are part of the public
water retreatment system. They are completely filled at a
constant level with a liquid similar to water at a temperature of
39°C. They are designed for a volume of 8100m³ each with a
total height of some 40m, which gives them a maximum
diameter of some 22.5m.

In each concrete building there are several sources for possible
restraint; for the digesters there are for example:
 The thin shell will be poured onto an older and massive
block footing.
 The shell rings of some 4 to 5m height will be erected
stepwise.

The digesters consist of the main parts with few degrees of
freedom for the designer:

 The chosen concrete strength may vary according to
exposition.

 Joining slab foundation to minimize and unify settlements.

 The closed horizontal ring sections
undetermined in terms of bending.

 Solid block footing with given dimensions.
 Egg-shaped shell with given size and wall thicknesses for
formwork reasons.

are

statically

The final boundary conditions may also vary significantly in
terms of

 Outside insulation during operation.

 Time schedule and delays between the single working steps.

Shortly after their erection, it is normal procedure to test the
tightness by water filling prior to insulating the outer face. Fig.
1 gives an impression of their shape.

 Air temperature and its changes over time.

Loads

 Actual concrete strength.

The external loads for the digesters are:

The latter, concrete strength, is the most indifferent factor in
the proper design procedure: on the one hand a higher quality
provides higher strength, better material tightness and higher
chemical and mechanical resistance but on the other hand the
“advantage” of the higher strength leads to more reinforcement
to restrict crack widths because of the higher stresses at the
time of cracking.

 Temperature of the testing water and the air during testing.

 Hydrostatic loads by the liquid filling.
 Permanent dead load.
 Wind load onto the building in total.
 Wind load onto local shell cross sections.
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ABSTRACT: The effect of crosswind on thermal performance and the structural design of natural draft cooling
towers have been studied by many researchers. These studies
were carried out either by experimental investigations or by
numerical modelling. Crosswind has been reported mainly
with negative effect on the thermal performance of natural
draft cooling tower and various technologies have been
proposed to mitigate the negative effect. This paper presents a
review on crosswind effect on thermal performance of natural
draft cooling towers and the related mitigation technologies.

While crosswind has a significant impact on the structural
design of natural draft cooling tower (Orlando 2001, Ke et al
2012, Goudarzi 2013, Gaikwad et al 2014), this paper focus
on a review on the thermal performance of natural draft
cooling towers under crosswind and the related technologies
to mitigate the negative effect of crosswind.
EXPERIMENTAL STUDY
The experimental studies included filed measurements and
model tests in laboratories. Field measurements are expensive
and have difficulty to control ambient conditions. Model tests
in laboratory can overcome the disadvantages related to field
measurements but there is a difficulty to meet some similarity
requirements.

INTRODUCTION
Natural draft cooling towers are used for both dry and wet
cooling systems in thermal power plants. In a natural draft
dry cooling tower, no mechanical equipment is used and the
air flow through the heat exchangers (dry cooling) or the fills
(wet cooling) is by means of buoyancy effects. Since warm
air (heated by the hot fluid) inside the tower is less dense than
the ambient air outside the tower, warm air rises due to
buoyancy and a natural circulation occurs. The greater the
thermal difference and the height of the tower structure, the
greater the buoyancy force, which results greater air mass
flow rate through the tower.

Field measurement
Cooling water outlet temperature is a good indicator of
crosswind effect on the performance of cooling tower. In dry
cooling tower study, most researchers used the change in the
difference between the water outlet temperature and that of
ambient air dry bulb temperature (change in approach
temperature) to quantify the crosswind effect as expressed in
Eq. (3). In wet cooling tower study, the change in the
difference between the water outlet temperature and that of
ambient air wet bulb temperature was used. All
measurements performed on natural draft cooling towers
subject to crosswinds indicated a rise in water outlet
temperature with increasing wind speed for a given heat
rejection rate. The change of water temperature difference
(ΔТwo) against with crosswind speed is summarized in Fig.1
by Du Preez (1992), Kröger (2004), and Kapas (2005) from
the work conducted by Trage and Hintzen (1987) on dry
natural draft cooling tower, and Caytan and Fabre (1989) on
wet cooling tower.

The driving force in a natural draft cooling tower is the
pressure difference between the outside air and the air inside
the tower. This pressure difference is caused by the difference
in temperature and is expressed with Eq. (1). This driving
force is balanced by overcoming the flow resistance of the air
through cooling tower system. The air volume flow rate is
depended on the driving force and is expressed in Eq. (2).
(1)

(3)
(2)

where, Two – water outlet temperature; Txx – air inlet dry bulb
temperature for dry cooling tower and wet bulb temperature
for wet cooling tower; (Two - Txx)w – temperature difference at
windy conditions.

Studies on improving the performance of natural draft cooling
towers have been carried out by many researchers (Cortinovis
et al 2009, Janicke & Janicke 2001, Milosavljevic N, Heikkilä
2001, Širok et al 2003, Smrekar et al 2006, Sun & Gu 1995,
Meroney 2006, Williamson et al 2008). It was reported that
crosswind changes the existing uniform pressure distribution
(Wei et al 1995, Radosavlijevic & Spalding 1989, Majumdar
and Rodi 1989) around a natural draft cooling tower: on the
windward (upstream) side of the tower, air velocity slows
down and pressure rises; on the leeward (downstream) side of
the tower, the flow separates from the tower sides creating a
low pressure recirculation zone; on the sides of the tower, air
velocity accelerate and pressure drops. The pressure changes
around the tower affect the air mass flow rate into the tower
and therefore the cooling performance. The effect of
crosswind on the thermal performance of cooling tower
depends on the characteristic of wind (velocity and direction)
and the configuration of the cooling system.
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ABSTRACT: Previous research have identified that the
performance of the natural draft dry cooling tower (NDDCT)
is seriously influenced by the crosswind. For different size and
different shape of the cooling towers, the crosswind effects are
different. In order to better compare the crosswind effect on
the different size of the cooling tower, this paper developed
four different NDDCT models with the horizontal arranged air
-cooled heat exchanger. The heights of the towers are 20m,
60m, 100m and 140m with the same aspect ratio and same aircooled heat exchanger. The cooling performance of these four
cooling towers under crosswind condition were evaluated by
the 3-D CFD models and the mechanism of the crosswind
effect on the cooling tower was discussed.

3. The diameter ratios of the top and the bottom are same.
(Dtop/Dbottom=0.8)
4. Assume the heat exchanger bundles cover 70% of the tower
bottom cross sectional area.
Table 1 gives the parameters of the heat exchanger in this
paper.
Table 1: The heat exchanger parameters
Heat exchanger parameter

INTRODUCTION

Unit

Alias

Hydraulic diameter of tube

0.0090

m

de

Inside area of tube per unit length

0.0285

m2

Ati

6.40×10-05

m2

Ats

Length of finned tube

3.84

m

Lt

Effective tube length

3.79

m

Lte

Inside cross-sectional flow area

The concern over the depletion of fossil fuels and greenhouse
emissions have got a lot of attention in recent years. Solar
energy is the most abundant, reliable and cleanest form of
energy and the utilization of the solar energy can help us
dealing with the energy problem. Concentrating solar thermal
(CST) power plant is an advanced solar thermal energy system
which can transfer the heat of the sun into electricity and with
a relatively high efficiency. Many CST power plants are most
likely to be located in the areas where there is a plenty of solar
irradiation, for example the North West of China and the
centre area of Australia, but limited water supply. In these
areas, water is either not available or very expensive. Natural
draft dry cooling tower (NDDCT) which can effectively
discharge the heat while does not consume any water and
electricity is believed the cost effective option for these CST
plants. (Gurgenci 2009)

Value

Number of tube rows

5

#

nr

Number of water passes

10

#

nwp

Fin diameter

0.7804

m

df

Fin root diameter

0.0095

m

dr

Fin pitch

0.0021

m

pf

Equivalent circular fin diameter

0.0205

m

dfe

About 1, 320, 000 unstructured prism cells were used in the
model. The ANSYS meshing high smoothing and slow
transition curvature size function have been utilized to
generate the mesh. The element size of each cooling tower was
set to be 0.3 m, 0.9 m, 1.5 m and 2 m, respectively. The
computation domain for each cooling tower is set to be 5 times
higher than the tower height and 7 times larger than the tower
diameter. The element size of the computation domain area
was 0.5m, 1.5m, 2.5m and 3.5m, respectively. The gridindependence test has been validated. The deviation of result
of the simulation was less than 1% when the quantity of the
cells over 1, 300, 000.

According to previous research, the effects of the crosswind on
different size of the NDDCTs are different. (Wei 1995; Su
1997; Lu 2015) However, the cooling towers used for
comparison was not uniform. The heat exchangers used for
different tower is different which will result in different tower
performance, as well as the aspect ratio and the tower inlet
height. In order to better compare the crosswind effect on the
different size of the cooling tower, this paper developed 4
different NDDCT models with the horizontal arranged aircooled heat exchanger. The heights of the towers are 20m,
60m 100m and 140m with the same aspect ratio and same aircooled heat exchanger. The performances of the 4 cooling
towers were simulated at different crosswind speed range from
0~20 m/s. The mechanism of the crosswind effect on the
cooling tower was discussed.
NUMERICAL MODEL.
In order to better compare the performance of different cooling
tower. The following assumptions have been made in this
research.
1. All the heat exchangers used in the cooling towers are
same.
2. The aspect ratios of the cooling towers are same. (H/D=1.2)

Figure 1: Geometry of the 3D model
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ABSTRACT: Amplification factors are commonly used to
envelope the various dynamic loading distributions due to
interference effects, which are named as interference factors
(IFs). But those parameters are discrete in values for different
evaluation criteria. Aiming at unifying the cognitive distinction
for series equivalent criteria about IFs, cooling tower groups
with typical 6-towers arrangement were selected to conduct
case studies by wind tunnel tests and numerical calculation,
investigating the interference effects among classical
rectangular and rhombic arrangement considering several
central distances among towers. Finally, unified wind-induced
interference criteria based on the reinforcement envelope of
cooling towers are proposed and validated, and multiplefactors about IFs are also given for the convenience of
engineering application.

Figure 1: General layouts of research works
the angle increment of 10°. They worked simultaneously at the
sampling frequency of 300Hz. To simulate Reynolds number
effects, there were 36 paper ribs pasted along the
circumference uniformly which are 12mm wide, 0.1mm thick
and stretch from bottom to top.

INTRODUCTION

Interference effects are influenced by many factors, such as
structure shape and dimension, incoming flow direction and
neighbour buildings. During the tests, group tower central
distance and wind direction were selected as variables and they
were set as follows (see Fig.3): six towers were arranged in
rectangle; the ratio of L, centre-to-centre distance between
adjacent towers, and
D, base diameter of
the structure, was 1.5,
1.75 and 2.0; wind
direction β ranged
from 0° to 360° with
the increment of
22.5°. Thanks to
geometrical symmetry, there were 2 and 3
towers
needing
observed in every
case, which were
named as T1 and T2.
All
analysis
and
discussion in the
following text take
the towers of left
Figure 2: Layout of pressure taps on
column as examples
the cooling tower model (Unit: mm)

Large cooling towers are influenced greatly by wind load for
their structure characteristics of big flexibility and low natural
vibration frequency, which are typical for spatial thin-wall
shell structures. The fact that cooling towers are arranged in
intricate configuration with small distances makes it necessary
to take into account interference effects. Interference happens
when the distances between adjacent towers are within a
specified range, either enhancing wind load or reducing it. To
consider interference effects, IF is adopted by codes in
different nations to amply wind pressure.
It is after the collapse of cooling towers in Ferrybridge Power
Plant that interference effects among group buildings get much
attention. Wind tunnel tests and on-spot investigation are
commonly adopted methods, however, it’s difficult to assess
interference accurately due to the very complexity of wind
pressure distribution caused by it. At present, wide-recognized
IF definition is the ratio of index of grouped building and that
of single one. Representative progresses are shown in Tab.1,
where “tower” means cooling tower.
This paper focuses on interference effects among typical sixtower arrangements, and the study can be divided into 2 stages.
First, wind tunnel tests on rigid model were performed and
wind pressures outside the shell surface were recorded.
Second, finite element model was built and used to carry out
finite element analysis in order to get structure response and
shell reinforcement. Multiple IFs changing along the tower
height based on reinforcement envelope were proposed.
General layout of the research is shown in Fig.1.

L

T1

WIND TUNNEL TEST
Tests were performed in TJ-3 atmosphere boundary layer wind
tunnel in Tongji University, where testing room was 14m(in
length)×15m(in width)×2m(in height). 1:200 reduced-scale
model was adopted taking into account dimensions of testing
room and the tower, which is 250m high. The model was made
of organic glass to guarantee vibration and displacement of it
are with the limits during tests. As shown in Fig.1, there were
12×36=432pressure taps in external shell surface, that was, 12
layers along the height, 36 in every layer arranged evenly with

T2

a) Arrangement

b) Wind direction

Figure 3: Six-towers arrangements and
wind direction definition
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ABSTRACT: Wind pressure fields for cylindrical structures
and cooling towers differ considerably. Main cause of that
issue is ribbed surface of CT, which causes complex flow
pattern resulting in lower wind loads. As it was proved,
solving such problem using explicit rib modelling and direct
numerical integration is impractical.

smooth cylinder differ from those specified in BTR code for
smooth cooling tower surface. Code specifies that for curve
K1.6 Cp,min is not greater than -1.6, while Cp,min obtained for
smooth cylinder is close to -2.0. Comparison of calculated
pressure field for smooth cylinder and BTR curve for smooth
cooling tower is shown in Fig. 3. Differences between all
governing parameters (Cp,min, φ0, φ1, φ2) are unacceptable for
quantitative calculations.

MOTIVATION
Flow over cylinder is one of the best explored areas of fluid
dynamics. Rotationally symmetrical structures are widely
applied in civil engineering, from oil tanks to chimneys and
cooling towers. In 1971 Niemann (Niemann 1971) presented
results of full scale measurements on a cooling tower in
Weisweiler, Germany. These measurements have shown that
wind loads on cooling towers are much smaller than on smooth
cylinders for same RE (Jones et al. 1969). Such behaviour is
expected to be caused by ribs present on cooling tower surface.
CODE APPROACH AND THEORY
German BTR code (BTR 2010) specifies pressure field as a
function of surface roughness. Value of minimum suction
(Cp.min, Fig. 1), angles of neutral pressure (φ0), maximum
suction (φ1) and reattachment (φ2) depend on height and spacing
of ribs. After calculating roughness parameter k=hR/aR Fig. 2.

Figure 3: Comparison of pressure fields between code curve
K1.6 and smooth cylinder
EXPERIMENTAL SETUP
The cooling tower considered in this study was built in
Boxberg to work with block R. It has a diameter of 60 meters
at throat, with 96 vertical ribs of two different heights. Their
height and spacing settle this cooling tower between curves
K1.1 and K1.2 according to BTR code (BTR 2010). This
cooling tower was previously presented in papers by (Simon
and Herzog 2012, Konarski et al. 2014).
Simulations were conducted using commercial code FLUENT
version 15.0. Domains for two- and three-dimensional
simulations are presented, not in scale, in Fig. 5 and Fig. 6.

Figure 1: Nomenclature

Figure 4: Two-dimensional domain

Figure 2: Roughness parameter graph from BTR code
Wind tunnel measurements made for RE up to 1.8·107 (Jones et
al. 1969) and CFD simulations for RE 6·108 (Konarski et al.
2014) show that in fully turbulent flow regime (T1) values for

Figure 5: Three-dimensional domain
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windshield, otherwise there must be a gap between the damper
boxes and the windshield. In some cases the damper can be
placed below the service platform. Fig. 1 shows three types of
applications.

