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Abstract

Chemical tankers are highly sophisticated commercial vessels which are used for the transportation
of liquid chemical products in bulk. They are, in general terms, similar to other types of tanker
vessels, such as oil tankers, or liquefied gas tankers. However they present some unique
characteristics, such as a relative small size, a large number of cargo tanks, and a wide variety of
cargo handling and treatment systems.

The structural design of chemical tankers is affected in a great way by the chemical products that
the vessel is expected to curry. Because of their nature, chemical products are extremely hazardous,
and may pose potential threat to human or to the environment. For that reason, the design of a
chemical tanker is governed by a wide set of rules and regulations which make sure that a sufficient
safety level and strength of the construction are obtained. In addition, the design of a chemical
tanker follows also the conventional structural design process and methods that are used for all
types of ocean going vessels.

In this diploma thesis, the basic concepts of the modern structural design of chemical tankers are
explained and discussed. The thesis has two main targets: a) to present the typical structure of
chemical tankers, by means of vessel’s arrangements, structural configuration and components,
and cargo operation systems, and b) to analyze all the factors that may influence the design
procedure of a chemical tanker.

The first chapter of this thesis tries to familiarize the reader with the concept of chemical tanker
vessels. In this respect, a brief description of all types of tankers is given, in order of the reader to
be able to distinguish chemical, from different types of tanker vessels. Additionally, the term
chemical tanker is defined as adopted by the MARPOL Annex II.

Subsequently, an effort has been made to look back at the genesis and evolution of this type of
vessels, reaching back to the beginning of the 20" century, when the first chemical tankers
appeared in order to fulfill the demands for chemical products’ transportation that were born from
the continuously expanding chemical industry. This section tries to analyze the development of
chemical tankers in line with the development of their environment and the demands of the society,
and to focus on individual vessels that have made a great impact due to innovational breakthroughs
that were applied on them.

This rapid evolution of the chemical tankers, has led to a development of a series of regulations
that govern their design, constructional and operational principals. It is of highest importance for



someone who wants to deal with this type of vessel, to be familiar and have a solid knowledge of
these rules. For that reason these regulations are also presented in this chapter.

Finally, some additional details, such as classification ways, market trends, and fleet analysis are
given to the reader as a tool, in order of him to be able to better understand and evaluate what he
will come up to in the chapters to follow.

In the second chapter of this thesis an effort has been made to familiarize the reader with chemical
tankers’ cargoes, their properties, and their potential hazards. As the structural design process of a
chemical tanker is directly related to the cargoes she is intended to carry, it would serve no useful
purpose to begin presenting design and structural configurations, without first discussing the cargo
itself.

First of all, a classification of cargoes is been made, according to their origin, chemical
composition, and the pollution threat they pose to the environment as per MARPOL. In addition,
all the physical properties that characterize a chemical material are listed and defined, as these
properties play a significant role in the selection and design process of various cargo systems that
we will meet in next chapters.

Subsequently, a brief presentation of hazards related to chemical cargoes, and the chemicals’
behavior when they released to the marine environment has been made. Although there is no direct
influence of this information to the design process, it is of vital importance that anyone who is in
any way involved with chemical tankers and the cargoes they carry, is well informed of these
hazards.

As a matter of fact, each cargo has its own characteristics, potential hazards and special
requirements for treatment. All these information are conveyed to the people handling these
chemical cargoes through the Cargo Information Data Sheet, which is presented at the end of this
chapter.

Finally, an attempt has been made to explain as simple as possible the effect of the chemical
products to the design procedure of chemical tankers. For the transportation of each product, some
specific structural requirements must be met. These requirements are listed in Chapter 17 of the
IBC code. This chapter aims to analyze Chapter 17 of the IBC code and investigate how individual
products may affect the design process.

In the third chapter, the general arrangement of typical chemical tankers is described and
analyzed. Arrangement of spaces in chemical tankers should be designed in accordance with class
regulations and rules, so as to eliminate problems and difficulties that a non-effective arrangement
of spaces may occur, as well as to ensure that no hazards for the crew, the environment, or the
vessel itself arise at any time.



At first point, the arrangement of cargo tanks will be analyzed. Cargo tank’s arrangement and size
are directly related to the type of vessel. A chemical tanker is categorized as of type I, 11, or Ill,
depending on the cargo she is intended to carry. The three types of chemical tanker vessels, as well
as the effect the Ship Type has on the location of the cargo tanks, are presented in this chapter.

Due to their hazardous nature, chemical cargoes require special consideration regarding their
segregation from other cargoes, from machinery and accommodation spaces, from heat, water and
other. All the above affect the arrangement of the vessels which carry those cargoes, in ways that
are described in this chapter.

Furthermore, location of cofferdams, fuel oil tanks, cargo pump rooms, bilge and ballast
arrangements, accommodation, machinery and service spaces, openings to accommodation and
cargo spaces are considered.

Finally, reference is been made to the hazardous locations and zones of a chemical tanker, and the
effect they have on the vessel’s arrangement.

The scope of the forth chapter is to present the basic steps that are followed by the designer during
the structural design process of a vessel, so that the importance and usefulness of each design stage
is highlighted. The first section of this chapter summarizes the whole design procedure and aims
to familiarize the reader with some basic concepts of it. Subsequently, two of the most important
steps of the design process, the load analysis and the strength evaluation, are isolated and
explained.

In the second section of this chapter, the loads that are predicted to be applied on the vessel, are
analyzed and classified to static and dynamic loads based on their characteristics. Moreover, the
ways in which these loads affect the transverse and longitudinal strength of the vessel are
explained. Finally, the most commonly used methods of load calculations are presented. A brief
description of impact dynamic loads, such as sloshing and slamming is also included.

The strength evaluation process is analyzed in the last section of the chapter, where reference is
made to the main types of structural failure. The strength evaluation flow, conventional analytical
methods as well as modern computational methods, such as the finite element method are also
described here.

This chapter is not focused on chemical tankers exclusively, but it addresses to almost all types of
commercial vessels, as they follow more or less the same design process. Special references in
chemical tankers are made though, wherever appropriate.

The scope of the fifth chapter is to explain which are the most common materials used for the
construction of cargo tanks in chemical tankers, why they are used, and which are the selection
criteria.

The most important parameter when it comes to the selection of cargo tank materials, is these
materials to be able to withstand the corrosive effect of the chemical cargoes. For that reason, the



mechanism and the most common types of corrosion that take place in chemical tankers are
explained.

The most commonly used materials for the construction of cargo tanks nowadays, are the stainless
steel and the mild steel. Mild steel, when it is used, should be sufficiently coated in order to
withstand the corrosive effect of the cargo. Firstly, the two main types of stainless steel are
presented: austenitic stainless steel and duplex stainless steel. Their microstructure and their basic
characteristics are analyzed and compared. Additionally, the enhanced resistance of stainless steels
against corrosion is explained.

When it comes to mild steel, the selection of the proper coating is of vital importance. Each type
of coating has its own characteristics, advantages and disadvantages. The most commonly used
coatings are presented, and several information are given regarding their properties.