ABSTRACT: Slender chimneys and towers with low
structural damping are endangered by wind induced vibration.
One successful measure against large vibration amplitudes is
to install a dynamic vibration absorber, which increases
significantly the effective damping. A very cheap and
economical device is the tuned liquid damper (TLD), also
named Tuned Sloshing Damper (TSD). It consists of several
boxes filled up with damper liquid. The sloshing of the liquid
is tuned to the natural frequency of the chimney or tower and
the damping effect is optimized by special arrangement of the
damper boxes and the filling height. The experience at applied
TLD’s shows, that there is no maintenance required over the
whole life time of the damper.
INTRODUCTION
The theoretical background of the sloshing frequency is very
well known and can be found in every good physical book.
The first sloshing mode has the natural frequency, n1, given in
Eq. (1):
where

n1 

g
 h
tanh
4 L
L

Figure 1: Three types of applications of TLD’s at steel stacks
(1)
A special application was given at a very slender Flare Stack
(Ruscheweyh, 2015). Fig. 2 shows a sketch of the Flare Stack
(Industrial Environment System, Inc., USA). Because of the
extreme slenderness the first and second vibration mode must
be considered. The two mode shapes are presented in Fig. 3.

g = gravity of earth, L = Length of the box,
h = filling height
Fundamental researches have been executed by Bauer (1960),
Modi, Welt (1981), Tamura et.al. (1988), given as an example,
but the practical application was limited.
The damping effect depends on several parameters, as height
of the sloshing wave, slenderness h/L of the filling,
acceleration of the vibration, geometry of the boxes, relative
filling height to the box height and possible devices inside of
the box. This specific damping effect is the key point for the
application. It has been investigated by an intensive research
work over four years by C. Verwiebe supported by the author
in the Aachen University (Ruscheweyh, Verwiebe 1995). The
results by this research work make it possible to estimate the
effective damping of the TLD.
Steel stacks have normally low structural damping. Full-scale
measurements give low values of the logarithmic decrement of
d = 0.01 to 0.03 depending of the internal tubes and the
supporting system. Cross wind vibrations occur at critical wind
speeds and may cause fatigue cracks at the base or at flanges.
For these cases the application of a dynamic vibration absorber
is an adequate measure to increase the damping and to reduce
the vibration amplitude. The required damper mass is
relatively small. In the practical application of the TLD the
liquid mass is in the range of 0.7 % to 2.3 % of the total mass,
most of them are in the range of 1.2 % of the total mass.
The TLD is mounted near the top of the chimney and is
relatively small. The damper boxes are arranged around the
outer diameter. If the temperature of the windshield of the
stack is low, the damper boxes can be welded directly at the

Figure 2: Sketch of the Flare Stack (left)
Figure 3: Mode shapes of the first and second frequency
(right)
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New Chimney Design (NCD)
The Performance of the Chimney Type
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Keywords: : Single flue concrete chimneys, New Chimney Design, non-linear design
ABSTRACT: At the end of the 20th century Hadek
commissioned expert office Exponent to develop a chimney
design concept based on a concrete shell protected by a
Pennguard lining directly applied to its inside surface. This
concept has since become known as the New Chimney Design
(NCD) and it has been used in power stations in Europe, North
and South America and Asia under a variety of operating
conditions. In addition to the use under wet stack operating
conditions, the NCD has been used downstream of semi-dry
Flue Gas Desulfurization
(FGD) systems, downstream
of coal/biomass fired boilers
without FGD and downstream
of industrial processes. In
1998
Hadek
Company
commissioned the expert
office Exponent in Germany
to develop a chimney type
based on the concrete shell
protection by a Pennguar
lining applied directly to its
internal
surface.
The
Figure 1: Principle of the
technology has been denoted
New Chimney Design
as the New Chimney Design

chimneys were designed and compared with each other. Based
on these investigation results, the following pro and cons of the
individual chimney types have been determined:
Chimney Type
(1) Qualifications
designer
(2) Structure
arrangement
(3) Construction time
(4) Construction cost
[mill €]
(5) Wet stack operation
(6) Durability
(7) Maintenance &
repair
(8) Earthquake
resistance

Brick
Flue

Steel/
FRP

NCD

low

high

high

complex

complex

simple

long

moderate

short

12.4

15.0

11.2

not
possible
low

high

possibl
e
high

complex

moderate

simple

poor

poor

good

possible

CURRENT RESEARCH ON NCD – LONG TERM
PERFORMANCE
Due to the growing success of the technology, Hadek will
along with Exponent investigate the long term performance of
the NCD chimneys. The investigations will apply to the
structures erected 2 to 9 years ago at the several power plants.

INITIAL RESEARCH - NCD 1.0
The New Chimney Design consists of a reinforced concrete
chimney with a Pennguard lining applied directly to its internal
surface. This makes an independent flue, complex supports
and corresponding corbels unnecessary. The closed-cell
borocilicate blocks of the Pennguard lining system are
completely impermeable to acid gas and acid condensates.
Therefore, the Pennguard lining protects the chimney from any
sort of flue gas. Applied to the face subjected to the flue gas
action, the system is also an effective thermal insulator.

Pątnów Power Station, Poland
In central Poland 150 km westwards of the capital Warsaw the
Patnow-Adamow-Konin (PAK) power station complex is
located producing a combined capacity of 2.457 MW, To meet
the new environmental standards, four existing lignite fired
units, each 200 MW capacity, were provided with the Flue Gas
Desulfurization (FGD) system.

RECENT RESEARCH - NCD 2.0

After an economic evaluation of
all alternatives,
Patnow
Power
Station ordered
Rafako, a leading
EPC contractor to
the Polish power
industry, to construct two wet
limestone FGD
plants, each with
sufficient capacity for two of the
Figure 2: Pątnów Power Station, Poland 200 MW units.
The owner also
decided not to
reheat the desulfurized flue gas before emission. The two
existing chimneys were not suitable for wet stack operation, so
it was necessary to build new chimneys of 149 m height, either
as a single, twin flue chimney or as two separate chimneys.

In the following 18 years, the scene of the industrial chimneys
experienced the two distinct changes:
 Only three Chimney Types with Brick Flue, Steel/FRP Flue
and NCD remained on the market.
NCD became generally used in Europe, both Americas & Asia
under various operating conditions.
This welcome situation induced Hadek to commission
Exponent to determine the position of NCD in the current
chimney market. The corresponding efforts resulted in the
following expert opinion.
NEW CHIMNEY DESIGN NCD 2.0
The research work dealt with three types of concrete chimneys
dominating the current single flue scene. Their notifications
are associated with the arrangements of the flue gas linings and
the sort of the corrosion protection. By use of the same
operating conditions, three corresponding 200 m high
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GRP Chimney Liners for Wet Flue Gas Desulfurization Service
The USA Experience
Victor A. BOCHICCHIO
Hamon Custodis, Inc., Somerville, NJ, USA
Keywords: chimney liners, GRP, FRP, concrete chimneys, flue gas desulphurization.
ABSTRACT: During the period from 2005 to 2015,
approximately 110 Glass Reinforced Plastic (GRP), also known
as Fiberglass Reinforced Plastic (FRP), chimney liners were
installed on Wet Flue Gas Desulphurization (WFGD) systems at
existing coal fired power plants, and at several new coal fired
plants, in the United States. New concrete chimneys with GRP
liners were usually built to serve the retrofitted WFGD systems.
The lowering of the flue gas temperatures caused by the
addition of WFGD systems increases the chemical attack on the
chimney liners and in most cases this lead to the selection of
GRP as the preferred liner material. This paper describes
aspects of concrete chimneys with GRP liners, and the generally
used practices in the United States for the design, fabrication
and erection of concrete chimneys with GRP liners.

Other materials have had limited use with varying degrees of
success, including other stainless and nickel alloys, other
coatings, and gunite linings. The materials listed above
represent the overwhelming majority of WFGD chimney
linings in service.
The approximate relative installed costs of various chimney
lining materials are illustrated in Tab. 1. Costs can vary
depending on current raw material prices, such as for steel,
nickel, or resins, and on regional labor costs. The illustrated
relative costs are for chimney liners between 5m and 10m in
diameter and over 90m tall. Most chimney liners serving
WFGD systems fall into this range. The cost of liners outside
of this range can be quite different. Actual costs depend on the
particular design conditions, site location, accessories, and
chimney details (i.e. actual height and diameter, single or multi
-flue, the height, size and type of breeching entry, etc.).

INTRODUCTION
In the time period from 2005 to 2015, approximately 110 Glass
Reinforced Plastic (GRP), also known as Fiberglass Reinforced
Plastic (FRP), chimney liners were installed on Wet Flue Gas
Desulphurization (WFGD) systems at existing coal fired power
plants, and at several new coal fired plants, in the United States.
These installations resulted from the addition of WFGD systems
to existing coal fired power plants to meet stricter emission
standards required by various federal and state regulations, and
for several new coal fired plants. The lowering of the flue gas
temperature caused by the addition of WFGD systems in power
plants increases chemical attach and corrosion concerns for
chimney liners and the materials of construction. The evaluation
of the corrosion resistance and relative cost of available
chimney liner materials most often lead to the selection of GRP
as the preferred liner material. The design and manufacture of
the GRP liner is normally performed by a specialty GRP
supplier, while the incorporation of the liner into the overall
chimney design and the specification of many of the
requirements for the design, fabrication and installation of the
GRP liner are the responsibility of the main chimney supplier.
The chimney liner represents from 30 to 50% of the overall cost
of the chimney. For brick, steel and alloy liners the design,
procurement and installation are typically performed completely
by the chimney contractor. For GRP chimney liners, the need to
subcontract this major portion of the work to the GRP supplier
requires a critical cooperation between the GRP supplier and the
main chimney supplier.

Material
Acid Resistant Brick
Vinyl Ester Coated Steel
GRP
Borosilicate Glass Block on Steel
Nickel Alloy - Clad

Relative Cost
1.0
1.2
1.2
1.4
2.0

Table 1: Approximate Relative Cost
of Chimney Liner Materials
Most WFGD chimney liners installed during this period in the
United States are constructed of GRP, borosilicate glass block
or vinyl ester coatings, with the vast majority being GRP.
Nickel alloys were not used as often due to their high cost.
Brick liners have fallen out of favor for new chimneys due to
the poor performance of brick liners in WFGD service built in
the 1980’s and 1990’s, however existing dry chimneys
converted to WFGD service often have brick liners (Bhowmik
& Bochicchio 2008). Vinyl ester coatings are less common
than GRP due to anticipated maintenance costs and concerns
that rapid perforation of the steel substrate may occur if the
coating fails.
The flue gas temperature entering the WFGD absorber is
commonly 148 °C to 165 °C. The flue gas temperature leaving
the absorber and entering the chimney liner is typically between
49 °C to 60 °C. Short duration excursion design temperatures
due to malfunction of the WFGD or other plant systems are
typically 82 °C to 93 °C. Bypassing the WFGD and directing
hot flue gas to the chimney liner is not generally recommended.
If bypass operation is desired and the flue gas cannot be directed
to a separate bypass chimney, special considerations are
required for design of the liner. Many vinyl ester coatings are
not suitable for bypass operation. GRP liners would require
special resins and design features in order to accommodate
bypass operation. If bypass operation is required, nickel alloys
are usually preferred.

LINER MATERIAL SELECTION
The materials of construction for WFGD chimney liners are
required to withstand the corrosive effects of the flue gas and
liquid condensate on the liner surface. Chemical resistance,
temperature resistance and abrasion resistance must be evaluated.
The common liner materials used in WFGD chimney liners are:
 Glass Reinforced Plastic (GRP)
 Nickel Alloys, such as Alloy C276, roll-bonded clad or
“wallpaper” lined on steel
 Borosilicate glass block on steel
 Flake filled vinyl ester coatings on steel
 Acid-resistant brick

The evaluation of chimney liner materials for corrosion
resistance, cost and past performance most commonly resulted
in the selection of GRP for the recent WFGD chimney projects
in the United States.
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Calculation and Automatic 3D Modelling of Chimneys
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ABSTRACT: This paper is focused on a problematic about
analyze, design, implementation and using of our calculation
program (Chimney Developer) which provide also threedimensional (3D) visualization of chimney, structures of
chimney by generating important input values for 3D CAD
system (Autodesk Inventor), the software system based on
three-tier architecture. We have used standards during software
development process if it was possible also during software
development process we have divided software structures into
marginal, critical and very critical parts does it mean for
important part is given adequate attention and the less
important parts are spending less effort and thus this process
takes less time and ensure the quality of the software product.

Figure 1: Model and visualization

INTRODUCTION
We first look at the principle and importance of visualization
and what is the relationship between the model and
visualization then we gently introduce our calculation program
its development process and its some services.
Using 3D visualization of complex systems, we get better and
easier to understand the visual model. It can have strengths for
example: integration of local views with global views, greater
information density, composition of multiples 2D views in a
single 3D view, facilitates perception of the human visual
system, Familiarity, realism and real world representations.
But also weakness for example: more complex
implementation, User adaption to 3D metaphors and special
devices.

Figure 2: A model of visualization
The middle process in the model is visualization V:
I(t) = V(D,S,t)
Data D is transformed according to a specification S into a
time varying image. I(t) The type of data D to be visualized
can be a vary from a single bit to a time varying 3D tensor
field, the specification S includes a specification (hardware,
algorithms, specific parameters) The image I will be an image
in the usual sense but also it can be an animation or auditory.
The image I is perceived by a user with an increase in
knowledge K as result:

We should not forget that effective using of any visualization
system is dependent not only on the visualization system but
also on user and his knowledge and experiences. Therefore, it
is important to explain what actually the visualization process
is what is necessary for its understanding and for more
efficient development of these systems.

dK
dt
The knowledge K(t) follows from integration over time.
P I,K

MODEL AND VISUALIZATION

t

Visualization can be defined as: "computer- supported,
interactive, visual representation of the data to the extension of
knowledge", where the knowledge is the acquisition or use of
the knowledge. These graphical representations can mediate
clear ideas, accuracy and efficiency.

K t

K0

P I, K, t dt
0

Where K0 is the initial knowledge, what can be interesting here
is, that visualization result depends also on users knowledge it
means that visualization cannot be an objective, also compare
visualizations is not a simple task, cause users knowledge.

A model represents abstract information. It is a set of design
decisions and visualizations provide form for these design
decisions. Models and visualizations they are very closely
related, it is easy to interchanged with each other Fig. 1.

Chimney developer has been developed during the last 5 years
it is a software system which provides:







MODEL OF VISUALIZATION
The model presented by Wijk is an abstract it can be used to
identify some patterns, aspects, trends. Fig. 2 shows the basic
model. Boxes are containers circles are processes that
transform inputs into outputs.
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Carbon Capture of Coal Fired Power Plants - Vol. 3
R.J. ERNST
Array Industries B.V.
Keywords:Carbon capture, Democlock, IGCC, CLC
A fluidized bed reactor has the following typical properties
(Fig. 2)

ABSTRACT: Array lndustries has been involved in the
design and the manufacturing of stacks and exhaust gas
systems for many years. Now we started a new activity in
which we develop systems to extract CO2 from various gas
streams in close collaboration with research parties. In (Ernst
2012) we have informed about our new activities in the field
of common techniques to extract C02 from exhaust gases, like
•

adsorption with use of Amine based fluids

•

upgrading and purification of C02 streams up to FOOD
quality

•

pressure swing adsorption PSA using solids

 Recirculation of particles
 Continuous operation
 Proven technology

Further, a new technique has been developed based upon
chemicallooping combustion CLC using packed bed. This
technique is used in the FP7 project called DemoCLOCK in
which Array Industries is involved. The present paper will
present the intention of CLC and current results of the
DemoCLOCK-project.
Figure 2: Schematical Fluidized Bed CLC

WHAT IS CHEMICAL LOOPING COMBUSTION CLC?

The Disadvantages of a fluidized bed reactor are:

The chemical looping combustion process can be divided into
two steps, as shown in Fig. 1:

 Equipment erosion
 Difficult to transport oxygen carriers
 Difficult gas-solid separation
(formation of fines → gas turbine)

Step Reaction
I.

Air reactor: Reduced metal is oxidized with air. High
temperature N2 stream is produced

II. Fuel reactor: Metal oxide (MeO) provides the oxygen for
combustion in the fuel reactor. CO2 is produced.

In DemoCLOCK a Packed Bed Chemical Looping
Combustion system has been designed (Fig. 3)

III.

 An alternative reactor concept in which the recirculation of
the particles is avoided

Reduced metal (Me) is used again in step I (looping)

 Packed bed CLC
 Stationary solids
 Periodic switching of gas flows
 Dynamically operated parallel reactors for continuous
operation
 Proof of concept in laboratory scale by the research group
at Technical University of Eindhoven, Netherlands
Figure 1: Schematical Process
Chemical Looping Combustion is a promising technology
with huge advantages compared with conventional power
production. The advantages are:






Power production with inherent CO2 separation
“No” energy penalty for separation of CO2
Potential for very high CO2 capture efficiency
No NOx formation (no flame!)
Direct contact between air and fuel is avoided

There are two different CLC reactor designs:
 Fluidized bed reactor
 Packed bed reactor

Figure 3: Schematical Packed Bed CLC
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In 2015, Array Industries was rewarded with the project to
extent two gas compressor turbine exhaust stacks. The
extension would hold a catalyst bed, required to reduce NOx
emission. This project was initiated by stronger Dutch
emission regulations; BEMS.
CATALYST SUPPORT BED
The catalyst bed with a total weight up to 8 tonnes and
diameter of 5500 mm needed to be supported by an internal
support structure.
The original stack has external insulation – with a gas
temperature running up to 525°C, this means that the load
carrying shell and the catalyst bed support structure get the
full temperature load. The material 16Mo3 was selected for
this project. This material has creep strength of 60 MPa at
525°C for 100.000 hrs. Because the turbine is not operating
continuously at this temperature, this value was acceptable
for the full lifetime of the installation.
T [°C]

450

460

470

480

490

500

510

520

530

ft [N/mm2]

239

208

178

148

123

101

91

66

53

Table 1: Creep strength 100.000 hr for 16Mo3
Initially, the design of the catalyst support structure involved
a thick ring (100x60mm) welded to the inside of the stack.
Within this ring, bars had to be placed between one side to
another. On top of the bars, a special perforated plate had to
be laid on which the catalyst blocks rested.

Figure 1: FEA model of grid support showing stresses,
all values < 60 MPa.

Array Industries fully redesigned the support structure; to the
internal of the stack a small ring 20x60 was welded with and
upstanding plate to the inner edge. Resting on this ring, a self
-supporting grid was placed. This grid was made from
vertically placed plates (girders, thickness 15mm, height max
200mm) and cross beams. The girders had varying height to
get optimal inertia. The cross beams reduced buckling effect.

Array Industries was responsible for the mechanical design of
these plates, taking into account the additional requirement
that the plated needed to be inserted into the stack from the
manhole. This limited the size of the plate segments to
500mm.
The design of the perforated plates was based on self
supporting boxes made from 3mm thick 16Mo3 plate
material; with the upper and lower surfaces being the
perforated plates and the side walls as stiffeners. Because of
the square cross sections, the long span of the box in the
middle was not an issue, even at 525°C and low allowable
stresses. Relief holes were inserted in the side walls of the
box for better flow distribution. The boxes were connected
together by bolting to form the total perforated grid.

Because the grid rested freely on the internal ring,
deformations during startup (thermoshock) could be absorbed
by sliding of the grid over the ring.
To reduce manufacturing time, the girders got holes while the
cross beams got pins. The holes were placed in the center of
the girders because bending stresses are lowest in the center
of a cross section.

The boxes rested on the ring (60x20) welded to the inner
surface of the stack. The principle was equal to the bed
support structure; the segments of the perforated plate could
slide over the ring, so thermal expansion due to thermoshock
could be managed without ovalling the stack.

FLOW DISTRIBUTION PLATE
A second internal was placed below the catalyst bed. The
function of this internal was flow distribution to ensure
optimal usage of the catalyst bed surface. This was obtained
by two layers of perforated plate.
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The demolition rigs were lifted off the tower and the Bierrum
climbing rigs installed and commissioned. This provided
access to lift 49 to hand cut the last 200mm of concrete to
expose the reinforcement and enable couplers to be installed.
(See Fig 2.

ABSTRACT: The 122m high natural draught cooling tower is
situated near the US East coast and has suffered extensively
from the use of brackish water for cooling over its 40 years of
operation. The shell repair scope included the controlled
demolition and rebuilding of its top 32m, extensive external
and internal patch repairs to the lower sections, repairs to the
columns and the installation of a cathodic protection system.
The paper describes the access system and methods used to
accomplish this work together with the engineering appraisal
of the shell in accordance with the specification requirements.

An Alimak passenger
hoist
was
erected to provide
access for the
operatives to the
working deck.

INTRODUCTION

The reinforcement
was installed, inner
and outer 1.5m
forms set into
position and lift 49
Figure 4: The working deck of
recast. However,
the Bierrum Access Rig
due to operational
issues requiring the tower to be put back on stream, it was
decided to start climbing the rigs down the tower and carry out
surface repairs and slotting for the cathodic protection until
after the summer period when access to the upper lift of the
tower could be resumed.

The cooling tower was the first of a pair which were
constructed at a power station located close to the United
States of America eastern coast. It is a 121.9m tall reinforced
concrete hyperbolic natural draught cooling tower that was
constructed in 1974. Brackish water was used for cooling and
the structure has suffered extensively from chloride induced
corrosion of its ferrous items. The expansive effects from the
reinforcement corrosion caused widespread delamination and
spalling of the shell and supporting X legs.
In consequence, our client had decided on the following
concrete repair works:
 The engineered demolition and rebuilding of the shell from
just above the throat (31.8m length of shell)

Once the rigs were back at lift 50, the tower was reconstructed
in 1.5 lifts of concrete with a casting rate of 50% of a ring
every working day.

 Partial / full depth patch repairs to the inside and outside of
the shell below the throat

PATCH REPAIR OF THE SHELL

 Refurbishment of the X
legs and their sheathing
with galvanic jackets

The client’s engineer, Wiss, Janney, Elstner Associates, had
carried out a detailed appraisal of the amount of delamination
on the external face of the tower which was assessed at
1,500m2.

 Installation
of
an
impressed
current
cathodic
protection
(ICCP)
system
throughout the entire
shell
The key to the successful
execution of these actions
was the provision of
suitable access systems.
ICC won the contract to
carry out the works in a
competitive tender. This
paper describes the means
by which these activities
were carried out.

The Bierrum climbing rigs provide an access platform for the
full circumference of the tower and allowed the three
operations of cutting the slots for the cathodic protection
ribbons, cutting out the defective delaminated concrete and
shotcreting the areas, to be carried out at the same time. In
addition, the rigs were sealed against the wall with conveyor
belting to ensure that no material was allowed to fall and
damage the lower canopy over the external cross flow area of
the tower.
Each delaminated area was first marked out by hammer testing
and then cut out using air breakers behind the reinforcement to
provide good anchorage for the shotcrete.

Figure 1: View of the Cooling
Tower shell, climbing scaffold,
Alimak hoist and Cranes

The chosen shotcrete material was Sauereisen No. F-120
which nominally gave a strength of 38.6MPa at 7 days but in
practice achieved this strength much earlier.
At the time of the commencement of the contract, the internal
surface had not started spalling but the survey identified over
5,000m2 of delaminated concrete. Access to carry out the repairs
was by cradles supported from the upper ring beam. Chutes
were used to deliver the concrete waste into buckets placed on
the eliminator which was lifted out with the external cranes.

REBUILDING THE UPPER 22 LIFTS OF THE SHELL
On completion of the removal process, the demolition rigs
were used to provide access to set out and drill the support
fixings for the Bierrum climbing rigs which were to be used
for the rebuilding process.
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ABSTRACT: A study was performed between 2013 and 2015
in order to assess the corrosion state of the cooling tower shells
of the French nuclear power plant fleet. The scope of this study
included both in situ investigations and laboratory analyses.
The paper presents the results and a synthesis of this important
investigation programme. The main finding concerns the
comparison between the minimum reinforcement cover
thickness and the maximum carbonation depth that sometimes
reaches the reinforcing steel. Indeed, generalized corrosion of
the reinforcement due to the carbonation of the concrete cover
is considered to be an important ageing risk for the tower
shells.

In Situ investigations

INTRODUCTION
Electricité De France (EDF, a French Power company) is in
charge of the construction and the management of an extensive
fleet of nuclear, hydraulic and thermal power plants covering a
wide range of geographical location, exposure and
environmental conditions or ages. EDF has to guarantee the
durability of its structures with regard to a specified service
life including the 28 cooling towers (with hyperbolic shells) of
the nuclear power plant fleet. In order to assess the life span of
these cooling towers, an inspection of the reinforced concrete
shell is required. The aim of the assessment is to identify,
quantify and optimize the global maintenance policy of this
fleet of shells. In this context, an intensive and specific study
was elaborated and firstly performed on 5 towers to investigate
the corrosion state on three vertical meridian lines. Numerous
results were very interesting but this study is long and
expensive (use of work platform). This is why, between 2013
and 2015 a second simplified study was performed on the 23
towers left only from the meridian line of the full height
ladder. This campaign along the full height ladder is a
preliminary work which aim is to classifying the tower
according the corrosion risk in order to schedule a more
complete study on three vertical meridian lines on some
towers. The scope of this study which includes both in situ
investigations and laboratory analyses will be discussed in the
paper. In order to show the average of the results, only the
“full height ladder” study performed on 23 towers will be
presented.

Full height ladder

2m

cornice
Level 10
Level 9

2m

Level 8

throat
Level 7
Level 6

2m

Level 5
Level 4
Level 3

LOCALIZATION AND INVESTIGATION

A

2m

B

Concrete formulas and structure design
C

The 28 cooling towers of the nuclear power plant fleet were
built between 1975 and 1994. All the concrete mixes contain
about 70% of Ordinary Portland Cement and 30 to 35% % (of
cement mass) of blast furnace slag (this binder is equivalent to
current CEM II/B-S) and admixtures (air entrainers and water
reducers). Water to cement ratio (W/C) is about 0.45 (average
of all the concrete mixes). The tower height ranges from 124m
to 178m (from the ground) and the thickness at the throat,
which is minimal, vary between 180mm and 250mm. Fig. 1
shows a scheme of the different parts of the tower shell
referred to in this paper.

Level 2
Level 1

lintel

Figure 1: Distribution of the ten investigated areas over the
full height of the tower shell. At each level, a 4m² area was
investigated with non destructive measurements and one core
-sample (50mm diameter for carbonation). Three cylinders
(100mm diameter) were drilled at four of the ten levels (red
dotted line : level 1, 4, 7 and 10).
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section loss. Moreover, to restore the integrity of the structure,
and therefore to increase its lifetime, the carbon fiber reinforced
plastic (CFRP) strengthening technique is explored. A proposed
configuration is assessed by quantifying the contribution of
CFRP strengthening in terms of stiffness in pre-cracking and
post-cracking on a perfect shell or a damaged shell by steel
corrosion under extreme wind conditions.

ABSTRACT: This work treats the nonlinear behavior of a
French R.C. cooling tower under its own weight and extreme
wind pressure. Several simulations are proposed taking into
account appearance of concrete cracks and their evolution via an
appropriate material concrete law and rebar's yielding. The
behavior of the damaged structure with an advanced level of
rebar’s section loss with and without a CFRP retrofitting is
estimated in the pre- and post-cracking regime and compared to
the undamaged structure; in particular, the gain on the different
rigidities characterizing the nonlinear load deflection curve
obtained under dead and extreme wind load and the
enhancement of the bearing capacity. The main conclusion
drawn from the numerical results is that the CFRP retrofitting is
very effective for improving the integrity of RC cooling tower
shells even when the latter present an advanced corrosion rate.

NONLINEAR ANALYSIS
The modelled RC cooling tower is a hyperboloid of revolution
shell reinforced with double-layer rebar grids, he is supported
on a X-shaped support system and reinforced at the top and the
bottom by lintels, which are here modelled by stiffening rings
with a high ratio of reinforcement. Tab. 1 shows the dimensions
and characteristic thicknesses of the shell. After the mesh
sensitivity study, the shell is discretized into several elements in
the circumferential and meridional directions.

INTRODUCTION
The French authorities have planned to increase the lifetime of
currently operating nuclear power plants, first meticulously
evaluating ageing RC hyperbolic cooling towers and the impact
on the bearing capacity calculated, to determine their lifetime
and aid in deciding whether or not to strengthen these structures.
Several studies have been conducted to investigate the ultimate
strength of these structures under extreme wind conditions. For
example, (Mang et al. 1983) presented a comprehensive
numerical investigation of the cooling tower at Port Gibson MS
(USA) and were the first to assert the representativeness of an
incremental calculation concluding that the failure of windloaded cooling towers made of reinforced concrete is initiated
by rapid propagation of cracks in the tensile zones of such shells
followed by activation of the reinforcement until yielding
occurs and not by buckling. In their damage analysis of a
cooling tower shell, (Harte & Krätzig, 2002) mentioned that
after many years in permanent service, the shells show a
considerable number of vertical cracks due to the low amount of
reinforcement. The study reported by (Baillis et al. 2000), where
undamaged and damaged cooling towers were analyzed through
large parametrical analyses, confirmed the Harte & Kratzig
study and demonstrated that in the case of wind load, initial
cracks do not significantly reduce the strength because the
structure works mainly in the meridional direction. The effect of
the initial meridional cracks regularly distributed throughout the
shell occurs during the crack plateau, when the shell begins to
work in the circumferential direction. All these studies have
clarified the failure mechanisms of cooling tower shells and
concluded that the reinforcing ratio plays an important role in
the ultimate strength of RC cooling tower shells after cracking.
(Hara, 2012) concluded that the ultimate strength is determined
by the amount of meridional reinforcement and that fiber
reinforced plastic layer strengthening is effective.
In this paper, the ultimate strength of RC hyperbolic cooling
tower is re-investigated. To take into account damage identified
on these structures, especially steel corrosion, cooling towers
are reanalyzed using the same assumption as (Gruber, 1996),
which consists in reduction of the steel section using the FEM.
Several numerical simulations were carried out to study the
bearing capacity of RC hyperbolic cooling tower in the presence
of different levels of corrosion which are approximated by rebar

Table 1: Characteristic dimensions of
RC hyperbolic cooling tower
Φo [m]

87.56

Φu [m]

117.20

ΦT [m]

83.80

hs [m]

27.70

hT [m]

123.20

h [m]

165.50

e0 = 0.55
eT = 0.21

eu= 1.09

Φo: Top diameter ΦT: Throat diameter eu: Base thickness
eT: Throat thickness h: Shell height hs: Supports height hT:
Throat height
Finite element representation
The numerical study was conducted using the finite element
program Cast3M, developed at the French Atomic Energy and
Alternative Energies Commission (CEA). The elements used in
3D modelling are three-node elements, have 6 degrees of
freedom per node and 3 Gauss points for integration in the plan.
These elements called Discrete Kirchhoff Triangle (DKT) are
developed by (Batoz et al. 1980) and deals with the flexion of
thin structures within the framework of Kirchhoff theory. The
thickness of the element representing the concrete is divided
into several layers (Fig. 1) working in plane constraints with a
concrete model to describe the progression of damage
accurately, in particular crack propagation through the thickness
of the shell.

Figure 1:
Representation of
the element
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Four Existing Plants Prepared for Safe ‘Wet Stack’ Operation
Albert DE KREIJ1, David ANDERSON2
1
Rotterdam, The Netherlands , 2Holden, MA, USA
Keywords: Wet Stack, Pennguard lining, Wet Stack liquid discharge, Flow Model Study
ABSTRACT: Many coal fired power stations will in coming
years have to modernize their FGD plants, or fit FGD for the
first time, to keep up with stricter emissions limits for sulfur
dioxide. Traditionally, many FGD plants have been equipped
with rotating gas-to-gas reheaters ("GGH”). In recent years,
regulations have been changed to allow non-reheated “wet
stack” operation. This paper describes four case studies where
existing power plants have fitted FGD without gas-to-gas
reheaters, using Pennguard™ linings for either a new or an
existing chimney. Also the main factors contributing to
entrainment of acidic droplets are being described as well as
four phases for developing an effective wet stack system.

fleet. Two FGD systems were retrofitted to the 325 MW Unit 1
and the 525 MW Unit 2 in 2008 and 2009. Both are
conventional coal fired units, using coal with a sulfur content of
3.5 – 4.2%. The two FGD’s will remove some 98% of the sulfur
oxides from the exhaust gas flows of Units 1 and 2. The owner
decided not to reheat the flue gases and to operate wet stack.
EKPC and their consulting engineers looked at the possibility to
reline the existing Unit 2 chimney to protect it against the
aggressive operating conditions. It was found however, that the
fast construction and commissioning schedule of the FGD
retrofit project would not allow sufficiently long outage to
achieve this. Following a technical and economical
investigation of all options, two new 198 m high concrete
chimneys, each with a single Pennguard lined steel flue, were
built. Pennguard linings have been proven reliable and durable
in wet stack operating conditions for over 30 years. The system
is completely resistant to sulfuric acid, impermeable to acidic
flue gas and condensate, strongly insulating and lightweight.
The lining system acts as a barrier between the aggressive flue
gas and the chimney substrate.

INTRODUCTION
The operating environment within an FGD wet stack is
aggressive. Due to the saturation of the flue gas with water,
there is a constant formation of condensate on the chimney
(flue) walls. Due to the presence of residual sulfur trioxide in
the flue gas (SO3), this condensate is comparable to a dilute
sulfuric acid with a PH value of around 1. Therefore, wet stack
operation creates the need for corrosion resistant chimney
lining materials or materials of construction. Wet stack
operation creates also the risk of entrainment of acidic droplets
into the gas flow, which is called “spitting’.

For the construction of the steel flues, pre-fabricated steel flue
sections were grit blasted and primer coated on ground level
close to the new chimneys. Then the steel flue was erected by
welding the steel sections together in the windshield, following
the application of the Pennguard lining system. The steel flue
diameter of Unit 1 is 6.40 meters. The steel flue diameter of
Unit 2 is 8.24 meters. The flue gas temperature is between 51 –
54 ˚C. The flue gas velocity is less than 15 m/s. Since 2009,
regular inspections have been carried out, the Pennguard lining
is in excellent condition.