Finally, a reference is been made to the selection procedure and analysis of the correct material for
cargo tank construction.

The sixth chapter of this thesis tries to explain and analyze the structural configuration of typical
chemical tankers and of their structural components. For easier comprehension, several drawings
of actual vessel constructions are included.

Before the analysis of the structural configuration takes place, some general design characteristics
of the hull form of chemical tankers are presented, such as the typical block coefficient range and
the common stem and stern arrangements. Furthermore, the effect on the design, of the specific
gravity and the temperature of the cargo, and of the potential loading conditions, are mentioned.

Then, the structural configuration of the cargo tanks is explained, and the types of cargo tanks a
chemical tanker may have are presented. Scantling methods and calculations as per classification
societies for each tank type are also given. Additionally, special reference is been made to the
saddle supports of the independent cargo tanks.

Subsequently, the structural configuration of the deck structure and the transverse and longitudinal
bulkheads is analyzed. The analysis focus on corrugated bulkheads as this is the most common
type used in chemical tankers. Design parameters of corrugated bulkheads and their effect in the
design, types of corrugated bulkheads, scantlings, and other notes on the design are all included in
this chapter.

Finally, a brief reference to the double hull and double bottom construction is been made.

What differentiates modern chemical tankers from product and crude oil tankers, is the amount of
sophisticated cargo systems that are installed on board, for the handling and monitoring of the
several cargoes, and these systems are discussed in the seventh chapter of this thesis. A vessel’s
cargo system, together with its cargo tank arrangement and safety systems determines the cargoes
that a vessel can or cannot carry. The scope of this chapter is to present these cargo systems, and
the potential impact they may have on the vessel’s structural design.



First, a review is been made to the cargo piping and cargo manifolds arrangements. The method
to calculate the piping scantlings is also provided, as per the IBC Code’s minimum thickness
requirements. Additionally, piping joining details are highlighted and the three types of flanges
which are most commonly used in chemical tankers are presented.

Subsequently, an analysis of the cargo pumps used in chemical tankers takes place. More
specifically, the analysis focuses on deepwell cargo tanks, as they are the most commonly used
type of pumps in chemical tankers. The two types of deepwell pumps, the hydraulically driven
ones and the electrically driven ones, are explained, together with their basic functions and
operational requirements. Their structural components, such as the deck trunk, the intermediate
and bottom supports, the section well, and the pipe stack are also presented, and some useful
information about their characteristics are given.

Finally, all other cargo systems that are used on board a chemical tanker, such as tank cleaning
systems, tank venting systems, cargo monitoring and control systems, and cargo environmental
control systems, are mentioned, and their basic functions are explained.

Finally, in the eighth chapter of this thesis, some alternative designs for chemical tankers are
examined.

Due to the nature of the cargoes they carry, which may be extremely hazardous and require special
care during their transportation, modern chemical tankers are characterized by increased
technological sophistication. They are complex and expensive ships, and a lot of experience and
know-how has been gathered over recent decades and used for their further technological
development. This have led the present generation of double hull chemical tankers, equipped with
several cargo systems, to be regarded as state-of-the-art vessels in matters of design and safety.

Therefore, future design philosophy is more focused on how to further improve the current design,
rather than to develop new alternative design models. Improved coatings for cargo tanks, advanced
steels for cargo tanks manufacturing, and several improvements of the cargo systems are some of
the areas of development.

The design of chemical tankers in the future, will be influenced by the following two factors:
Elimination of pollution from slops, by trying to reduce the amount of water used for the washing
of cargo tanks via innovative tank design, and obtainment of high quality standards equal to those
used in the food industry. It is also highlighted, that a general revolution that takes place in the
design principles of all kind of vessels, which focuses more on the engineering part rather than on
the rules-based part of the design, will also affect the design of chemical tankers in the future.

In this chapter, two already existing designs; the combination of duplex stainless steel and clad
stainless steel for the construction of cargo tanks, and the development of a 75,000 DWT chemical
tanker, are presented. In addition, an alternative design of a chemical tanker with cylindrical tanks
which has not yet though been applied, is reviewed.



Ewcaymyn

Ta 0e€apevomrloto LETAPOPAS YNUKDV TPOLOVT®V EIVOL 1O10UTEPO OVETTVYIEVA TEXVOAOYIKA
mAoio To OTToiol YPNGIULOTOIOVVTAL Y10 TH LETAPOPE YNUK®V TPOIOVI®V GE VYPY| LOPPN YOO V.
Ta mhoia avTd potdlovv, oe YeVIKEG YPOUIES, e AAAOVG TOTTOVS de&apevomAoiwy, OTmG ival Ta
TETPEAALOPOPA KOl TOL TAOTOL LETOPOPEG VYpoTompevoL agpiov. ITapovoidlovv wotdco Kot
KOO0 LOVAOTKA YOPOKTNPLOTNKA, OTMG vl TO GYETIKE Lkpd Tovg péyedog, o HeyaAog
apBpdc de&opevav eoptiov, kabmg Kot pio HeydAn ToKiAio GUCTHUATMVY TOVL APOPOVYV GTO
poptio.

H dopn| g petaAMKng Kataokeuns TV SEEAUEVOTAOLDY LETAPOPES YTLUUKDV TPOIOVT®V
emnpedletar o€ payaio Badbud amd o ynukd tpotdvia ta omoia to TAoio mpoopiletor va
petapépet. Ta ymukd tpoldva eivar ek GHGEMG W1aiTEPO EMKHVIVVA KOl UTOPEL VoL
ATOTEAEGOVV OMEIAT] TOGO Y1 TOVG avOpdTOVS 0G0 Kot Yo To TePPdArov. ['a To Adyo oo, M
oyediaomn TV eLUUEVOTAOI®V LETOPOPAS YNUKOV TPOIOVTOV SIETETOL ATO Vo LEYAAO £0POG
KOVOVIGUMV 01 0710101 01lc@OaAIovY TNV omapaitnTn 0c@AEAELD KO OVTOYN TNG KOTOGKELNC.
Emumpocbétmg, n oyedioon tovg akorovbel emiong i ovpPatikéc peboddovg oyediaong mov
YPNOLUOTOLOVVTOL Y10t OAOVS TOVG TUTTOVG EUTOPIKMOV TAOIWV.

Y& TN TN OIMA®UOTIKY epyacio, e&nyodvrol Kot avaivovtol ot Bacikég apyEg Katd T oyedioon
eVOG deEAUEVOTAOLOV HETAPOPAS YNUIKOV QopTimv. H dSimhopatikn avtr| epyacio el dv0o
o01oY0VG: 0) Na ToPOVGIAGEL TNV TLTIKT) OOUT| EVOC 0EEAUEVOTAOIOD LETAPOPAS YNUKDV
QOpPTI®V, ONAAOY| TIC O10TAEEIS TOV TAOTOV Kot Ta SOUIKE TOVL GToyEin, Kot ) va avaAdGeL OAOVG
TOVG TOPBAYOVTEG TOV UTOPEL VO ETOPACOVY 6T GYEOIAOT EVOS TETOLO0V THTTOV TAOTOV.