Four case studies are being described in this paper where
existing power plants have fitted FGD without gas-to-gas
reheaters, using Pennguard™ linings for either a new or an
existing chimney.
The four case studies are related to the following power
stations:
 Spurlock Power Station, USA. This coal fired power station
built new chimneys with Pennguard lined steel flues;
 Killen Power Station, USA. This coal fired power station
decided to re-use their existing chimney and to line its
monolithic brick flue with Pennguard linings;
 Opatovice Power Station, Czech Republic. This lignite fired
power station decided to re-use their sectional brick flue
with Pennguard linings;
 Rovinari Power Station, Romania. This lignite fired power
station built four new chimneys, using the New Chimney
Design and Wet Booster Fans.

Figure 1: Overview of Spurlock Power Station, USA

Furthermore the main factors contributing to wet stack liquid
discharge are being described as well as four phases for
developing an effective wet stack system.
In this short version we comment only the installation in the
Spurlock Power station. Details can be found in the
Conference Proceedings of the ICCT-2016.
SPURLOCK POWER STATION, MAYSVILLE, USA

Figures 2 – 4 are showing the construction and lining
process of the steel chimney flues

Spurlock Power Station is owned by East Kentucky Power
Cooperative’s (EKPC) and it is the largest power station of their
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The Chimney to the ARC Waste Incinerator Project, Copenhagen
Jörg GAJEWSKI and Martin ATKINS
Züblin Chimney and Refractory GmbH, Cologne, Germany
Keywords: Steel Chimney with lateral load transfer
DESIGN

ABSTRACT: A modern-type waste incineration plant is being
built in the vicinity of Copenhagen/Denmark. Flue gas supply
into the chimney is carried out at a level of above +63m. For
this reason, the chimney plant has its base point at +57m and
above that level is connected to the main building structure in
three places. Züblin Chimney and Refractory GmbH was in
charge of supply and assembly of this special kind of chimney
plant.

General
As a main feature of this chimney, the loads exerting their
effect on the structure are not transferred at the base point (e.g.
foundation, building roof) or via concentrically arranged
support structures (e.g. truss structure), as is usually the case.
For a chimney plant of this size, it is unparalleled that the steel
windshield is unilaterally connected to the main building by
means of solid steel brackets.

INTRODUCTION
A new, state-of-the-art waste incineration plant is under
construction on the island of Amager, located approximately
10 km east of Copenhagen/Denmark, and it is to become one
of the greenest sources of energy worldwide. The outer
appearance of the building complex is marked by 2
extraordinary features. Following the launch of plant
operations, scheduled for 2017, the strongly inclined roof
surface is meant to be used as a ski slope, and the stack located
on the side of the main building does not have its base on the
ground, but only starts at a height of 57.00m and is laterally
connected to the main building by means of solid steel
brackets (Fig. 1)

Windshield
The cylindrical windshield with an end state overall length of
67.16m has an external diameter of 7080mm. Sheet metal of S
355 JR material, 20mm thick, is used in the high-load tube
sections in the area of the brackets. The remaining part of the
tube is manufactured in 10mm strong sheet metal and S 235 JR
material. Steel Brackets
The steel brackets are welded hollow-boxes, 1000mm in
height, mainly fixed to the windshield externally. Owing to the
magnitude of the internal forces to be transferred these hollowboxes are partly carried further to the inside of the steel
cylinder beyond the main axis of same. Sheet metal of S 355
JR steel quality is used, the thickness being 20mm and 30mm.
The plate foreseen for connection to the main building is
60mm
thick,
the
external
dimensions
being
W/H = 5450mm/1300mm.

In this paper, we report on design and assembly of the chimney
plant.

Figure 1: The completed waste incineration plant with
its inclined roof.
ZCR’S SCOPE OF SERVICES
Züblin Stahlbau Hosena (ZSH), a steel construction company
based at Hosena/Brandenburg and forming part of the Züblin
Group, was awarded the contract for supply and construction
of the above-ground steel structures for the complete waste
incineration plant.
Installation of 3 no. flue gas liners, a lift, aircraft warning
lights, and all further electrical installations were not included
in the contractual works. These services were awarded to other
companies by the Client and carried out on site following
completion of the pre-assembly works.

Figure 2: Transportation of individual sections
on the Rhine river near Cologne
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Erection Procedures of 2 x 185 m high Natural Draft Cooling Towers
Opole Power Plant
Christoph GÜHMANN
BEROA Deutschland GmbH, Ratingen, Deutschland
Keywords: 2 ND Cooling Towers, erection procedures, access-system/shutter, schedule
ABSTRACT: BEROA was awarded the turnkey-contract to
execute the erection of 2 x 185 m high Natural Draft Cooling
Towers for the Opole Power Plant in Poland in July 2014.

 Thermal Design of the Cooling Towers according to Clients
specification
 Noise Design and required Silencers according to
specification of Client.

Task of both neighborhood Cooling Towers is to cool processwater and to discharge the process-flue-gases for 2 new large
energy units 900 MW each.

FRP-Liner Production and Installation
The basic concept for the installation procedure of the FRP-liner
was the following:

MAIN DIMENSIONS AND PERFORMANCE DATA:
The two Natural Draft Cooling Towers are under construction
for the extension of the existing Opole Coal Fired Power Plant
with two new 900 MW Units 5 & 6. BEROA designs and
constructs these Cooling Towers in Partnership with ENEXIO
(formerly GEA). While ENEXIO is responsible for the thermal
and acoustic layout of the Cooling Towers, Beroa is responsible
for the design and construction of the complete Civil and Steel
Structures and all installation works.
Both similar Cooling towers will have an overall height of 185
m. The main dimensions of the ringfoundation are: Outer
Diameter 113,50 m, Width 6,00 m; Height 1,50 m. At Cooling
Tower number 5 Parts of the soil need to be exchanged, no piles
were installed. Cooling Tower 6 is founded on rock.
The shell is supported by 36 radial columns with a height of
11,22 m, each. To allow the entrance of FRP-Duct inside the
Cooling Towers in two main pieces (horizontal FRP-Duct about
50 m long, vertical FRP-part about 12,60 m long), the distance
between two of the 36 radial columns was designed with a
larger clearance.

1.
2.

3.
4.

The main dimensions of the Reinforced Concrete Shells are:
Diameter at lintel about 101,00 m, Diameter at throat is 65,0 m,
Diameter at the top is 73,20m. According to the structural
requirements, the wall-thicknesses of reinforced concrete shell
vary between 90 cm and 20 cm.

Prepare the single can elements at a workshop at the direct
vicinity of the Cooling Towers;
Preassembling of single FRP-Elements to two main
fluegas liners including the installation of turning vanes,
manhole and support-saddles, painting of exterior part of
ducts;
Movement of the two main FRP-Duct-elements inside the
Cooling Towers;
Lift the liners by mobile cranes and laminate the remaining
vertical joint in situation.

Figure 1: Moving of horizontal liner inside the Cooling Tower

Both Cooling Towers are equipped with FRP-Flue-Gas-Liners
Ø8,80m for the discharge of fluegases from the process and
FGD. As a support structure of the liner additional support
structure on top of the riser has been installed while the fixpoint
of the liner has been realized at the shell-support. CentreElevation of the Flue-Gas-Duct is 38,20 m.

Choosing this method for
the installation about 10
weeks have been gained on
the critical path taking into
consideration all remaining
interior works and the
associated space needed.

Besides the specified performance to cool the water of the
process, silencers need to be designed and installed to fulfill the
specified noise-requirements.
BASIC INPUT AND ASSUMPTIONS FOR
STRUCTURAL DESIGN





Figure 2: Lifting of liner
Ø8,80 m, 108 t, 50 m

Standards for design criteria to be taken into consideration:
Eurocode 1 an 2 with Polish National Amendments;
VGB 2005-R610e;
Contract specifies to execute a Wind Tunnel Study
considering the pre-dimensioned Geometry of Cooling
Towers. The study has been executed by Engineering
Company Niemann & Partner; According to soilinvestigation report the ground-water-level is above the basin
elevation. Therefore the design of the basin-slab was made to
withstand also forces of potential buoyancy caused by
measured ground water level.

The external painting of
Cooling Tower 5 started in
June 2016 and was
performed during the warm
summer period.

Focus here was to design and align the requested GraphicDesign to the final geometry and curve of the Cooling Tower
Shells. This needs to have smart engineering and surveyors
input.
QUALITY ASSURANCE
All construction works, material tests and inspections have been
accompanied by representatives of our client continuously. This
allows permanent approvals and checks of milestones without
major concerns or issues.
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Experimental Assessment of the efficacy of
Tuned Mass Damper Systemsfor chimneys
Christian MEINHARDT and Peter NAWROTZKI
GERB Vibration Control Systems, Berlin, Germany
Keywords: Ambient Vibration Tests, System Identification Techniques
ABSTRACT: The application of Tuned Mass Dampers
(TMDs) is a probate measure to reduce the dynamic response of
a chimney due to vortex shedding excitation by increasing the
structural damping of the system. To optimize the required
additional mass that has to be attached to the chimney a precise
adjustment of the TMD parameters is essential – which is not
often the case for practically applied systems due to their design
and components.

(output only tests), a determination, analyzing the decaying
behaviour solely in the relevant natural frequency is not
possible. Additionally the input forces are unknown, which
also excludes analyzing methods such as cross-correlation or
cross-spectral methods. One possible method is to use an
autocorrelation of the recorded time domain signal (see Fig.
2a) but can only be used for isolated vibration modes and is
strongly dependent on the intensity of the input. Since the
structural damping is nonlinear, the achieved results display a
certain variation.

Since pluck tests to analyse the free vibrations of the structure to
determine the structural damping often require a very big effort,
ambient vibration tests are considered to obtain this crucial
performance criterion of a TMD system. Also obtaining the
TMD parameters by deflecting and releasing the TMD mass
when it is installed will lead to accurate results, since the
interaction between structure and TMD has to be considered.

Another possible method is the Half Power Band Width
method (see Fig. 2b). This method is only applicable if the
structure is excited in only a dominant natural vibration mode
and the resulting frequency spectrum is expressed. This is the
case for tall and slender structures. An even simpler method is
the comparison of the resulting frequency spectrums for a
similar ambient vibration due to wind excitation whereas the
wind speed acts as a reference value.

This contribution describes and evaluates several methods to
experimentally verify the effectiveness of implemented TMD
systems and to determine the TMD parameters. Therefore
especially the practical application of Output-Only System
Identification Techniques such as Stochastic Subspace
Identification (SSI) for the analysis in the frequency domain or
the Random Decrement Method (RDM) for an analysis in the
time domain will be described with actual in situ examples using
data acquired at several chimney structures – amongst them steel
and concrete structures with heights varying from 60 -180 m.

a)

The paper is further describing the several measuring campaigns
that included ambient vibration tests and presents the acquired
data.
INTRODUCTIONI

b)

Although the effect of a Tuned Mass Damper is well known in
theory, the experimental assessment of the efficacy of such
systems – in particular the achieved additional structural
damping- bears certain difficulties, since the effort of so called
“pluck tests” is very high. For these tests the chimney has to
get deflected by tensioning a steel rope that is attached to a
fixed point at the ground. By analyzing the vibration decay
after a sudden release of the rope pre-stress, the change of the
chimney’s modal parameters, in particular of the structural
damping can be determined (see Fig. 1).

Figure 2: a) Autocorrelation of a time domain signal b) Principle Half Power Band Width Method Time Histories
Random Decrement Method
A method that is also applicable for structures which not only
display vibrations in one dominant natural frequency is the
Random Decrement Method (Fig. 3). Based on the theory that
the random excitation consists of a deterministic component
which corresponds to free vibration terms and a random
component which corresponds to forced vibrations can be
eliminated by averaging a large number of blocks extracted
from the time domain signal with a length t.

Figure 1: Results of a Pluck Tests at a steel chimney –
vibration decay a) without TMD b) with TMD
SYSTEM IDENTIFICATION TECHNIQUES
The In-Situ Verification of the TMD efficacy can result from
several methods. For ambient vibration tests or so called
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Deconstruction of a 99 m High Exhaust Air RC Stack of Reinforced Concrete
in the Lubmin Nuclear Plant
Simon DICKEHAGE1 and Jörg KUSE2
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Keywords: Deconstruction, RC stack, Nuclear Plant translucent covering
LUBMIN NUCLEAR PLANT

DECOMMISSIONING

The Lubmin Nuclear Plant was planned to be the biggest
nuclear plant in eastern Germany. There were 8 blocks
planned. 6 of them were already built, 5 were operated when in
1989 the project was cancelled and the deconstruction was
decided.

During operation and dismantling, radiologically monitored
exhaust air from the control sections of blocks 1 and 2 as well
as special building 1 has been emitted into the atmosphere via
the exhaust air stack North I. After decommissioning of the
ventilation system in 2010, the stack was closed with a
reinforced concrete cover over the stack head, to seal the
control section.

STRUCTURE

DECONSTRUCTION

The structure involved is the exhaust air stack I. This 99.00 m
high stack was erected together with three other exhaust air
stacks in connection with the building of the reactor blocks
North I to North VI in the period from 1969 to 1985. Exhaust
air stack I is made up of a reinforced concrete pipe built in
climbing formwork.

A respective clearance has
to be issued in accordance
with
the
Radiation
Protection
Ordinance
(SchtrlSchV
§29)
in
preparation for the planned
conventional demolition of
stack North I. Inside
cleaning and a clearance
measurement
will
be
carried out on the standing
structure prior to respective
clearance.

The foundation of the stack is made up of a circular slab with a
diameter of 12.0 m and thickness of 2.0 m.
On the west side of the stack shaft is a vertical ladder which
reaches up to the outlet. A platform for inspection is located at
a height of 90.0 m.
A second ladder was originally located on the east side of the
stack in accordance with the typified design, consisting of
ladders and bars. This vertical ladder has been removed.

To avoid heavy scaffolding
inside the stack, ZETCON
Figure 2:
Ingenieure GmbH designed
Lifting the cover
a service lift and constructed it in cooperation
with GESO GmbH before placing it on top of the stack head.
The service lift has two work cages. Struts between the two
cages can be expanded inside the stack creating a platform
which is stable in terms of dimension and position, and from
which cleaning work and the clearance measurement can be
carried out. The cages can be rotated and moved throughout
the height of the stack. This ensures that all sections of the
stack van be processed by the workers.
The construction of the new translucent covering with vents
and check valves ensures there is directed air flow towards the
control section during work in the stack
to observe radiation
protection requirements, and there is
no return flow into
the environment.

Figure 1:

The work to install
the new service lift
was executed on 17.
April 2015 with the
aid of two mobile
cranes. A 500 ton
crane lifted the
loads and a 300 ton
crane lifted a work
basket to the stack
head.

Figure 1: Chimney North I
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Figure 3:
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Conventional Demolition Design of Cooling Towers
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Bergische Universität, Wuppertal, Germany, 3RWE Power AG, Cologne, Germany

Keywords: Demolition, Cooling Tower, Chimney, Nuclear Power Plan
ABSTRACT: Restrictions in an operating plant such as
location, vicinity to sensitive power plant components, major
public transportation lines, overhead transmission lines or
extensive contamination with hazardous materials dominate
current demolition challenges going along with the energy
revolution in Germany (Rost & Harling 2014). Selective
demolition tasks require techniques with low impact on plant
operation, which in case of cooling tower demolition stand in
conflict with established demolition practice like blasting.

the cooling water pipes and channels. The water distribution
system has already been dismantled in the past.
DEMOLITION CONCEPT
Basic principles
In contrast to the dismantling on the greenfield, a selective
demolition in the inventory is characterized by numerous
constraints, so-called restrictions. As part of the
decommissioning plan the significant boundary conditions of
the dismantling process have to be worked out (Rost &
Barnsteiner 2012).

Using the example of the reinforced concrete natural draft
cooling tower of the nuclear power plant Mülheim-Kärlich the
feasibility of mechanical demolition from top to bottom has
been studied.

Restrictions
In the present case, the relevant constraints are as follows

INTRODUCTION

Figure 1: The nuclear power
plant of Mülheim-Kärlich

1. Operation - Critical nuclear infrastructure in the immediate
vicinity

The nuclear power plant of
Mülheim-Kärlich near the
city of Koblenz was built in
the 1980s and has been in
power operation only for a
few months due to technical
approval issues. The system
is currently being dismantled. Within this context, the power plant cooling
tower of 162m height should
be demolished in 2017.

2. Structure - Thin-walled shell structure with stiffening
support member at the upper edge
3. Environment- Sensitive power lines for the ICE railroad
line
Demolition concept
Based on the restrictions, a 4-step dismantling concept was
developed after Mende (2010) (Fig. 2)
Stage 1: Dismantling the circumferential upper edge member
by a mini demolition excavator, which runs in the trough
section.

Due to the proximity to a major rail line and the immediate
vicinity of the nuclear installation, the client instructed the
development of an alternative demolition process of the
cooling tower in contrast to the classic demolition by blasting.
The main goal is minimizing the risks from dust formation,
scattered flight, and vibration and lowering the collapse
potential due to faulty execution.

Stage 2: Dismantling the cooling
tower up to 80 m height by means of
several special demolition excavators, which demolish the shell while
spirally circulating around it.