To TpdTO KEPELALO OVTNG TNG OMAMUATIKNG EpYaciog OEAEL Vo eE0IKIDGEL TOV OVAYVAGTN LE
NV €Vvolo TOV SEEAUEVOTAOIOD HETAPOPAS YNUIKAOV QOPTI®OV. ZE LT TN AOYIKY YiveTon pio
GUVOTTIKN TEPLYPAPT] OA®V T®V TUTTMOV dEEAUEVOTAOLOV £TGL MGTE O AVOYVAOOCTNG Va. Eival 6€
0éom va drokpivet Evo SEEAUEVOTAOLOD LETAPOPES YNUIKADOV POPTIOV Atd TOVG VITOAOUTOVS
TOmovg de€apevonroimv. EmmAéov, dlvetor o opiopog Tov deEAUEVOTAOION LETAPOPAS YNLUKDV
eoptinv, 6mwg avtod opiletar oto MARPOL Annex 1.

EmnAéov, yivetan pia mpoomabeia va avatpéEovpie Tiow ot yévvnon kat Ty €EEMEN avTod Tov
TOmov TAoiwv, Eektvavtag amd Tic apyés Tov 20 awdva, OTav EYve 1| TPMOTN ELPAVIOT| TOV
OEEQUEVOTAOL®OV LETOPOPAS YNIKDV TPOLOVTMOV Y10l VO KAADYOVV TIG AVAYKES TIC 0lyopdS Yo

AN TTPO1OVTO TOV ONUIOLPYOVSE 1) CLVEYXMG ovarTOSOUEVN YNUIKT Brounyavio. e avtd TO
TUHO TNG OWMAMUATIKNG epyaciog yivetan pio mpoomdOeta va e€etaotel n avamtuén Tov
OeEAUEVOTAOL®VY LETAPOPES YNLUKDV TPOLOVTIWV GE GYE0N WE TIg cuvOTKkeg Kot T {fTnom g
EMOYNGS, KABMG KOl VAL TAPOLGLUGTOVV GUYKEKPIUEVE TAOTOL TOL OTTO10L ATOTEAOVY GNUELD
avaQopas AOY® TWV TEXVOAOYIKMY KOVOTOUMOV 01 OTTO1EG EQAPUOGTNKAV GE OVTA.



H taysio eEEMEN TV deEQUEVOTAOLOV LETOPOPAS YNUKDV TPOLOVT®V 0ONYNGE TNV AVATTLEN
piog 6epds KOVOVIGUMOV 01 00101 S1EMOLVV T G6YEOINOT) TOLG TOCO GE KATUCKEVOOTIKA OGO Ko G
Aertovpykd Oépata. Eival oAb onuavtiko yia kamolov o omoiog Ba n0eke va acyoindetl pe
avTOV TOV TOTTO TAOI®V Vo elvar €E0IKEIOUEVOS KoL va Yvopilel ovutovg ToVg Kavoviopovg. I
oVTO TO AOYO 0VTOT 01 KAVOVIGHOT TTOPOVGLALOVTOL ETLYPOULOTIKA GE QLTO TO KEQPAANLO.

Té\og, Kamotla emmA&ov oTotyEln OTWS 01 TPOTOL KOTYOPLOTOINOoNG, Ol TAGELS TG 0YOPAs, KOl M
avVAAVOT TOV TOYKOGIOV GTOAOV JIVOVTOL GTOV OVAYVAGTY) GOV EPYAAEID £TCL MOGTE VAL TOV
BonBnoovv va kataddPet kot vo aEl0A0YNoEL KOAVTEPQ To KEPEAALL OV Bl akoAovOnGoLV.

270 0€VTEPO KEPAAULO VTG TNG SIMAMUATIKNG EpYaciag yivetar pio Tpoomddeia va eEotkelmbel
0 OVOYVAOOTNG LLE T pOPTiO TO OTTOlo LETAPEPOLV TO SEEAUEVOTAOLN LETOPOPAS YMNUKDV
TPOLOVTOV, TIS O1OTNTEG TOVS Kol TOLS TBvoS Kivduvoug Tov oyetilovtat pe avtd. Kabmg o
OXEOOGLOGC TG LETAAAKNG KATAGKELNS EVOG OEEAUEVOTAOION LETAPOPAS YNUKADV TPOLOVI®V
GLVOEETAL GLLEGA LLE TOL TPOLOVTO. TO. OTTOL0L TO TAOIO TTPOKELTOL VAL LETAPEPEL, B NTOV AOKOTO VL
TOPOVGLAGOVLE TN O1adIKaGT0 6YXed1OGNG TOV KO TN SLUTAEN TV OOUIKADV TOL GTOLYElV Ywpig
TPOTO VO EEETACOVLLE T TPOLOVTO, AV TA.

Apywcd yivetan pio Katnyoplonoinen tov ynUKov Tpotdvimy pe BAcn v TpoéAevot) Tous, T
YNUIKN TOLG 6VGTAGT, KAOMOS Kot TN whovi) LOAVVGT TOL HTOPOVY VO ETLPEPOVV GTO TEPPAAAOV
ocvpowva pe ) MARPOL. Xt cvvéysta mapovctdloviat OAEG 01 LGIKES 1O10TNTEG TTOL
xopokTnpilovv Ta yNUIKA Tpotdva, KabdS avtég Hmopovv va Tai&ovv kabopiotikd poro 6TV
EMAOYN Kot TN 06100 TOV GLGTNUATOV POPTIOV OTMC B GLVAVTHCOVUE Kol T EXOUEVA
KEQAAOLAL.

21 ovvéyela yivetal pio GOVIOUT TAPOLGINGT) TOV KIVOUVAOV TTOL TPOKVITOLV OO TO, X1 UUKA
TpoldvTa, KaBdg Kol TNG GVUTEPLPOPAS ATV OTav apefovv oto Bardccio mepiPaiiov. [Tapdro
TOV OEV VTLAPYEL ALLEGT] GLGYETIOT TV TATPOPOPLDOV OLTOV LE TN dladtKacio oxediaong, eivar
KouPkng onuociog 6molocdnmote oyeTileTon Le 0mTo100MmMOTE TPOTO LE T OEEAUEVOTAOLNL
LLETAPOPAS YNUIKDV TPOLOVIMV VO EIVOL GOGTE EVIUEPMUEVOS Y10l TOVS KIVOUVOLS OTOVG,.

KdéBe ymuucd mpotdv Aowmdv €xet T Okl TOL W1HTEP YOPAKTNPIOTIKE, THOVODS KIVOUVOLG TOV
umopet va gykvpovet, ko ypiletl wiaitepng petoyeipnong. Oleg ol mapondve TAnpogopieg
petafipdlovror oTovg avBpmmovg mov yepiloviot avtd ta mpotdvta pécm tov Cargo
Information Data Sheet, To onoio Tapovcialetor o aLTO TO KEPAAALO.

Téhog, yiveton pio mpoomdBera va eEnynbetl 660 mo amdd yiveton 1 enidpacn wov €xet To 100G
TOV YNUIKOV TPOLOVIWOV GTY) O1a01KAcio oXed10oNS TG LETAAMKNG KOTAGKELTG TOV
OeEAUEVOTAOL®V HETAPOPES YNK®V popTimv. H petapopd kdbe ynuikod mpotdvtog
GLVOOEVETOL OO KATOLES EAAYIOTES OOLTNOELS. O OMOUTNGELS AVTES KATAYPAPOVTOL GTOV
kepaloto 17 Tov IBC Code. Xto kepdahato owtd yiveton pio tpoonddeio va ovaivdei to
kepaloto 17 tov IBC Code kot va e&etootel Tg GLYKEKPUEVO TPOLOVTO, LITOPOVV VO,
EMNPEACOVY TN XSO0 TNG LETAAMKYG KOTAGKELNC.



270 TPiTO KEPALULO CVTNG TNG SUTAMUATIKNG EPYACING TEPTYPAPETOL KO AVOAVETOL 1) TUTTIKN
YEVIKT O10TOEN TOV OeEAUEVOTAOIOV LETAPOPAS YNK®OV Ttpotdvtwv. H didtaén tov yopwv ot
VTOV TOV TOTO TAOTWV TPETEL VO, OXEOALETAL COLPOVA LLE TOVS OVTICTOLYOVS KOVOVIGLOVG, £TGL
MOTE VO amoPeHyovToL TPOoPANHOTO Kot SVGKOAMES TOV UTOPEL Vo, TPOKHWYOLV Omd pia pn
AOd0TIKY| GYediaoT XOpwV, kabmg Kot va eEalelpBovy mbavol kivévvol TOG0 Yo T0 TANP®LL
0G0 Kol Yo T TEPPAALOV OAAL KO Y10 TNV KOTOGKELY] TOL TAOIOV.

e mpan edon egetdletan n ddtoEn Tov deCapevav poptiov. H ddtaén kot to péyebog tov
OeEQUEVDV POPTION GLVIEETOL GLES [LE TOV TOV TOTO TOL TAOTIOL. AVAAOYQ LLE TOV TOHTTO TOL
(OPTIOV TOL TPOKELTOL VO LETAPEPOLV TO OEEAUEVOTAOL LETAPOPAS YNUKDV POPTILV
katnyoptlomoovvtal o Tomov |, 11 1 III. Ot tpeic TOHmOL TV YMUKdV deapevomioimv, kabhg kot
n enidpaon wov &xet o Tvmog [Thoiov ot didrtaén twv de&apevav goptiov eEetdlovion o€ aVTO
TO KEQAAALO.

E&atiog g emikivovvng phong toug ta ynuka goptia ypnlovv waitepng petayeipnong 6o
avaopd To OaMPIGHO TOVS ol GALA opTia, amd TOVG YOPOVS UNYAVOGTAGIOL KoL
evotlaitnong, aAld Kot amd ) (Eotn, T0 vepod kat aAla. OAa ta mopamdve exnpedlovy
drdtaén Tov TAoiov, e TPOTOVG TOV TEPTYPAPOVTAL GE AVTO TO KEPAANLO.

EmumAéov eEetalovtan 1 d1dTaén TV KEVAOV XOpmV, TV dEEQUEVAOV KOVGIH®OVY, TV d®UATIOV
AVTMOV, TOV SEEAUEVOV EPLLOTOG, TOV YDPOV AVOLHITNONG KOl UNXAVOGTAGI0n, KAODS Kot To
OVOlYLLOTO TV VIEPKOTACKEVDOV KOl TOV YOPWV POoPTiov.

TéNog yiveTon pia avapopd oTig emkivovveg (OVES TOV YMUK®OV deapevomioimy Kot TV
eMdPAOT OV AVTEG £YOVV GTNV SATAEN TV TAOTWV.

O oKxomd¢ 1oV TETATPOL KEPAAXIOV £lval VO TaPOLGLACEL T factkd Prjpata Tov akolovbel
£vag voomnyog katd tn dwadikacio oxediaong evog mhoiov, £161 dote va emonpuaviel n onuoacio
KOl 1 YPNOHOTNTA TOL KAOE GKEAOVG TG GYESIOOTG. TO TPADTO HEPOG AVTOV TOV KEPAANIOV
ocvvoyileton 1 GLVOAIKY] dadikacia TG oyediaong. EmAéov amopovavovton kot e&etdlovton 600
amtd TO O GNUOVTIKG GTAOL TG GYENIOONG, 1 OVAALGT TOV POPTIGEMY KoL 1] EKTIUNOT NG
avTOYNS ToL TAOOoV.

210 00TEPO PUEPOG AVTOV TOV KEPUANTOL YiveTOL Pt OVAAVOT TOV POPTICEMY TOL OVALLEVETAL VO,
aokNnBoHV GTNV HETAAAIKY] KOTAGKELT] TOL TAOTOV, 01 OTTO1EG AVAAVOVTOL GE GTUTIKES KO
dvvapkég pe faon ta yopaxtnplotikd tovg. Emiong eényeitan o 1pomog pe tov omoio ot
(QOPTIGELS AVTEG EMOPOVV GTNV EYKAPGLOL KO T1 SLOUNKT avToyT) Tov TAoiov. TENog
nopovctaloviot ol o cvvnOopUEveS HEBOOOL LTOAOYIGHOD TOV ACKOVUEVOV QOPTIMV.

H dwdikacio extipnong g avToyng Tov TAoiov avaADETOL GTO TEAEVTOLO TUNILO CVTOV TOV
KEPOAOIOV, MTOV KOt YIVETAL AVOPOPA GE SLAPOPOVS TUTOVG dOUIKNG acToyioc. Emiong
eEnyovvar ot cupPaTikég avolvTikEG HEBodoL ekTipmong g avtoymng Ommg ivor n MébBodog
[lemepaopuévov Ztoyeiov.



To ke@AAlo1o 0VTO dEV APOPA LOVO TO SEEAUEVOTAOLN LETAPOPAS YNUKDV GOPTI®DV ALY
amevBiveTan 6YedOV 6€ GAOVE TOLG TVTTOVG TAOTWV KABMG 0KOAOVOOVVY GYEdOV TNV 1Ol
ddwkacio oyediaons. Qotdc0 Yivovial GUYKEKPIUEVES AVAPOPES GTO YNUIKE de&apevomiota
OOV OVTO glval EPIKTO.

O oKomOG TOV TEPTTOV KEPUAAIOV OVTNG TNS OIMA®UATIKNG BEonc eivan va eEnynoet mota eivat
TOL VMKG TTOV PNGLLOTOL0VVTOL TEPIGGOTEPO GLYVE Y10 TNV KOTACGKEVT] TV OEEAUEVAOV POPTION
TOV OeEQUEVOTAOLOV LETOPOPAS YNUKDV QOPTI®V, YTl XPNCUYLOTOOVVTOL OVTA TO VAIKA, Kot
Tol0L VoL TOL KPLTPLOL ETAOYNG.