The result of this study is the proof of feasibility of the cooling
tower dismantling from the top to bottom with demolition
tools moving on the upper shell edge.

Stage 3: Dismantling of the cooling
tower shell up to 30 m using crushers
hanging on a mobile crane.

STRUCTURE

Stage 4: Dismantling the cooling
tower up on 0 m height by means of
longfront excavators.

Layout
The cooling tower (Fig. 1) was built around 1980 with a total
height of 162m and is made up of the following components of
reinforced concrete
 36 V-shaped arranged columns, diameter 85cm
 A membrane formed as a hyperbolic paraboloid
 a diameter at the bottom of 111m, at the waist of 66m,
and at the top of 67m
 a varying wall thickness at the bottom of up to 112cm,
at the waist of 16cm, and at the top from 16cm to 20cm
 The upper edge member formed as a trough cross-section
Additional components belonging to the cooling tower are the
cup, the posts and beams for the water distribution system and

Figure 2: Demolition concept
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ABSTRACT: Shortly describing the distinct functional design
features of the Heller dry cooling system, the paper points out
the resulting key differences in the basic geometrical
requirements between natural draught dry cooling towers and
the more commonly known natural draught wet cooling
towers, also mentioning the consequences for the design
procedure. Then, the paper shortly discusses the evolution of
the state of the art both in size and design solutions, describing
several early references such as the cooling towers in Rugeley,
UK, Ibbenbüren, Germany, Matra, Hungary, and Trakya,
Turkey. The design for the recent concrete cooling tower
serving all three units of the Tufanbeyli 3x150 MWe CFB
Power Plant in Turkey will be introduced more in detail to
show best practices, current challenges and developing trends
in dry cooling tower technology for fossil power plants.

the direct contact jet condenser (i.e. as with the Heller system)
results in minimal overall size for a dry cooling tower due to
its considerably smaller TTD (terminal temperature difference)
than that of a surface condenser – a gain in overall system
cooling capability that can be exploited by reducing the tower
size for identical duty.
Evolution of natural draught dry cooling tower design
– a short history
The prototypes and first commercial applications for natural
draught dry cooling towers were relatively small in duty and
size, so their appearance was nothing out of the ordinary - the
throat diameter was small and the shell supporting mechanism
traditional (radial walls in case of Dunaújváros with 10 m air
inlet height and “A” columns in case of Mátra Units I. and II.
with 15 m height) as shown in Fig. 1.

Overview of Natural Draught Cooling Towers
for dry Cooling Systems
Even with a total estimated power generating capacity of
approx. 80 000 MWe served by different variants of indirect
dry cooling systems, the task of designing a natural draught
concrete cooling tower structure for a dry power plant cooling
application may still be considered a rarity even today.
Consequently, the distinct design features that are inherent to
such applications might not be widely known even among
professionals of the trade – in the first section of our paper, we
intend to elaborate on these features that have their origins in
basic thermodynamic principles.
While the more commonly known and widespread wet cooling
technology is based on heat transfer via evaporation using wet
fills in the cooling tower, indirect dry cooling applications rely
on convective heat transfer between circulating cooling water
and ambient air via water-to-air heat exchangers.

a) Pilot plant, 1954

b) Dunaújváros steel mill, 1962

While both the wet fills and the dry cooling heat exchangers
have been developed and optimized over decades by various
suppliers of the respective technologies, the consequences of
the difference in basic thermodynamic principle manifest
themselves in some typical features that continue to influence
the geometry of the respective cooling tower types.
Among the various thermal design parameters, it is the overall
air flow through the cooling tower that has the most significant
impact on cooling tower geometry. Due to the different heat
transfer principle, optimized dry cooling systems usually
utilize 3-4 times larger air flow than wet cooling towers
designed for the same plant rating (Takács, 2004). As a result,
dry cooling towers tend to have significantly larger base and
throat diameters (to limit air side pressure losses) and
corresponding air inlet heights (even double or more)
compared to wet cooling towers. These basic features
influence structural design of the towers significantly, as larger
throat diameter means smaller shell curvature (negatively
effecting structural stability of the shell), and increased air
inlet height requires more robust shell support mechanism than
customary for wet towers (to limit sway and prevent buckling).

c) Mátra Unit I, 1969
Figure 1: Pilot plant for the Heller system and early
Hungarian references

While the above is valid for all kinds of indirect dry cooling
towers in general, it is worth mentioning that the application of
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ABSTRACT: Many industrial plants are equipped with
mechanical draft cooling towers equipped with fixed speed
electrical fans as the driver. This paper describes a desktop
study exploring the possible power and water savings afforded
to operators and owners of cooling towers by making of using
variable speed drives as a means of regulating temperature.

COOLING TOWER
The cooling tower considered is a conventional package type
cooling tower of the induced draught, counter flow design
equipped with a single axial flow fan directly fitted to the
output shaft of an electrical motor. The cooling tower is
equipped with a 12mm film pack fill.

In order to quantify the effect on humidity on the benefit of
variable frequency drive, this paper considers two separate
locations, one being at inland and at altitude (Johannesburg,
South Africa) and the second situated on the coast of South
Africa (Durban).

METHODOLOGY
Industrial Water Cooling’s proprietary in-house software was
used to calculate the thermal performance of the cooling tower
at each of the above points.
The months highlighted above are used as the design case in
each event and cooling tower performance i.e. the re-cooled
water temperature in each case is calculated on the basis of
maximum fan power. Thereafter, for each month the re-cooled
water temperature calculated in the first step is maintained for
the remainder of the months i.e. constant re-cooled water
temperature. This is achieved by adjusting the airflow through
the unit and the coincident fan shaft power is calculated using
a simple fan model and a constant fan efficiency is assumed.

BACKGROUND
In industrialized nations having a robust manufacturing industry
mechanical draught cooling towers abound. These range in size
from small package cooling towers used in light manufacturing
to large field erected towers widely used in larger
manufacturing plants e.g. steel mill, refineries etc. In short any
manufacturing or processing facility that requires heat to
convert raw materials into a product is likely to require some
form of cooling and cooling towers are commonly used for this.

RESULTS

Smaller cooling package cooling towers are prolific in light
industry, HVAC and refrigeration applications. In South
Africa, a small economy by global standards, it is estimated
that more than 50 000 package cooling towers (Including
closed circuit fluid coolers) are in operation. Each of these is
equipped with an electrically driven fan of some description.
These 50 000 package cooling towers potentially represent an
installed electrical power base, for fan motive power only,
exceeding 350 MW.

Design Condition Summary
Power Consumption
Parameter
Flow Rate
Water Inlet Temperature
Re-Cooled Water Temperature
Design Wet Bulb
Heat Rejection Rate
Fan Shaft Power (100%)
Evaporation (Recirculation)

The Dublin Statement, issued from the International
Conference of Water and the Environment includes in it the
principle that “Water has an economic value in all its
competing uses and should be recognized as an economic
good” (ICWE, 1992, Guiding Principle No. 4) while the UN’s
Agenda 21 resonates that “integrated water resources
management is based on the perception of water as an integral
part of the ecosystem, a natural resource and a social and
economic good, whose quantity and quality determine the
nature of its utilization”.

The total absorbed power for the unit operating at a fixed
speed for one year is as follows:
Where:
Pt
Ps
T
U

United Kingdom

14.16

United States of America

9.43

France

8.97

South Africa

8.46

Netherlands

8.23

Sweden

5.34

=
=
=
=

Power absorbed in kWh (Kilowatt hours)
Fan shaft power in kW
Time in hours
Utilization factor (%)

The total absorbed power for 1 year at a 95% utilization is
therefore:
Pt
=
7.5 kW x (365 x 24) x 95%
Pt
=
62 415 kWh

US$ Cents/kWh
15.7

Johannesburg
120
28
22.6
18
750
7.5
0.799

Table 2: Design condition

Table 1 shows electricity prices in some leading economies
worldwide in 2015.

Germany

Unit
m³/h
⁰C
⁰C
⁰C
kW
kW
%

Table 1: Table of international electricity prices – 2015

Figure 1: Constant re-cooled water temperature (Johannesbg.)
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ABSTRACT: Heller cooling tower and Air Cooled Condenser
(ACC) has different performance under ambient condition
changes (wind speed, wind direction and air temperature). First
the accurate model for the dry cooling systems performance
under windy condition will be selected based on the previous
research. Consequently, the effect of simultaneously variation
of the ambient temperature and wind speed on Heller and ACC
cooling system will be modeled. The parameter which will be
employed as comparison parameters will be power plant
electricity generation (condenser pressure), electricity
consumption in cooling system and water usage as deluge
water in Heller cooling system. The best choice will be
selected on the basis of the parameters. The procedure will be
done for a case study.

Figure 1: Schematic of Heller cooling system
Guarantee Tests carried out on the dry cooling towers, Palfalvi
concluded that cooling towers of similar design behave
similarly in cross-wind. Fig. 2 shows Palfalvi’s study result.

INTRODUCTION
The electric power sector is under increasing pressure to
reduce water consumption. Consequently dry cooling systems
which use air as the cooling medium and no need to water,
recently used widely. Since, air is used in dry cooling systems,
their performance decreased during periods of high ambient
temperatures and strong winds.

In order to determine the wind effect on the cooling tower
operation, full-scale measurements on a natural draught Heller
type power plant dry cooling tower were performed. For
determining the wind effect curve, the restrictions for the
validity of measured data recommended in VDI 2049 were not
applied and a new method was developed for evaluation.

Performance of these two types dry cooling system have been
studied in three different ways; model test, full scale (in site)
test and numerical performance of dry cooling system under
windy condition. The previous study of wind impacts on these
two types cooling system will be reviewed in the below.
HELLER COOLING SYSTEM PERFORMANCE
As it’s shown in Fig. 1, the cooling system is an indirect dry
cooling system, which exhaust turbine saturated steam
condenses indirectly with ambient air in a direct contact jet
condenser. It’s a closed cooling system and consisting of
direct contact jet condenser, circulating cooling water pumps,
recovery hydro-turbine and a natural draft cooling tower.
Cooling water will be cooled in the cooling tower with
ambient air which is passing through the tower. The A-frame
air cooled heat exchangers (cooling deltas) which is used to
cool the cooling water in the tower is located vertically around
the bottom circumference of the cooling tower on the ground.
The Heller cooling system can be optionally equipped with
specially configured, additional cooler surface suitable for dual
-propose operation: wintertime preheating of cooling deltas by
hot air-blast during cold start-up and summertime cooling
capacity enhancement with a moderate amount of deluge water
evaporation on the finned surface of cooler bundles. This
enhancement generally results in a condenser temperature drop
of about 2.5-3°C, adding about 1% to the plant net generation
efficiency. These coolers called pre-heater/peak coolers.

Figure 2: Wind impacts on Heller cooling tower ITD
(Palfalvi 1989)

Full scale site measurements
Palfalvi presented result of measurements on two Heller type
dry cooling towers in China Datong V and VI and compared
their performance with Marta power station cooling tower in
Hungry. Heat rejection and size of main component of these
three Heller cooling towers are same. Based on Performance

Figure 3: Wind effect curve obtained from measurement in
Bursa CCPP (Kapás 2005)
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ABSTRACT: This paper presents a numerical investigation of
inlet air pre-cooling using water spray to enhance the
performance in Natural Draft Dry Cooling Tower (NDDCT).
A 3D numerical model of NDDCT was developed and the coflow, downward and upward injection of a single spray nozzle
at different tower heights were analyzed. The cooling effect
was characterized by the temperature drop, evaporated water
flowrate and spray cover area and these parameters of various
injection cases were compared and analyzed. The simulation
shows that the optimal injection is the upward injection where
nozzle is located at center of the geometry with a height of 2m.

NUMERIC APPROACH
Our study is based on the real tower built in Gatton campus at
the University of Queensland. The small experimental tower
has a diameter of 12.525m and a total height of 20m. The
heat exchanger is horizontally placed at the height of 5m. In
order to simplify the calculation, the hyperbolic cooling tower
is modelled as a standard cylinder. Considering the
symmetric property of the tower and the computional cost, a
30 degree wedge is selected to represent the cooling tower
structure in this study. But the full domain is extended 3m to
capture some droplets that would unexpectedly drift out of
the tower inlet area. The test nozzle used for water spray was
located at the center of the wedge with various heights from
the floor for simulation.

INTRODUCTION
Thermal power plants require the rejection of excessive heat
as waste heat. Dry and wet cooling towers are generally used
as a heat rejection system to dissipate excessive heat from
power plants to the environment. Natural draft dry cooling
tower (NDDCT) works on the principle of sensible heat
transfer where air flow acts as heat transfer medium but wet
cooling tower works on the principle of evaporative cooling
(latent heat transfer) where water is the heat transfer medium.
For dry cooling tower, the density difference of the air inside
and outside of the cooling tower forms the “buoyancy effect”
and this natural draft effect is exploited to dumping the heat
from hot working fluid. Although dry cooling technology is
particularly useful in arid areas due to its merits of low water
consumption and little maintenance cost, it suffers from low
efficiency in summer days when hot ambient air is
predominant (Conradie & Kröger, 1996). Therefore, power
plants utilizing this technology experience a significant
reduction in power generation during high ambient
temperature periods. For instance, Maulbetsch reported a
20% net power reduction in summer due to the deteriorated
performance of the NDDCT (J S Maulbetsch & DiFilippo,
2003). Many efforts were made to improve the performance
of dry cooling systems over the past decades (Ashwood &
Bharathan, 2011; Boulay, Cerha, & Massoudi, 2005; John S
Maulbetsch, 2002). Among them, spray cooling has become a
popular method with the virtue of simplicity, low capital cost,
and ease of operation and maintenance (Chaker, 2007).
Furthermore, the pressure drop due to spray existence is
insignificant and can be neglected (Molis & Levine 1999). In
this method, the inlet air is cooled by evaporation. Spray
nozzles are used to distribute water into the inlet air and to
provide a large water-air contact surface by producing small
droplets through atomization as can be seen in Fig. 1.

The continuous phase (air) was assigned as an ideal air
mixture containing water vapor, oxygen and nitrogen, with
different compositions depending on the mixture humidity
and assuming that the dry air part composed of 77% of
nitrogen and 23% of oxygen by mass. Air properties were
calculated based on the psychometric standard. The inlet
turbulence intensity was assumed as 1% for all cases. The
operating pressure in all boundaries was assigned equal to the
atmospheric pressure, 101.325 kPa. A pressure outlet
boundary condition was used for tower exit. The exit flow
pressure was atmospheric pressure. All the computational
domain side walls were prescribed as adiabatic walls with noslip velocity boundary condition. The enhanced wall function
was used in the near wall regions.

Although spray cooling provides a good way to improve the
performance of NDDCT, several critical issues have to be
explored before carrying out into practice. A necessary step
to reach this aim is to clarify the relation between nozzle
arrangement and its corresponding cooling effect. There is no
doubt that there should exist an optimal choice for nozzle
placement, hence in this article we focus our attention on
finding out the optimal position for single nozzle injection.

Figure 1: The schematic diagram of inlet air pre-cooling for
NDDCT
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ABSTRACT: The pre-cooling performance comparison for
water spray system designed by two different natural draft dry
cooling tower (NDDCT) numerical models was conducted.
The CFD model of the water spray system has the same
geometric dimensions as the NDDCT. The inlet air velocity for
the water spray system is obtained from the NDDCT
simulation results. The simulation results show that there is a
deviation in inlet air velocity calculated by these two NDDCT
models, which leading to the cooling effect difference in the
designed water spray system.

This paper is aimed at comparing the pre-cooling performance
of the water spray system designed by these two different
NDDCT numerical models. The NDDCT at the University of
Queensland (UQ) is taken as the example.
NUMERICAL MODEL: NDDCT
Governing equations
Under steady conditions, the physical flow problem in
NDDCTs can be expressed as a series of steady, threedimensional Navier–Stokes equations:

INTRODUCTION

(1)

For solar thermal power plants, mostly located in arid area,
deployment of natural draft dry cooling towers (NDDCT) has
become a necessity owing to water consumption. However, the
solar power plant employed with dry cooling system has
difficulty in maintaining desired plant output during the hottest
periods of the year. One approach to address this problem is to
cool inlet air with a fine mist of water at this critical time. This
paper is inspired by the water spray system design for
NDDCTs.

Computational geometry, Boundary conditions and
operating parameters
Under steady condition without crosswind, the aerodynamic
field around and in the NDDCT would be symmetrical. So
only a portion of the NDDCT with 15o central angle in the fanshaped computational domain is studied. This CFD tower
model has the exactly same geometric dimensions as the UQ
NDDCT: 20m in height, 6.2625m in radius and 5m in tower
inlet height, as shown in Fig. 1. Since the nozzle is arranged in
3m extension length, the tower model also includes the
corresponding cover for the water spray system.