Otav a@opd TV ETLOYT TV VAIKOV KOTACKEVNG TOV OEEAUEVOY POPTIOV, 1 TTLO CTLLOVTIKY|
TOPAUETPOC EvaL TO, VAIKG 0VTA Vo, givat tkavd va avTioTafovv 611 S1ofpmTikn enidpacn TV
ANUIKOV @opTiov. ['a avtd To AdY0 0 uNnyavicog Kot ot o cuvndicpévol THmot dStafpmong
e€nyovvian € aVTO TO KEPAANLO.

Ta VAKE oV ¥PNGUOTOIOVVTOL TTLO GLYVA Y10 TV KOTOOKEVT) TV JEEAUEVAOV POPTIOV GTA
ik de€apevomiota eival o avoEeidmtog ydAvPag kat o amdog ydivpac. O amdog ydivpag,
otav ypnotponoteital, Oo Tpémet va ivarl Boppuévog KOTAAANAO £T01 DGTE VO AVTEYXEL TN
dwPpotikn enidpacmn tov poptiov. Apyikd eEetdlovtor ot dvo Pacukol THTOL AVoEEIdDTOV
YoAVPBa: 0 ®oTEVITIKOG avoEEId®TOC YaAvPag Kot 0 durhog avoleidmrtog xdAvPas. H pukpodoun
TOVG KOt T PAGIKA YOPAKTNPIGTIKG TOVG avalbovTol Kot cuykpivovtat. EmAréov, eEnyeitoan
EVIGYVUEVT] 0vVTOYN TOV avoEeidmTov ydAvPa EvavTt Sappmong.

Otav ypnopomotleiton omAog yaAvpoc, 1 ETA0YT TG KATAAANANG Popnc eivoar KopPikng
onpacioc. Kabe tomog Pagpng £xel Ta d1kd TG YOPOKTNPIOTIKE, TAEOVEKTILOTO KO
LELOVEKTALOTO. ZTT GUVEXELD TOPOVGLALovTal Ol To cuvnOGHEVOL TUTOL Paeng Kot divovtan
TANPOPOPIES GYETIKA LUE TIG IOLOTNTEG TOVC.

Télog yiveTon avapopd o1 01001KAGI0 ETAOYNS TOV KOTAAANA®Y VAIK®V Y10 TV KOTACKELT
TV 0eCOUEVOV POPTIOV.

To ékTo Ke@draro avTNG ™S SMAMUATIKNG £pYaciog mpoomadel va eENyNoeL Kot Vo ovOADCEL TN
doun| NG LETAAMKNG KATAGKELNG TOV TUTK®V deEQUEVOTAOIOV LETAPOPAS YNUIKAOV TPOLOVI®V,
KaOAdG Kot To. SOk Tovg otoyein. ApKeTA oyédta amd vVapyovta TAoia Topateibovtat yio
EVKOADTEPT] KATOVONON).

[Tpwv amd v avdAvor g SoUNg TG LETOAMKNG KATAGKEVTG TOpaTEIDOVTOL LEPIKA YEVIK(L
YOPOUKTNPLOTIKAE GYEdIOONG TNG YASTPOS, OTWS £IvVOL TO EDPOG TOV GVVIEAEGTN TANPOTNTOG
YAGTPOG, KOl O1 TUTTIKES Tpwpaieg kKot Tpuuvaieg datatels. Eniong peietdron n enidopaon g
Bepudkpaciog, TG TLKVOTNTOS TOV POPTIOV, KoL TOV JIAPOP®V KOTAGTAGEMY POPTMONG G
oyediaon.

> ovvéyeln emeényeitan n SoUN TG LETOUAMKNG KATOGKELNG T®V OEEAUEVAOV POPTIOV KOODS
Kot o1 01épopot Tvmot tovg. [ kabe TOmO deapevng divovtar ot péBodot S106TAGIOAGYNONG



OT®MG TPOKVATOVV Ad TOVE KAVOVIGUOVS TV VOOyVoROveV. Edikn avapopd yivetol oto
omplypota tov aveEaptnTov deSaUeVOV EOPTIoV.

21 ovvéyeta eneEnyeitat 1 SOU TOV KOTOGTPMUOTOS KOL TOV EYKAPCLOV KOt SIOUNK®V
epaxtav. [dwaitepn Eppaon divetal oTig TTLYWTEG PPAKTES KABMS eivat 0 To d10dEdOUEVOC
TOTOG PPOUKTMV TOV YPNCLOTTOLEITAL GTOL YNUIKE de&apevOTAOLn. TO KEPAANLO OVTO EMIONG
TEPIAAUPAVOVTOL GYEOUCTIKES TTOPAUETPOL TOV TTVYMOTMOV PPUKTOV KOOMG Kol 1 EXIOPACT] TOVG
o1 6Yediaon, THTOL TTLYOTOV PPOUKTMV, O1ACTAGIOAGYNON K.0. TELOC yiveTal pia avapopd o€
JTAEELG dUTA0D TLOUEVE KO SITADY TOLYOUATOV.

AVTO OV S1POPOTOLET TOL SEEAUEVOTAOLO LETAPOPAS YNUIKDV TPOIOVTI®V OO TO TETPEAALOPOPOL
de€apevOTAOLO EIVOL TOL TPOTYLLEVO GLGTHILOTO POPTIOL OV EIVOL EYKOTEGTNUEVE GTO TAOTO Y10t
TOV EAEYYO0 KOl TOV XEPIOUO TOV SAPOP®OV POPTiMV. AVTA T0 GLGTAUATO TOPOVGLALOVTOL GTO
¢Boopo kepdrato oG TG NmAmpaTkNg epyaciog. Ta cvotiuata poptiov £vog mhoiov, o
oLVOLAGUO LE T O1dTadn TV dEEOUEVMV TOV KOl TO GLGTHLATA 0cPaAEias, kabopilovy mod
npoldvta pmopel to mhoio va petagépet. O 6KomdS avTov TOV KEPAANIOL £ival VO TAPOVGIACEL
10 BACIKOTEPU GLGTAUATO POPTIOV KOl TNV EMOPACT TOVG 0TI TYediaoN TOL TAOTOV.

Apywcd yivetan pio avagopd 6To. GLGTILATA COANVAOGE®V Kot T ddtaén Tov otopiov. H
1EB0S0G d106TAGIOAOYNONG TMV COAVMOGE®MY POPTioL diveTal cuppmva. pe tov IBC Code.
EmumAéov, divovtar oTotyela Yo TIg EVOGELS TV COANVAOGEMY Kol TOPOVGLALOVTOL Ol TPELG
Bacucol Tomor AaT{®V TOL YPNGUYLOTOLOVVTAL.

2m ocvvéyela AapPavet yopa pio avdAvon TV avIAAOV QOPTIOn TOv ¥PNGUYLOTOOVVTOL GTO
OeEOUEVOTAOLN LETOPOPAS YMNUK®OV QopTimv. ITio cuykekpipuéva, 1 avVOADCT ETIKEVIPMOVETOL OTIG
BuBiopéveg avtiiec poptiov KOOGS givar aVT G TOV ¥PNCLLOTOOVLVTAL GLVNOEGTEP GTA YMLUKE
de€apevomiora. Ot 600 tomot fubicuévav avtimy eoptiov - SNAdT 01 NAEKTPIKEG Kot Ot
VOPAVAIKES avTAlEG — mapovotdlovtal, ££NYOUVTOL 01 AEITOVPYIES TOVG KOt AVOADOVTOL T SOUIKA

TOVG HEPT.

Téhog mapovoidlovtar OA To LTOAOITO GUGTILLATO POPTIOV TOV UTOPEL VO VTTAPYOVV GE £V
OeEAUEVOTAOLO LETAPOPAG YNUIKDV QOPTI®MV, OTMG TO GLGTHLATO KAOUPIGHOV TOV dEEAUEVDV,
T0 GLGTNUATO EEAEPIGLOV TOV OEEAUEVAOV, TOL CLGTHLOTA EAEYYOV TOL POPTIOV K. 0.

TéNog, 610 6000 KEPALULO OVTHG TNG SIMAMUATIKNG EPYAGIAG TAPOLSIALOVTaL KATOLEG
EVOALOKTIKEG OYEOLATELS OEEAUEVOTAOI®MV UETAPOPES YMLUKDV POPTI®V.

E&aitiog g @vong tev eoptinv Ta omoia pHeTapEépovv, Ta onoio uropel va givar wWiaitepa
eMKIVOLVA, TO GLYYPOVA OEEAIEVOTAOLOL LETAPOPAS YNIUKADV TPOLOVI®V givar dtaitepa
nponyuéva texvoroykd. Efvar mepimioka kot akpipd mhoia yio v eEEMEN TV omoiwv Exouvv
ypnoporomBei v telvtaio dekaeTioo CLVOICUEVES YVMDOELS Kot EUTELPia. AVTO £xEl 0dNYNOEL
TNV TOPWVN YEVIA YNUIKOV dEEQUEVOTAOL®OV SITANG YAoTPaG Ta omoia ivorl eEomAiopéval pe
TEPIMAOKA GLGTAUATO POPTIOV VL BEWPOVVTAL TO EMGTEYUGHA TNG TEYVOAOYIKNG EEEMENC TV
TAoloV amd amoyn oxediaomg Kot AGOAAELNG.



IMa avtd 10 AdYO 01 LEAAOVTIKEG GYESLACELS EMKEVIPDOVOVTAL TEPIGCOTEPO GTO TG VL
BeATIOOOVV TIG ON LITAPYOVGES GYEOAGELS Ko AYOTEPO GTO VO AVATTVEOVY EVOAAUKTIKA
oYEOOTIKA HovTéA. Bedtidpeves Bapég yia Tic de€apeveg poptiov, Bertiopévor xaAvPeg yia
TNV KOTOGKELT] TOVG, KOl SIAPOPES PEATIOCELS GTOL GLGTIHLOTO POPTIOL Elval KATO101 AT TOVG
toueig ™¢ eEEMENG.

H oyediaon tov deEaUeVOTAOIOV LETAPOPAS YNUK®V QopTiwV 6To pEALOV Ba emnpedleton
Bacwd and dvo mapdyovtec: Tnv amaioipn g pdmavong and to andPAnta, Tpocmadovtag va
pelwbet to vepd 1o omoio ypnolonoteital yio TNV andTAVoT TV SEEAUEVAV, Kol T1 SIGPAAIoN
VYNANG TOLOTNTAG 16AEL0G LLE OVTN TTOV LITAPYEL 6T Propnyovio eoynto.

e ovTd T0 KEPAAMO TEAOC, TAPOVSIALOVTOL dVO 1ON LITAPYOVGEG TYEOIAGELS: O GUVILACHOG
dumho¥ avo&eidmtov ydAvPa Kot amAov avoEeldmTOL YAAvPa Yo TNV KATAcKELN TV de&aEVOV
@optiov, ko1 1 6YediaoT VOGS dEEAUEVOTAOIOV LETOPOPAS YNUKADV TPOLOVIMOV UETAPOPIKNG
wavomrag 75000 tévev. EmmAiéov, mapovcidletar pio evOALAKTIKY oYedioon ynuuKov
OeEAUEVOTAOLOV PE KLAVIPIKES SEEAEVES POPTIOV.
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Chapter 1

Introduction to chemical tankers

1.1 Introduction

The first chapter of this thesis sets as target to familiarize the reader with the concept of chemical
tanker vessels. In this respect, a brief description of all types of tankers is given, in order of the
reader to be able to distinguish chemical, from different types of tanker vessels. Additionally, the
term chemical tanker is defined as adopted by the MARPOL Annex II.

Subsequently, an effort has been made to look back at the genesis and evolution of this type of
vessels, reaching back to the beginning of the 20" century, when the first chemical tankers
appeared in order to fulfill the demands for chemical products’ transportation that were born from
the continuously expanding chemical industry. This section tries to analyze the development of
chemical tankers in line with the development of their environment and the demands of the society,
and to focus on individual vessels that have made a great impact due to innovational breakthroughs
that were applied on them.

This rapid evolution of the chemical tankers, has led to a development of a series of regulations
that govern their design, constructional and operational principals. It is of highest importance for
someone who wants to deal with this type of vessel, to be familiar and have a solid knowledge of
these rules. For that reason these regulations are also presented in this chapter.

Finally, some additional details, such as classification ways, market trends, and fleet analysis are
been given to the reader as a tool, in order of him to be able to better understand and evaluate what
he will come up to in the chapters to follow.



1.2 Classification of tankers by type of cargo!

A tanker is, in a wide sense, a general term for a cargo ship carrying liquid cargoes in bulk, and in
a narrow sense, a term for a vessel carrying petroleum oils and their products. Liquid cargoes
carried in bulk by tankers include petroleum oils, petroleum products, liquefied gases, many kinds
of liquid chemicals, slurry substances, etc.

The classification of tankers in terms of carrying cargoes is as follows:

- Oil tanker: An oil tanker is a tanker
carrying petroleum oil and petroleum
products. They are subdivided into
crude oil tankers, product tankers and
crude oil/product tankers according to
their purpose respectively.

- Product tanker: A product tanker is an
oil tanker carrying petroleum products
and they are generally divided into two
types: clean product tankers, which
transport light petroleum products and
dirty product tankers, which transport
heavy petroleum products.

Figure 1.2 — Product tanker



Chemical tanker: A chemical tanker is
a tanker carrying chemicals and usually
they are divided into two types: parcel
chemical tankers, which are capable of
transporting many kinds of chemical
cargoes including petroleum products,
and exclusive chemical tankers, which
transport very limited kinds of
chemical cargoes.

Figure 1.3 — Chemical Tanker

Liquefied gas tanker: A liquefied gas tanker is a tanker transporting liquefied gases in
pressurized and/or refrigerated conditions. They are subdivided into LPG carriers and
LNG carriers.

Figure 1.4 — LPG carrier Figure 1.5 — LNG carrier

Combination carrier: A combination carrier is a
cargo ship which transports ore or solid cargo
and crude oil alternatively. They are subdivided
into ore/oil carriers and ore/bulk/oil carriers
(OBOs).