Recently, some numerical studies have investigated the water
spray system design in NDDCTs (Alkhedhair et al., 2013,Xia
et al., 2016). However, the operating parameters for spray
cooling used in Alkhedhair and Xia’s studies are independent
variable. In addition, the computational geometry in these
studies is wind tunnel, which also could still different from
those in NDDCTs. For the water spray system in NDDCTs, the
inlet air velocity, depending on ambient air temperature and
tower heat load, is not an not represent the NDDCT. In present
work, the inlet air velocity for the water spray system in CFD
simulation is obtained from the NDDCT simulation results.
Thus, the operating parameters could represent the actual
situation in the NDDCT. The CFD model of the water spray
system also has the exactly same geometric dimensions as the
NDDCT.

The boundary conditions are shown in Fig. 1. The radiator
model in the Fluent is used to calculate the performance of the
air cooled heat exchanger of the cooling tower. The heat
transfer process and the pressure drop in the heat exchanger
can be presented by the following equations:
(2)
(3)

There are mainly two different NDDCT numerical models.
One is to keep tower inlet water temperature constant during
simulation (Ma et al., 2015). Since tower heat load could be
easily monitored for evaluating the performance of NDDCTs,
this method has been widely used to study the performance of
the tower independently in previous studies. Another method
is to consider the indirect dry cooling system as a closed-loop
system (Ma et al., 2015), which consists of a condenser, a
NDDCT, pumps and water pipelines. During the operation of a
power unit, the heat rejection transferred from the condenser to
the tower in indirect dry cooling system almost keeps
unchanged. Some previous studies also show that the heat load
of the cooling tower is almost constant during the operation of
indirect dry cooling system. And then the cooling performance
of the NDDCT can be studied under constant heat load, which
helps to know the operating state of the NDDCT in indirect
dry cooling system.

Figure 1: Computational geometry and
boundary condition for NDDCT
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ABSTRACT: This contribution considers the application of
non-linear analysis and design checks with reference to DIN
EN 1992-1-1/NA for safety assessment of imperfect slender
shell structures – especially natural draft cooling towers. All
structures are built with imperfections, naturally. If
imperfections exceed certain tolerances, additional design
considerations have to be done to check structural safety and
serviceability. For these design checks, non-linear methods
have to be applied in most cases with realistic modelling of
imperfections and material behavior. In this contribution, the
mechanical background for consideration of imperfections is
briefly summarized. Within a design study of an existing
cooling tower which has been built with installation of a poor
surveying concept the presented strategy is applied to this
special imperfect tower. The influences of imperfections on
the structural safety, stability and serviceability are studied
using non-linear design verification concepts of Eurocodes,
especially DIN EN 1992-1-1/NA. Further, the ECOV concept
is applied to obtain a second assessment of safety in contrast to
the concept according to DIN EN 1992-1-1/NA.

initial state (geometric description of the perfect structure)
which are imperfect state (description of imperfections),
current state and incremental state.
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uuuu

(1)

Figure 1: Shell stress resultants

INTRODUCTION

From this split up of deformations, the mechanical variables
(stresses and strains) are split up.

General shell structures require a high knowledge level
concerning structural analysis and design. A special type of
common shell structures are shells of revolution which can be
commonly found in engineering structures (power plant
structures, industrial structures). Shells of revolution are
described mathematically by a rotation of a curve around a
given axis so that the shell middle surface is described by the
surface generated from a rotating curve. Concerning surface
description and solution properties, geometries with positive
curvature (e.g. spheres, ellipsoids), with zero curvature
(cylinder, cone) and negative curvature (hyperboloid) are
distinguished.
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At least the same requirements as for analysis and design of
shell structures have to be demanded for survey and
construction on site. In general, admissible construction
tolerances (deviations between scheduled geometry and asbuilt geometry) are defined in design codes. In case these
tolerances are met, no further design checks are required in
general. However, in case these tolerances are not met, an
imperfect structure has to be assumed and additional design
checks have to be carried out concerning structural safety,
stability and serviceability.

(2)
(3)
(4)
(5)

This split up leads to geometric stiffness contributions
(quadratic parts in strains ++) and imperfection contributions
(mixed parts i+) which can be identified as deviation forces
due to imperfect / deformed geometry.

This contribution provides hints and methods, how imperfect
shell structures can be realistically checked by application of
geometrical and material non-linear algorithms. After
discussion of mechanical background, an application study of
a cooling tower is presented which has been erected with
huge imperfections due to poor survey.
NUMERICAL TREATMENT OF IMPERFECTIONS
Figure 2: Beam forces due to imperfections as geometric
stiffness contributions

Within the scope of an incremental formulation, the state of
deformation is split up into different parts starting from the
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Efi (gG,fi G + Ad,ΔT + gQ,fi yfi W)  Rfi (fc,fi /gc,fi; fs,fi /gs,fi;)

ABSTRACT: In the event of fire, the exposed structure is
subjected to different effects. The indirect induced deformation
results in stresses arose from the transient temperature changes
on the boundaries. There would also be a considerable change
in the material properties and stiffness of the structure. For
buildings and tunnels, there have been many efforts to enhance
the design of structure by taking into account various passive
measurements. This has led to different structural fire design
methods proposed by EN 1992-1-2. On the other hand, there is
no such an attempt to consider fire as an incident in the design
of cooling towers. This paper presents a simplified method to
design cooling towers for fire situation as a first attempt in this
area. The reduced strength and stiffness properties of cross
sections are evaluated by using a nonlinear thermal analysis
using SOFiSTiK FE software package and an equivalent
temperature gradient of 50 K has been adopted as fire action
from (BASt 2015) for the global linear analysis.

(1)

G,fi = 1.0, gQ,fi = 1.0, yfi = y1,1 (= 0.50 for wind),
gc,fi = 1.0, gs,fi = 1.0

The relevant load combination for cooling towers is
Efi (G + Ad,ΔT + 0.50 W)

(2)

Bending moment m11 (kNm/m) at height z = 50 m above
ground load combination G + 0.50 W + Ad,ΔT

There has not been any attempt to use any advanced analyses
for fire design of cooling tower shell in the past years. The use
of close-to-the-reality model demands a long-term research as
well as high amount of budget. The authors have therefore
decided to use a simplified procedure to analyze the cooling
tower shell for the fire design situation as a first attempt in this
area. This includes the reduction of material properties and
stiffness of cross section according to the nonlinear thermal
analysis and considering an equivalent temperature gradient as
fire action. In this model, the inner shell is exposed to a
temperature rise according to normative ZTV-ING Fire Exposure
Curve
which is used
for road tunnel
structures
in
Germany.

Figure 2: Bending moment about meridional axis m11
for load combination G + 0.50 W + Ad,ΔT
It can be concluded that, the simplified verification by
assuming linear stress variation for the worst stress
condition along the circumferential direction by using a
temperature gradient of ΔT = 50 K and an equivalent cross
section is probably too conservative for shells. The abrupt
local compressive failure of concrete is anticipated which is
for the older cooling towers with lower reinforcement ratios
more critical. In order to modify the simplified method and
to have a better estimation of behavior of cross section in
the event of fire, an advanced calculation method (Level 3
Method due to EN 1992-1-2) using FE by assuming
nonlinear material properties and transient flow acting on
the boundaries is required.

To be able to
analyze
the
cross section
the
strength
reduction factors for both
concrete and
reinforcement
(close to the
Figure 1: Concrete strength reduction
exposed side)
factors for a 20-cm thick Element
are evaluated
in this paper.
An equivalent concrete cross section with reduced stiffness
and strength of both materials have been replaced. A simplified method is used to analyze a cross section for an exemplary
cooling tower shell at a height of 50 meters under the worst
combination of action for the fire design situation. For fire
case as an accidental design situation all the partial safety
factors can be assumed to be equal to 1.00, on both sides, for
the actions G,fi and Q,fi and the materials concrete c,fi and
steel s,fi . Further, the combination factors  for live loads
can be reduced. According to EN 1991-1-2 the following load
combination need to be investigated:

REFERENCES
BASt 2015. “Zusätzliche Technische Vertragsbedingungen
und Richtlinien für Ingenieurbauten (ZTV-ING) Teil 5
"Tunnelbau" und Teil 3 "Massivbau", Abschnitt 1
"Beton".” BASt - Bundesanstalt für Straßenwesen. Edition
2015.
EN 1992-1-2. 2004 . Eurocode 2: Design of Concrete
Structures - Part 1-2: General Rules - Structural Fire
Design. Edition 2004.

97

CICIND REPORT

Vol. 33, No. 1

Foundation of a Cooling Tower in Difficult Geotechnical Conditions
Witold BOGUSZ1, Michał KOCINIAK2 and Tomasz GODLEWSKI1
1 Building Research Institute, Warsaw, Poland
2 BEROA Deutschland GmbH, Ratingen, Germany
Keywords: cooling tower, finite element method, modulus of subgrade reaction, settlement
ABSTRACT: The paper presents an analysis performed as a
part of geotechnical design for a cooling tower of a coal
powered power plant. It has been located in an area
characterized by difficult and highly variable geotechnical
conditions. To properly analyse the soil-structure interaction,
with consideration given to the type of the structure and the
construction process, three-dimensional analysis using final
element method was implemented. Initially, it allowed to
predict the settlement of the structure to analyse the
serviceability limit state of the foundation. Then, based on the
obtained results, a detailed distribution of moduli of subgrade
reaction for structural analysis has been proposed.
Measurements of vertical displacements of the foundation
conducted during the construction validated the assumptions
of the design and the implemented method.

Directly below the foundation level of the considered cooling
tower, two types of subsoil were distinguished along its
circumference: a soft rock with relatively high stiffness, as
well as tertiary deposits. In this particular case, the
occurrence of a structural ULS may be a result of a
geotechnical serviceability limit state (SLS), namely,
excessive differential settlement. While all other relevant
limit states were considered as well, the presented analysis
focused on the displacement prediction for the ring
foundation. Contrary to ULS, for which the verification is
frequently guided by extreme values of parameters, SLS takes
into consideration most probable, often average values,
especially, for soil strength and stiffness.
Vardanega and Bolton (2015) separated geotechnical
uncertainty into system and parameter uncertainty. The
former originate from assumed calculation model that may
not fit the real structure’s behavior, while the latter is related
to the lack of knowledge about precise values of parameters
used as input for the model. In presented analysis, parameter
uncertainty was addressed to some extent by detailed ground
investigation conducted at different stages of the investment
and by ensuring its quality. System uncertainty was reduced
by the use of advanced numerical method, namely finite
element method (FEM), and the assumption of appropriate
geometrical and structural parameters for the cooling tower,
as well as spatial distribution of subsoil strata and their
characteristics, as described in following sections of the
paper. Although the use of advanced numerical methods
should be encouraged among designers, it shall also be noted
that it may give a false sense of security if used carelessly and
without sound engineering judgement to evaluate plausibility
of the obtained results.

INTRODUCTION
Ensuring the proper reliability level and rational design of a
structure makes the thorough ground investigation and
conducting advanced numerical analysis justified. Gathering
additional data relevant to the design, as well as providing
their detailed interpretation, allows an engineer to avoid
unnecessary costs by removing uncertainties concerning
design assumptions.
The paper presents an analysis performed as a part of
geotechnical design for a cooling tower of a coal powered
power plant located near Opole in Poland. The considered
structure has been designed for a power unit no. 5, which is
one of two new power units being currently under
construction.
To ensure unlikelihood of reaching ultimate limit state
(ULS), partial safety factors are implemented in most recent
codes (Simpson 2011), including Eurocode 7 (EC7), which
requirements were followed in the design. They often have a
form of load and resistance factor design (LRFD) framework,
where partial safety factors are applied to loads (actions or
effects of the actions) and resistances (i.e. bearing capacity of
the foundation), as in design approach 2* (DA2*) adopted by
Polish National Normative Annex (NNA) to EC7 (PN-EN
1997-1: 2008/Ap2: 2010). With the use of these partial
factors, reasonably likely parameters are transformed into
ones that are very unlikely to occur for the ULS verification
purposes. Simpson (2011) stated that this approach, widely
used in structural design, allows to reach compatibility of
structural and geotechnical design. However, the soilstructure interaction, especially in the case of unusual
structures, is often more complicated. Out of all limit states
required by Eurocode 7 to be consider, the structural failure
due to foundation movement may guide the design in the case
of a cooling tower. It has a reinforced concrete shell
susceptible to excessive deformations that may be caused by
significant differences in subsoil stiffness.

STRUCTURAL DESIGN AND CONSTRUCTION
The new cooling towers have 185,0 m of height. The main
structural elements of the shell, with exception of cooling
tower’s internal elements, are: ring foundation with external
diameter of 113,5 m, 6,0 m width, and 1,5 m of height; 36
meridional columns supporting the shell; and the shell itself,
176,1 m of height, with thickness varying from 0,90 m at the
lower edge to minimum of 0,20 m in the upper part.

Figure 1: Cooling tower construction
a) precast meridional columns; b) climbing formwork
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Design of Two Neighbouring Cooling Towers in Respect of Soil Conditions
and Subsoil Interaction
Michal KOCINIAK1 and Piotr WORONOWICZ2
1

BEROA Deutschland GmbH, Ratingen, Germany
2
ERPRO Sp. z o.o., Rybnik, Poland

Keywords: cooling tower, foundation, soil interaction, soil stiffness, settlements.
ABSTRACT: BEROA has been awarded in July 2014 the
turn-key contract for the erection of two large 185 m high
natural draft cooling towers including the complete structural
design. One of the most important aspects of the design of
both cooling towers was the subsoil interaction and its
influence on the design. Both towers are located next to each
other but the soil conditions are considerably different. This
paper presents the comparison and analysis of the considered
foundation methods and the description of the final design
with presentation of the results and as-built measurements.

field test results for specific strata. Fig. 1 presents the 3D
structure soil interaction model of the single tower. The
performed analysis allowed obtaining the distribution of the
soil deformation. The investigation of the soil behaviour was
performed for two load cases: self-weight of the structure and
self-weight + wind load. Fig. 2 presents maximal vertical
displacements for both cooling towers received from the soilstructure interaction analysis for self-weight and wind, Fig. 3
the respective meridional forces in the shell.

The two new natural draft cooling towers are designed for the
new power blocks no 5 and 6 in the Opole Power Plant. The
cooling towers are located in the north part of the site, next to
each other (within a distance of 171 m – axis to axis). The
towers are 185 m high. The outer diameter of the foundation
is 113,5 m. The cooling tower shell has the following main
dimensions: diameter at lintel 100,5 m, diameter at throat
65,0 m, outer diameter at outlet 73,2 m. The shell is
supported on the 36 radial columns fixed in the foundation
ring. Even though both cooling towers are located in close
vicinity to each other, the soil conditions are considerably
different.
FOUNDATION CONCEPTS
The foundation concept for Cooling tower no 6 was clear from
the beginning of the engineering works because of the good
soil condition in the location of this tower. For this tower,
direct foundation was chosen. The complex soil conditions
for tower no 5 required investigation and further analysis.
Several options were investigated – piling foundation using
CFA piles with reinforcement, CMC/CSC (Controlled
Modulus Columns / Controlled Stiffness Columns) as
concrete piles without fixation in the foundation ring, soil
improvement in the form of DSM columns and gravel
columns, and finally direct foundation on the exchanged soil.
Soil improvement in the form of Deep Soil Mixing and
Gravel Piles was rejected. The DSM technology used in
layers with very poor properties did not assure enough
strength of the formed piles. Gravel piles could not be used
because of the existence of the several water levels and the
risk that gravel piles allow water to penetrate from deep
layers directly under the foundation. Due to the relatively
large horizontal forces, reinforced piles monolithically
connected to the foundation ring were problematic.

Figure 1: FEM model of structure (3D model, boreholes and
spatial distribution of layers)

Figure 2: Vertical displacements of columns
(left CT5 - right CT6)

SUBSOIL – STRUCTURE INTERACTION MODEL
For both towers, the subsoil-structure interaction has been
analyzed. Due to the complicated spatial distribution of
subsoil strata represented mainly by variations in tertiary
(marl) and cretaceous strata (sand and clays) below the
foundation of the analyzed structures, and its shape, a threedimensional analysis was performed. In order to take into
account the significant aspects of soil-structure interaction,
anon-linear Hardening Soil with small strain stiffness (HSs)
model was used for the chosen strata. The main advantage of
this model is its stress and strain-dependent stiffness. Soil
parameters were taken using correlations with laboratory and

Figure 3: Shell – Meridional forces (max. tension in ULS)
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Behaviour of R/C Cooling Tower Shell under Self Weight and
Wind Pressure Considering Foundation Settlement
Takashi HARA
National Institute of Technology, Tokuyama College, Shunan, Japan
Keywords: Cooling tower, ultimate strength, settlement, wind pressure
ABSTRACT: The stress distributions and the ultimate
strength of a reinforced concrete (R/C) cooling tower shell
under self weight and lateral wind load were investigated
under the conditions of uneven foundation settlement. The
construction site of the cooling tower is quite huge and may
have different bearing capacities. In numerical analyses, the
finite element method was adopted. R/C cooling tower shell
and columns were modelled by solid elements and steel sheet
elements representing the reinforcements. The behaviour of
two column systems was investigated and was compared under
the loading condition of both the self-weight and the wind
load. In this analysis, whole structure was adopted for the
numerical model and asymmetric deformations were
considered.