Figure 1.6 — Ore/oil carrier



1.3 Definition of the term Chemical tanker

According to the International Maritime Organization (IMO), as defined in the MARPOL Annex
112, a chemical tanker is a ship constructed or adapted and used for the carriage in bulk of any
liquid product listed in chapter 17 of the International Bulk Chemical code (IBC code).

Chapter 17 of the IBC code contains a list of all the chemicals covered by the code. The IMO
publishes annually a Provisional Categorization of Liquid Substances list to provide guidance on
new products that are to be covered under the IBC code. The provisional categorization list is valid
until the next revision of the IBC code is published.®

Chapter 17 of the IBC Code

2 October 2012
Page 1 of 26

a ¢ d e f g h i iy k1l onoo

Acetic acid z SP 3 2G Cont No T IA N R F A Ye

w

15.11.2,15.11.3, 15114, 15.11.6,1511.7,

1
15.11.8,15.19.6, 1629
1

15.11.2,15.11.3, 15,114, 1511615117,
15.11.8,15.196

Acetic anhydride z SP 2 2G Cont No T2 A No R FT A Ye

w

Acetochlor X P 2 2G Open No Yes O No A No 15196 16.26, 1629

Acetone cyanohydrin Y SP 2 2G Cont No T IA Yes C T A Yes }géQS 15.13,15.17,15.18,15.19, 16 6.1, 16.6.2

Acetonitrile z SP 2 2G Cont No T2 1A Ne R FT A No 151215196

Acetonitrile (Low purity grade) Y SP 3 2G Cont No T A No R FT AC No 15123 15124 15196

Acid oil mixture from soyabean, com (maize) and sunflower oil refining Y SP 2 2G Open No - - Yes O No ABC No 15196 16.26,1629

Acrylamide solution (50% or less) Y SP 2 2G Open No NF C No No No 15123 1513 15.196,16.2.9 1661

Acrylic acid Y SP 2 2G Cont No T2 1A Ne C FT A Yes 15112 15.11.3,15.11.4,15.116,15.11.7,
15.11.8,15.12.3,15.12.4,15.13,15.17,15.19,
16.2.9, 16.6.1

Acrylonitrile Y SP 2 2G Cont No T 1B No C FT A Yes 151215131517, 1519

Acrylonitrile-Styrene copolymer dispersion in polyether polyol Y P 3 2G Open No Yes O No AB No 15196 16.26

Adiponitrile z SP 3 2G Cont No IB Yes R T A No 1629

Alachlor technical (30% or more) X SF 2 2G Open No Yes O No AC No 15196 1628

Alcohol (C9-C11) poly (2.5-9) ethoxylate Y P 3 2G Open No Yes O No A No 15196 1628

Alcohol (C6-C17) (secondary) poly(3-6)ethoxylates Y P 2 2G Open No Yes O No A No 151961629

Alcohol (C6-C1T) (secondary) poly(7-12)ethoxylates Y P 2 2G Open No Yes O No A No 15196 16.26, 1629

Alcohol (C12-C16) poly(1-6)ethoxylates Y P 2 2G Open No Yes O No A No 15196 1628

Figure 1.7 — First Page of Chapter 17 of the IBC 2012



1.4 Historical evolution

The chemical tanker as a ship type has its origins in the late 1940s and early 1950s. The first
chemical tankers were developed to meet the needs of a growing petrochemical industry on the
Gulf coast of the United States.®

Prior to the 1920s — and in fact afterwards as well — chemical manufacturers relied upon traditional
raw materials such as animal and vegetable matter. However, the significant use of hydrocarbons
as raw materials for the synthesis of organic chemicals began in the USA around this time. Cracker
gases, rich in olefins (ethylene, propylene and butylene) were initially regarded as by-products of
oil refining, but from the 1920s onwards it was realized that they could be profitably used as
feedstock for chemical manufacture. For instance, by the 1930s, natural gas had largely replaced
coke gases as feedstock for the synthesis of ammonia.

Initially, shipments from chemical plants were transported in drums and in portable tanks by road
on the US Interstate highway system, as well as by rail tank cars to the US Atlantic coast.
Individually packaged chemicals had also been transported in glass carboys, drums and tank
containers on conventional ships, by river and sea.

Throughout the 1950s demand for chemicals increased rapidly and more sophisticated means of
transport were required. For a while the deep tank on board dry cargo ships were able to
supplement existing methods of transportation, but the emergence of hazardous new chemicals
which had to be shipped in large parcels made it clear that a new type of ship was required.

The surplus of wartime T2 tankers ensured an ample supply of ships that could be converted for
the large-scale carriage of bulk chemicals. Conversion of such vessels was not technologically
demanding, but necessary so as to enable cargo segregation. Conversion work usually included
adding bulkheads to provide more and smaller tanks, extending the line system and installing
additional cargo pumps.*

By realizing the significance of cargo segregation, the tank layouts in the earliest of these
conversions enabled the simultaneous carriage of several hazardous and incompatible cargoes. The
first of the new breed was the 9,073 GT R.E. Wilson, converted for Union Carbide and Carbon
Corp. In 1948, this ship was fitted with a double bottom and deepwell pumps, unique for such
ships at that time. Her center tanks enabled the carriage of nine different chemicals while petroleum
products of moderate density, such as kerosene, could be carried in the wing tanks. The ship
entered service in January 1949 and shuttled regularly from the Gulf Coast ports to New York.
She was scrapped in 1971.°



In addition to these converted, relatively large chemical carriers, smaller tankers specially designed
and constructed for the carriage of “acids” — e.g. sulfuric acid, were built during the early 1950s,
the cargo tanks of which were made of special alloy steel, strengthened for cargo densities up to
2.0 kg/l.

In the Netherlands, the Broere brothers put their first chemical tanker of only 400 dwt into service
in October 1949 delivering US cargoes to North Sea ports. This ship was followed by the 2,880
dwt Elizabeth Broere in 1954. These small ships could not compete against the economies of scale
that the much larger converted oil tankers could offer.

The chemical parcel tanker trades were created with the introduction of the converted cargo ships
and oil tankers. The essence of this trade was that it enabled a variety of shippers of small lots of
liquid chemicals - or parcels - to enjoy the economies of scale of larger size tanker operation and
regularity of service. Parcels could have a size extending from a few hundred to a few thousand
tonnes each; they could be any of a multitude of products; and they could be loaded and/or
discharged at any one of a number of ports along an established route.

As the redundant wartime T2 tanker and the C4 cargo vessels had been the trigger for the
conversion into chemical tankers, a new impetus came from another regional war that resulted in
the closure of the Suez Canal in 1957. The petroleum products tankers of that time were made
uncompetitive by larger and newer vessels, which had better economies for sailing round the Cape
of Good Hope. Owners of this redundant tonnage were willing to invest in conversions in order to
avoid lay-up and assure employment. The conversion of the tankers usually entailed adding a few
bulkheads to provide smaller tanks, coating some of the tanks with zinc silicate, installing
additional pumps and pipelines to provide segregation and, if necessary, adding a second pump
room.