The Vertical column is placed in the same manner and has the
same cross section as the V-column. The reinforcement ratio
of R/C shell and R/C column are 0.35% and 3%, respectively.
38.60m

104.7cm
20.3cm

6.98m

30.5m

61.58m
20.3cm

38.33m

25.20m

24.0cm

120.0m

25.20m

28.7cm

25.20m
34.2cm
76.2cm 6.36m
58.12m

INTRODUCTION
Reinforced Concrete (R/C) cooling towers have been used for
the cooling system of the power generator or the chemical
plants. The height of R/C cooling tower is about 150m to 200m
and the radius of the support is 60m to 80m. The construction
site of the cooling tower is quite huge and the sufficient bearing
capacity of the construction site is required. The construction
site may have different bearing capacities on the foundation. To
design such structures, the effects of uneven settlements of
supporting system should be considered. In the previous paper
(Hara 2014, 2016), the stress distribution and the load
deformation behaviour of R/C cooling tower under dead load
were analyzed considering the uneven foundation settlement.
From the numerical analyses, the effect of the area of
foundation settlements to the strength of the cooling tower was
presented. Also, the effects of uneven foundation settlement
were analyzed under the loading conditions of both the selfweight and the wind pressure (Hara 2015). Considering the
symmetric foundation settlements, the effects of the settlements
to the cooling tower strength were discussed.

9.00m

Figure 1: R/C cooling tower
Table 1: Material properties
Concrete
Elastic Modulus
Poisson's ratio
Compressive Strength
Tensile strength

Ec

28.2GPa

n

0.175

fc’

34.4MPa

ft

3.19MPa

Steel

In modelling the cooling tower, the height of the shell was
about 160m and the radius at the lintel was about 60m. R/C
cooling tower shell was supported on the columns. 32 V
column or 32 Vertical column systems were placed under the
lintel and the effects of uneven settlements of the foundation
were analyzed under a self-weight and a lateral wind load. In
numerical analyses, the finite element method was adopted. R/
C cooling tower shell and columns were modelled by solid
elements. To model the reinforcements, the steel sheet elements
were adopted. The behaviour of two column systems was
investigated and the numerical results were compared under the
loading condition of the self weight and the wind load.

Elastic Modulus

Es

206GPa

Hardening Parameter

H’

0.05

Yield Strength

fy

414MPa

Tensile Strength

fb

621MPa

Tab. 1 shows the material properties of concrete and
reinforcement adopted in the numerical analysis. Normal
concrete and the mild steel are adopted.
Wind pressure p (N/m) applied in the analyses is represented as
follows according to the recommendation (IASS 1977).

p  q10ChC Cg

(1)

NUMERICAL MODEL
where the wind speed is v10=44.7m/sec (100mph). The wind
pressure distribution through height is Ch=(h/10)0.28.

Fig. 1 shows R/C cooling tower adopted in this analysis. The
height is 150m and the column height is 9m. The thickness of
the shell is about 20cm in the middle. However, the thickness of
top cornice and the bottom lintel are 105cm and 76cm,
respectively (Hara 2014, 2016). The column size is 76cm square
and the foundation beam is assumed to have the same size.
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The V-column is placed 32 pairs along to the bottom lintel.
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Refurbishment of a Concrete Chimney Lining Using a Temporary Bypass Stack
James GORE, Stephen HAYWARD
Zenith Structural Access Solutions Ltd, Midlothian, UK
Keywords: Bypass, Refurbishment, Support Steelwork
ABSTRACT: This paper reviews the background, repair
scheme, access methodology and the operational requirements
that necessitated the installation of a temporary bypass stack to
maintain cement production throughout the internal repairs
period of a 133m high reinforced brick lined concrete
chimney.
INTRODUCTION
In 2014 Zenith SAS Ltd was contracted to undertake internal
repair works to the main chimney at a major cement works in
the UK. Operational requirement necessitated the installation
of a temporary bypass stack to maintain cement production
throughout the internal repairs period. The design, supply and
installation of this temporary bypass stack was performed inhouse by Zenith to the client’s specification. This paper covers
the bypass stack and associated steelwork. See Fig. 1
The bypass stack aspect of the project comprised the following
key stages of site installation works:
• Make connections to existing ducts.
• Install lateral supports.
• Install main support steelwork.

Figure 2: Outage connections to ductwork

• Install bypass stack.
With the new connections and dampers installed no further
outages were required for the remainder of the project.

• Install bypass ductwork and connect to existing duct
connections.

Lateral supports

Overview – Existing stack:
Chimney year
of construction:

1969

Windshield height:

133m

Windshield external
diameter:
Windshield
thickness:

Lateral supports were required to resist wind loading in the
bypass stack and also guide the stack during installation. The
top lateral support was installed to the thickened windshield
directly below the blockwork section. The quantity and levels
of the other lateral supports were determined by the bypass
stack can length, so as to spread the
lateral load evenly between the can
flanges/stiffeners.

10.6m to 4.98m
140mm to 610mm

Main support
The support structure comprises
five levels. The top level was used
for both jacking and seating the
temporary stack and includes a
windshield
connection.
The
intermediate levels provided access
to the ductwork spigot flanges and
also incorporated a lateral support
bracket for stack installation. The
bottom two levels provide the main
windshield
connections
for
transferring the stack self-weight.
See Fig. 3

Overview – Bypass stack:
Bypass stack diameter:

3.8m

ypass stack top level:

135m

Bypass stack duct
entry levels:
Bypass stack weight:

50.8m/56.25m
66 Tonnes

Duct connections

Figure 1: Overview
of the chimney

Two
short
outages
allowed
replacement of the existing ductwork
dampers/expansions joints and also
new connections and dampers for the
bypass ductwork. The new ductwork
connection locations are hatched red.
See Fig. 2

The main windshield connections
were positioned below the internal
Figure 3:
brickwork so internal access was
possible and through bolts with Model of stack support
steelwork
backing plates could be used.
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Structural Assessment and Repair of a
Tall RC Chimney
Marek LECHMAN
Building Research Institute, Warsaw, Poland
Keywords: RC chimney, structural assessment, repair
ABSTRACT: The paper reviews investigations, results of
static calculations and repair technology for a 295 m high multiflue RC chimney located at the Belchatow Power Station in
Poland. The investigations of the chimney windshield consisted
of the visual inspection of its outer and inner surfaces,
assessment of the concrete compressive strength, physical and
chemical testing on the concrete samples taken by drilling-out
cores as well as the checking the shaft deflection and the
foundation settlement. Taking into account the obtained test and
measurement results the structural safety of the chimney was
checked according to the former Polish standards as well as to
Eurocodes. For maintenance and safety assurance of the
chimney structure special measures were to be taken, among
them the replacement of big quantities of substandard concrete
of the windshield.

 deflection measurement of the chimney axis,
 checking the foundation settlement.
ASSESSMENT OF TEST AND MEASUREMENT
RESULTS
The outer and inner surfaces of the windshield were inspected
visually for weak areas, cracks and other damage. The main
faults and damage were to be detected and identified. Damage
to the windshield occurred in a variety of forms. On the outer
surface they manifested themselves by vertical cracks of the
width 0.4 mm, loss and spalling of concrete, loose pieces of
concrete detaching from the substrate, insufficient concrete
cover, deterioration of the reinforcement (Fig. 1). Symptoms of
deterioration of protective coating were found on the outer
surface in the upper part of the concrete windshield (Fig. 2).

INTRODUCTION
Background facts
The objective of the paper was the structural assessment and
the maintenance procedure for the chimney based on the results
of its investigations. The chimney designed and erected to the
former Polish standard PN-88/B-03004 consists of the RC
windshield (shaft) 295 m high and six 6.0 m inner diameter
steel liners. The liners are protected by the thermal insulation
made of mineral wool covered by aluminium foil. The chimney
windshield has an outer diameter of 24.6 m above the level 190
m and 30.0 m at the base. The thickness of the shaft varies from
0.80 m at the ground level to 0.3 m at the level of 190 m and
above. According to the design assumptions the RC windshield
was made of the concrete of grade C20/25 and the reinforcing
steel characterized by the yield stress fyk = 410 MPa (vertical)
and fyk = 250 MPa (horizontal). The chimney has been in
operation for about 30 years. It serves to transport flue gases
from lignite fired operating units downstream of FGD system.
The assessment of existing industrial chimneys may be
considered as a technical task as well as an experimental one.
For testing of chimney structures and materials a variety of
methods are applied in accordance with relevant standards,
instructions and other technical publications.
Scope of investigations
The investigations of the chimney windshield under
consideration consisted of the following activities:
 collecting the basic data on the chimney structure and its
operating conditions,
 general visual inspection of the outer and inner surfaces of
the chimney shaft,
 detection and registration of damage to the shaft,
 assessment of the concrete compressive strength of the
shaft using non-destructive method,
 pull-off tests on the concrete windshield and protective
coatings,
 physical and chemical tests on the samples of the concrete
taken by drilling out cores,
 checking of geometry of the chimney shaft,
 assessment of protective coatings,

Figure 1: General
view of the chimney

Figure 2: Vertical crack
on the outer surface

103

CICIND REPORT

Vol. 33, No. 1

104

CICIND REPORT

Vol. 33, No. 1

Strengthening of Chimneys through External Pre-stressing
Andreas HARLING, Piotr NOAKOWSKI, Markus ROST
Exponent Industrial Structures, Düsseldorf, Germany
Keywords: external pre-stressing, reinforcement
ABSTRACT: Existing brick and concrete chimneys need to
be strengthened for a variety of reasons, at times to increase
their bearing capacity. External pre-stressing has established
itself here as a variable, effective, lasting, and economical
form of reinforcement. This article discusses how this
reinforcement method works, describes the key construction
details, and visualizes the implementation using an example.
1

70 and 150 years old. Until around the middle of the last
century, chimneys were still being built without a liner so that
the load-bearing shell was in direct contact with the flue gases.
Since neither the substances being burned nor the emissions
used to be regulated, the masonry (stones and joints) often
exhibits chemical and thermal damage, especially on the inside
of the shaft. This reduces the wall thickness for statics and the
resistance of the chimney to wind as the primary load is
reduced to the extent that reinforcement becomes necessary.

NEED FOR STRENGTHENING

1.1 EXISTING MASSIVE CHIMNEYS
In addition to large, steel-reinforced concrete chimneys of
power generating plants, numerous smaller factory chimneys
are in use to discharge flue gases from a wide variety of
production processes. Many large factories operate their own
power generating plants with smaller chimneys. There are also
countless chimneys that are no longer being used, but have
found a new application with the installation of cellular phone
network antennas. Most of the old chimneys from the late 19th
century to around the middle of the last century are brickwork
structures.
1.2

Why reinforcement is needed?

Figure 1: (a) Chimney height extension / (b) Chimney with
cellular phone network antennas / (c) Chimney with
disintegration on the internal facet

In general, there are three reasons why chimneys need to be
reinforced:
CHANGE OF USE
A change in the chemical composition, temperature, or volume
of flue gases can impose stricter requirements on a chimney.
Extending the chimney windshield increases the net weight
and area exposed to wind. Since the wall thickness is very low
at the top of the chimney but the wind load increases
significantly with the height, extending the height increases
what is called the eccentricity, the ratio of the bending moment
to the normal force (e= M/N). In turn, increasing the
eccentricity leads to a higher risk of chimney tilt. If the new
eccentricity e* lies outside the cross-section of the chimney,
stability against tilt is no longer given and the chimney has to
be strengthened.

2
EXTERNAL PRE-STRESSING CONCEPT
2.1 Reinforcement versions
As explained in the previous section, the need for
reinforcement in case of height extensions or antenna
installations results from the increased eccentricity e caused by
the disproportionate increase in the bending moment.
Therefore, the logical consequence is to increase the net
weight N of the chimney so that the eccentricity e* returns to
its original value. Several ways to accomplish this are
conceivable in principle:
- Installing a ballast body
- Applying an external shell of shotcrete
- External pre-stressing

INSTALLATIONS
Due to their height and the often urban location, chimneys are
ideal for the installation of cellular phone network antennas.
Numerous antennas are often installed on chimneys today
because of the many different frequencies (GSM, UMTS,
LTE). Every antenna along with the ancillary installations
(antenna substructure, platforms, ladders, cable runs) increases
the wind load on the chimney and therefore the bending
moment due to the poor aerodynamic shape and therefore high
wind resistance. On the other hand, the net weight is hardly
influenced since the weight of the antennas is very low and the
eccentricity increases similar to the situation described above
for extending the height of the chimney. Once again,
reinforcement is required if the increased eccentricity e* lies
outside the cross-section of the chimney.

BALLAST BODY
The explanations that follow will show that the middle third of
the chimney shaft is usually especially susceptible to tilt. To
increase the net weight in the middle third of the chimney, a
ballast body would therefore have to be positioned in the upper
third of the chimney. This is a critical factor for chimneys that
are in operation, for the following reasons:
- Problematic anchoring the ballast body due to the low wall
thickness at the chimney top
- Formation of a large ballast body due at the small chimney
top

AGING
Most of the masonry chimneys still standing today are between

- Reduced effectiveness due to the 2nd order moment caused
by the ballast body.
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The Installation of a Fiberglass Chimney Liner within
the Short Time Frame of 25 Days
Jelle WARNAR
Plasticon Composites Hengelo, The Netherlands
Keywords: FGD, by pass, 20-160 °C, short time frame, installation fiberglass chimney liner
ABSTRACT: PGE, Polska Górnictwo i Energetyka
Konwencjonalna SA, a major energy group in Poland heavily
invested in environmentally friendly equipment and in
modernization of its power stations. They have therefore
ordered three new flue gas desulfurization units, based on
spraying of lime-stone suspension into flue gas (wet FGD).
The units were designed for the lignite and biomass fueled
units 4, 5 and 6 of the Turow power plant in Bogatynia.
Each unit is designed for a maximum flue gas flow of
1,280,000 Nm3/h with a maximum SO2 concentration of
2,500 mg/m3 and a removal of ≥ 97.5%. After installation of
the three lines the flue gas desulphurization unit will work at a
temperature of 70 °C and normal circumstances. However,
during the construction period the flue gas desulphurization of
unit 4 and 6 will NOT be operative, but will be operated under
bypass conditions. As soon as the last unit (5) has been
installed the total system will be operational for flue gas
desulfurization.

Figure 1: The layout of the power plant with FGD
for unit 4-6.

During by-pass operation (Unit 4, 2 years) the temperature of
the system can reach temperatures up to max 160°C (for 2
hours, normal 141°C) and under maximum SO2 concentration.

PRODUCTION OF THE CHIMNEY LINER
AND DUCTS

The three existing chimney liners, consisting out of
borosilicate blocks, needed to be replaced as this lining
material wasn’t the right choice for the flue gas
desulphurization unit of this new power plant. The engineers
of PGE decided to use fiberglass for the construction of the
700 meter of chimney liners and ducts due to the wet
circumstances and the huge differences in temperature (20 –
160 °C)

Filament winding of the fiberglass reinforced polyester
(FRP) cans
First of all, the chimney
liner has been designed
according to the most
extreme design conditions
by making a static calculation according to the
CICIND, EN or ASTM
standard. This static calculation will also be checked
by executing a Finite
Element Analysis (FEA)
taking into account the
loads caused by pressure,
temperature, ash, weights
etc.

The real challenge on this project was the short construction
time. PGE insisted in demolishing the brick chimney liner and
installing the new fiberglass chimney liner within a time frame
of 40 days. At that point Plasticon Composites only had 25
days to install a new chimney liner of 5,300 mm in diameter
and 120 meters high.
This paper will describe the realization of this challenging
installation job Plasticon Composites executed, as well as the
possibilities of fiberglass and the construction method of a
fiberglass chimney liner and duct.
FLUE GAS DESULPHURISATION AT THE TUROW
(POLAND) POWERPLANT
Project scope
The Turow power plant consists of 6 blocks of 200 MW. To
meet the environmental requirements PGE decided to invest in
flue gas desulphurization (FGD) for three of the existing
production lines (unit 4-6). The three existing lines needed to
be replaced with another material because the existing lines
weren’t resistant to the new FGD circumstances and were
already in use for more than 10 years.
The FGD system for unit 4 – 6 consists out of a chimney liner
of 120 meters each and about 330 meters of duct work. The
diameter of the total system was 5,300 mm.

Figure 2: The FEA of the chimney liner unit
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Limit State Design of Baseplates with Gusset Plates
Eef VAN DEN BERG, Henk VAN KOTEN, Rogier L.A. POLAK
Flow Engineering, Zevenhuizen, The Netherlands
Keywords: limit state design, baseplate, yield-line theory
ABSTRACT: Yield-line theory is used to derive a calculation
procedure for the limit state design of baseplates with gusset
plates. This results in more economical baseplates than the
conventionally used elastic approach.

The current configuration has been adapted in two ways:

INTRODUCTION

2. The inside gusset plates have been removed from the
design because of issues with production and inspection of
the configuration.

1. A ring is added around the shell at the top of the gusset
plates. This ring prevents stress concentrations at the top of
the gusset plates and local buckling.

The CICIND Model Code for Steel Chimneys - Commentaries
and Appendices - Appendix No. 1 , describes the design of a
baseplate with gusset plates, according to the elastic theory
developed by Timoshenko (1959).
When elastic theory is used to design to the limit state, a very
conservative structure will result. An alternative calculation
procedure can be formulated using the yield-line theory, first
propagated by K.W. Johansen in his Ph.D. thesis on the
subject, see Section 2 for an introduction.
YIELD-LINE THEORY

Figure 1: Stress strain diagrams of mild steel and
elastic-plastic material

The Dane K.W. Johansen can be regarded as the founding
father of yield-line theory.
According to (Gere and
Timoshenko, 1991) structural steels may be idealized as elastic
-plastic materials because they have sharply defined yield
points and they undergo large strains during yielding. This
idealisation disregards the hardening effect after yielding,
which is generally safe since strain hardening provides an
increase in strength. See Fig. 1 for a graphical representation
of this idealisation.
The maximum bending moment which can be sustained by a
beam of unit width of elastic-plastic material is called the fully
plastic moment ( mp) and is given by combining (Gere and
Timoshenko, 1991, equations (5-95) and (5-98)), for a beam of
unit width.
(Bakker, 1990) derives a slightly larger value for the fully
plastic moment of plates:

Figure 2: CICIND (A1.2) baseplate with gusset plates

(1)
In most yield-line applications, and in this text, the safer (but
for plates incorrect) Eq. (1) is used.
(2)
There are wide yield zones around the hinges, which can be
represented by yield lines in order to facilitate the analysis of
this state. The pattern of yield lines is determined by
experiment or experience. For each yield line pattern, the
method of virtual work can be used to obtain the load case in
which the fully plastic moment is reached. Eurocode 3
(EN1993-1-8, Section 6), uses yield line theory for calculating
the design resistance of the connection of H and I sections to a
concrete slab.
BASEPLATE CONFIGURATION
Of current interest is a standard baseplate configuration as
described in (CICIND, 2010, paragraph A1.2). See Fig. 2 for
an overview of this baseplate configuration. Here a slightly
different configuration is used, as is specified in Fig. 3.

Figure 3: CICIND (A1.2) baseplate with gusset plates

108

CICIND REPORT

Vol. 33, No. 1

Design and Construction of a Prototype Solar Updraft Chimney in Aswan/Egypt
Markus TSCHERSICH and Reinhard HARTE
Bergische Universität, Wuppertal, Germany
Keywords: CFD (ANSYS Fluent), PIV, Solar Chimney Power Plant, Wind Tunnel Model
ABSTRACT: This work is part of a joint project funded by the
Science and Technology Development Fund (STDF) of Egypt
and the Federal Ministry of Education and Research (BMBF)
of Germany. A Solar Chimney Power Plant (SCPP) is being
installed at Aswan City. The chimney height is 20.0 m, its
diameter is 1.0 m and the collector is a four-sided pyramid
which has a side length of 28.5 m. In a pre-study a 1:1000 scale
model of a SCPP has been built, with characteristics similar to
the planned SCPP in Aswan. The flow situation of a SCPP is
influenced by the ambient wind field and the buoyancy driven
flow underneath the solar collector and inside the solar tower.
Especially the transition section between solar collector and
solar tower with its radially oriented turbines is of major
importance. The redirection of the flow from a nearly
horizontal to a vertical direction leads to losses which have to
be known for the plant efficiency. Therefore wind tunnel tests
at two different models have been performed at the University
of Stellenbosch, South Africa. The flow situation in and around
a SCPP has been simulated by a combination of the wind
tunnel flow and a second flow inside the solar tower. The
second flow represents the buoyancy driven flow in a
simplified manner. Different wind tunnel velocities and volume
flow rates have been measured respectively. Particle Image
Velocimetry (PIV) measurements give some indication of the
flow situation on the in- and outside of the solar tower and
underneath the collector roof. The flow field has been
measured in two horizontal and a vertical plain to gain some
information about the three dimensional structure. Additionally
some CFD simulations have been performed with ANSYS
Fluent to validate the experimental tests.

one at Manzanares, Spain.

with high solar irradiation throughout the year shall have a
cheap alternative to conventional power supply. Results shall
also be used to prove the necessity of non-scaled plants as the

Mekhail T, Elmagid WMA, Fathy M, Bassily M, Harte R 2016.
Theoretical investigation of solar chimney power plant installed
in Aswan City, Aswan City, Egypt: Aswan University.

The results of experimental and numerical simulations show
that free stream velocity and spatial resolution have major
effects on the flow situation inside the SCPP. Therefore
measurements on the SCPP at Aswan will be performed to
investigate the effect on the flow field on the in- and outside
and gain some new information about its global impact on
performance and efficiency. In a second step new wind tunnel
tests will be performed to verify if there is an optimal
installation inside the transition section to divert the flow from
a horizontal to a vertical direction without much additional
turbulence and loss of energy. The aim will be an increase in
efficiency to level the way to large scale power plants in near
future.

Figure 1: Numerical Model of SCPP
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ABSTRACT: Continuation of the use of fossil fuels in
electricity production system causes many problems such as:
global warming, other environmental concerns, depletion of
fossil fuels reserves and continuing fuel price rise. One of the
most promising paths to solve the energy crisis is utilizing the
renewable energy resources. In Egypt, high solar insolation and
more than 90 percent available desert lands are two main factors
that encourage the full development of solar power plants for
thermal and electrical energy productions. With an average high
temperature of about 40°C for more than half of the year and
average annual sunshine of about 3200 hours, which is close to
the theoretical maximum annual sunshine hours, Aswan is one
of the hottest and sunniest cities in the world. This climatic
condition makes the city an ideal place for implementing solar
energy harvesting projects from solar updraft tower. A Solar
Chimney Power Plant (SCPP) is being installed in Aswan city.
The chimney height is 20m, its diameter is 1 m and the collector
is a square which has a side length of 28.5m. A mathematical
model is used to predict its performance. The model shows that
the plant can produce a maximum theoretical power of 2 KW.
Moreover, a CFD code is used to analyze the temperature and
velocity distribution inside the collector, turbine and chimney at
different operating conditions.

THE MATHEMATICAL MODEL

INTRODUCTION
In Egypt, fossil fuel resources mainly dominate electricity
production and burning fuel has harmful effect in environment
that reflects human life. In 1991, solar atlas for Egypt was issued
indicating that the country enjoys 2900-3200 hours of sunshine
annually with annual direct normal energy density 1970- 3200
kWh/m2 and technical solar-thermal electricity generating
potential of 73.6 Petawatt hour (PWh). Herein, the solar thermal
power plants have many advantages, the priorities of consistent
power output and the ability to incorporate storage. The
operation of a Solar Chimney Power Plant (SCPP) is based on a
simple principle: when air is heated by the greenhouse effect
under the transparent roof of collector, buoyancy forces is
consequence of density variation, this less dense hot air rises up
a chimney, which installed at the center of the collector(as
shown in Fig.1). At the base of the chimney, the air flow through
the turbine to produce mechanical energy for driving a generator.
In 1982, the first pilot plant was built in Spain, since then many
prototypes of the SCPP had been built by experts in various
countries. Australian intends to construct the largest SCPP in
world at present with the generation capacity reaching up to
200MW in New South Wales of Australia. The chimney in the
plant will be 1000m in height and the collector is 7 km in
diameter, the system would cover ground area of 38 km2 (Lu et
al. 2006). Experimental and numerical calculation method can
be used to study the performance of the SCPPs, but the large
scale system is hard to establish. However, with the development
of computer technology and CFD software techniques, both
temperature and pressure distribution in the large system can
easily be predicted by numerical calculation method (Huang et
al. 2007).

 The flowing humid air is considered as an ideal gases.

According to the
operation principle
mentioned above,
the air inside the
collector is heated
by solar radiation
(greenhouse effect).
The analysis used in
this paper is based
Figure 1: Schematic diagram of SCPP
on the following
simplifying assumptions:
 The uniform heating of the collector surface in terms of the
sun’s altitude angle is neglected;
 The frictional effect is ignored since the velocity in this
region is quite low
 The flow in the collector is considered as a flow between two
parallel plates;
 The heat losses through the wall of the chimney are
neglected;

COLLECTOR
A solar collector is a special kind of heat exchanger that
transforms solar radiant energy into heat. The flux of incident
radiation is variable that reach to
approximately
1100 W/m2 without optical concentration. The
wavelength range
is from 0.3 to 3 μ
m, which is considerably shorter
than that of the
emitted radiation
Figure 2: Fig.2 Prototype in Aswan
from most energy
(under construction)
-absorbing surfaces. Thus, the
analysis of solar collectors presents unique problems of low
and variable energy fluxes and the relatively large importance
of radiation. In steady state, the performance of a solar
collector is described by an energy balance that indicates the
distribution of incident solar energy into useful energy gain,
thermal losses, and optical losses.
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ABSTRACT: Mechanical loading and ambient impact on
highly used industrial structures such as chimneys and masts
cause lifetime-related deteriorations. Structural degradations
occur not only from rare extreme loading events, but often as a
result of the ensemble of load effects during the life-time of
the structure. A Structural Health Monitoring (SHM)
framework for continuous monitoring is implemented on two
slender structures: i) a deteriorated steel chimney in Skopje,
Macedonia, and ii) a tower of a solar chimney plant at Aswan,
Egypt, as part of the Egyptian-German research project. For
the two ongoing case studies the types of impacts, the
development of the strategic sensor positioning concept,
examples of the initially obtained results and further prospects
are discussed in the presented paper.

structural changes was developed. Within this paper the
preliminary Operational Modal Analysis (OMA) estimates for
the calibration case as well as the first steps towards long-term
monitoring campaign of a solar chimney plant are presented.
SHM FRAMEWORK FOR CONTINUOUS
MONITORING
The proposed continuous SHM concept is based on the wellproven system response (output only) monitoring that can
provide the necessary information for early recognition of
changes in structural behavior due to damage or significant
deterioration. This approach, also known as OMA has been
successfully implemented for system identification of large
scale civil structures, where the classical experimental modal
analysis is not possible to implement as it is not possible to
measure the input forces. The SHM concept for the solar
chimney plant in Aswan was developed, so that it will be
possible to detect the structural changes in three stages as
summarized in Fig.1. The first stage is from direct observation
of the real time history statistical data, in most cases 10 minute
mean, maximum, minimum and standard deviation. In this step,
it is very important to initially determine the threshold limits of
all sensors for different environmental and operational
conditions during the first year continuous monitoring of the
structure. This method works well as the structure is in most
cases considered to stay healthy during its first year of service.
But it is also important to consider the variation of the structure
response with ageing, which is taken care of by stage III.

INTRODUCTION
The growing interest in the practical implementation of various
Structural Health Monitoring (SHM) strategies on full scale
structures lies in the potential of these methodologies to detect
significant deterioration of a structure in its initial stage
(Bogoevska et al. 2016). As a result, this allows a timely action
to be taken, minimizing the maintenance cost and down time of
the system.
As one of the most common SHM strategies, vibration based
structural health monitoring is capable of delivering valuable
information on structural changes. But in order to build a
reasonable and effective monitoring system that is capable of
capturing all the necessary phenomena, it is important to
consider during the monitoring system design, the decisions
concerning the type, number and strategic positioning of
sensors, adequate sampling frequencies and quantity of recorded
signals, as well as proper data storage tools and equipment.

The second stage is by processing of the monitoring data to
determine global structural modal parameters (Natural
frequencies, mode shapes and modal damping) and fatigue
analysis from the stress time history data. In this step also, the
reference modal parameters of the healthy structure need to be
determined during the early monitoring stage, so that they will
serve as references for the remaining life time of the structure.

The two ongoing case studies investigated in this paper are an
extension of the experiences gained from a permanent structural
health monitoring scheme of a wind turbine in Dortmund
monitored since 2010 (Höffer et al. 2015, Höffer et al. 2016).
The first case study of a deteriorated chimney structure
represents purely as a test study for gaining insight into practical
aspects of implementing long-term strategies, as well as
applicability of OMA techniques when it comes to monitoring
of real operating structures. In a following case study for a solar
chimney plant, a three-step SHM strategy for detection of

The third stage is model based damage location and
quantification, in this step an FE model of the as built structure
is to be prepared and calibrated from the initially obtained
healthy state parameters. In this calibrated FE model possible
expected damage scenarios can be simulated so as to observe
the variation in the parameters being computed in the first and
second stages.

Stage I

Stage II

Stage III

Real time data evaluation

Detailed data analysis

Model based data analysis

 Real time statistical data

 Modal parameters (Eigen frequen-

 Damage localization and

 Comparison with threshold limits

 Principal stresses

 Threshold limits initiating and

 Incase of exceedance, automatic

 Fatigue analysis

(vibration and environmental)

alarm notification

cies, mode shapes and damping)

quantification

updating after a damage,
degradation or maintenance

Figure 1: SHM strategy for continuous monitoring of operating slender structures (Airwerk GmbH)
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246m High Elevation Test Tower:
Applying BIM to Slip Forming Technique
Jan Niklas FRANZIUS
Ed. Züblin AG, Stuttgart, Germany
Keywords: BIM, slip forming
CONSTRUCTION METHOD

ABSTRACT: This paper presents the case study of
constructing a 246m high reinforced concrete tower providing
test facilities for elevator innovations. BIM (Building
information modeling) was adopted by the different design
teams comprising architectural design, structural design and
MEP design. Special consideration had to be given to the
construction process since the tower is being constructed with
slip forming technique. As a result the structural model had to
incorporate a large number of cast-in fixing systems within
the highly reinforced concrete.

The broad construction sequence is structured as following:
 Excavation pit: Construction of the approximately 30m
deep circular construction pit for the tower base. The
circular shape of the excavation is achieved by an initial
blast followed by excavation. The excavation wall is
temporarily supported by sprayed concrete lining (SCL)
and ground anchors.
 Construction of the raft foundation at the bottom of the
excavation

PROJECT DESCRIPTION

 Construction of the vertical concrete structure using slip
forming: All the walls (both external and internal) will be
constructed at once. Construction of floor slabs: These
can be constructed once the slip forming process is
completed (and the related working platforms are
dismantled).

An approximately 246m high-rise tower is currently under
construction in Rottweil, located in South West Germany.
The purpose of the building is to accommodate a testing
facility for elevator innovations. It is circular in plan view
with an inner diameter of 20m and provides space for 9
testing elevators and 2 additional elevators to service the
building during operation. One further shaft will be used to
lift heavy mechanical components, for example when
upgrading elevators. The top of the tower will be open to the
public with the highest public observation platform in
Germany.

 Construction of the entrance area: The outer building ring
housing the entrance area will be built in parallel to the
floor installation.
Fig. 1 shows the construction pit during installing the formwork and working platforms for the subsequent slip forming
process. Figure 2 shows the tower at its full height.

At entry level the diameter increases to approximately 40m
providing additional space for entrance and welcome areas,
technical and logistic facilities. This wider part of the
building will have its foundations approximately 5m below
ground level, while the substructure of the main tower will be
30m deep. The main tower is based on a 2m thick raft
foundation.
The reinforced concrete structure will have outer wall
thicknesses ranging between 25 and 40cm. The inner wall
thickness is 25cm. The outer tower wall is not a closed tube
structure but has a long opening over the height of the
building to provide space for the panoramic window of one of
the service elevators. Additional large window structures will
be near the top of the building and at entrance level.
A special feature of the building will be its façade: The
exterior skin will consist of a semi-transparent membrane
structure which will be attached to a steel structure. This
structure forms six spirals following the tower’s
circumference over nearly the entire height. This membrane
facade is mounted with a 2m offset on the concrete structure
of the tower.
The building is being built by contractor Ed. Züblin AG
(Stuttgart). The architectural design is being done by
architects JAHN architects and Werner Sobek Stuttgart, the
latter is also responsible for the structural design. Ed. Züblin
AG develop structural design drawings (formwork and
reinforcement drawings in accordance with HOAI Phase 5.
Client of the building is ThyssenKrupp, operator of the
building will be ThyssenKrupp Elevator.

Figure 1: Construction pit prior to start
of slip forming process
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