The first tanker to be specially designed to carry chemicals in bulk was the Marine Dow-Chem, a
twin-screw steam turbine ship built in 1954 in the USA.® The vessel had double bulkheads to
separate the tanks, each with separate transfer systems, pipes and connections. She was used to
carry eleven chemical cargoes, each with their own different characteristics, from Dow’s Texas
plants to US ports, the Caribbean and Central and South America. At 168 meters in length the
Marine Dow Chem was capable of transporting 16,000 long tons of chemicals in her specially
designed hold.*



O fuel oil

B 50% caustic soda

O 73% caustic soda (nickel)
B glycols

ethylene dichloride B chloroform
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carbon tetrachloride B  hydrochloric acid
methylene chloride B ballast tank
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SS Marine Dow-Chem built 1954 in Quincy USA
Figure 1.8 — SS Marine Dow-Chem

Parcel tankers incorporated all of the characteristics of the early tankers plus a few more. More
bulkheads were included to give each ship more than 40 tanks. Apart from coatings, stainless steel
tanks were fitted in many ships, enabling them to carry corrosive cargoes or cargoes requiring a
high degree of product purity.

Stainless steel tanks were expensive, but offered relatively easy cleaning and enabled the transport
of a number of cargoes that could not be shipped in conventional, coated mild - steel tanks. The
first tanker equipped with stainless steel cargo tanks was the Norwegian M/T Lind, delivered in
1960.

Over the next forty years the chemical transportation industry continued to expand and evolve.
The innovations and developments were fueled by the needs of the shippers and their cargoes as
well as by the desire of the shipowners to operate more efficient vessels. These innovations and
technologies were developed by a joint effort by chemical tanker shipowners and operators, ship
designers, equipment manufacturers, shipbuilders and classification societies. The growing body
of international regulations on ship design and operations provided additional impetus.’

In the early 1970s international control of the bulk shipments of chemicals had been de facto
addressed by the United Nations-backed International Maritime Consultative Organization
(IMCO). IMCO had promulgated a Bulk Chemical Code for the construction and equipment of
ships carrying dangerous chemicals in bulk. The Code was applicable to all ships built or converted
after April 1972. Moreover, after a six- year grace period, the Code would be extended to include
all chemical carriers in operation.



The Code forced the chemical tankers to adopt many technological innovations in respects of
safety and environmental protections. As a matter of fact, modern chemical tankers were equipped
with cargo tank vetting and gas freeing systems, environmental control of cargoes, electrical
installations, fire protection and extinction. *

The size of chemical tankers usually varies between small ones (5,000 dwt or less) to bigger ones
(over 40,000 dwt), which is considerably smaller than an average crude oil or product tanker
because of the usually smaller quantities of chemical cargo and the sometimes much smaller ports
where the ship loads or unloads.® However larger ships have also been built in recent years. The
larger chemical tanker yet known is the Bow Pioneer® delivered in April 2013 in Daewoo, Korea.
The 75,000 dwt Bow Pioneer represents a new development within the chemical tanker industry,
and is a considerably larger chemical tanker than ever built before.

Figure 1.9 — Bow Pioneer



1.5 International Regulations

As described in “Ship Design and Construction, Volume 2”, Chemical tanker design and operation
is principally governed by three documents issued by the International Maritime Organization
(IMO). The first and most specific to chemical tankers is The International Code for the
Construction and Equipment of Ships Carrying Dangerous Chemicals in Bulk (IBC Code)". The
International Conversion for the Safety of Life at Sea, 1974, as amended (SOLAS)™ includes more
general regulations governing commercial vessel design. Finally, The International Convention
for the Prevention of Pollution from Ships, 1973, and Protocol of 1978 (MARPOL 73/78)""
provides regulations that affect the design and operation of chemical tankers with regard to
pollution prevention. These international regulations are the foundation for the majority of the flag
state regulations and classification society rules relating to the design of chemical tankers.

1.5.1 SOLAS

The purpose of SOLAS is to provide regulations governing the design, construction, and operation
of commercial vessels with a focus on maximizing safety. Chemical tankers are required to meet
many of the generic safety regulations included in SOLAS that are applicable to all types of
vessels, such as radio and navigation equipment. The SOLAS regulations specific to chemical
tanker design and operations are located in Chapter V11 part B, titled Construction and Equipment
of Ships Carrying Dangerous Liquid Chemicals in Bulk. This section does not contain specific
technical requirements or a list of cargoes to which it applies, but rather differs from the IBC code.
The section requires that all chemical tankers built after 1 July 1986 comply with the requirements
of the IBC code as well as with the applicable survey requirements spelled out in Chapter I of
SOLAS. The text of the chapter also requires that the chemical tankers built after 1 July 1986 be
surveyed and certified as per the IBC code.

“ International Code for the Construction and Equipment of Ships Carrying Dangerous Chemicals in Bulk
(IBC Code) as amended by MEPC.225(64) and MSC.340(91)- International Maritime Organization,
London, June 2014

" SOLAS Consolidated Edition, 2009 Consolidated text of the International Convention for the Safety of
Life at Sea, 1974, and its Protocol of 1988: articles, annexes and certificates

“* Articles, Protocols, Annexes, Unified Interpretations of the International Convention for the
Prevention of Pollution from ships, 1973 as modified by the Protocol of 1978, Consolidated Edition
2002, International Maritime Organization, London ,2001



1.5.2 IBC code

The IBC code contains the IMO regulations that specifically govern the design, construction, and
outfitting of newly built or converted chemical tankers. The IBC code was adopted by the IMO’s
Maritime Safety Committee (MSC) in 1983 and by the IMO’s Maritime Environmental Protection
Committee in 1985. The IBC replaced the Code for the Construction and Equipment of Ships
Carrying Dangerous Chemicals in Bulk (BCH code), which applies to chemical tankers built or
converted before 1 July 1986. The purpose of the IBC code as stated in its preamble is:

“...to provide an international standard for the safe carriage, in bulk by sea, of dangerous
chemicals and noxious liquid substances listed in chapter 17 of the Code. The Code prescribes the
design and construction standards of ships, regardless of tonnage, involved in such carriage and
the equipment they shall carry to minimize the risk to the ship, its crew and the environment, having
regard to the nature of the products involved.”

The IBC code applies to any size vessel that is engaged in the carriage of dangerous or noxious
liquid chemical substances in bulk, not including petroleum or similar products. The substances
covered by the code are defined as:

- Products having significant fire hazards in excess of those of petroleum products or
similar flammable products, and
- Products having significant hazards in addition to or other than flammability.

Based on these definitions, most petroleum products such as gasoline, kerosene, diesel, and solvent
naphtha are not required to be carried on chemical tankers as defined by the IBC code. The
products covered by the IBC code are also defined as possessing a vapor pressure equal to or less
than 2.8 bar absolute at a temperature of 37.8° C. This guideline excludes liquefied gases from the
auspices of the IBC code as they are covered by The International Code for the Construction and
Equipment of Ships Carrying Liquefied Gases in Bulk (IGC code).

The cargo hazards other than flammability that are considered by the IBC code include health
hazards, reactivity hazards, and water, air, and marine pollution hazards. Specific health hazards
considered are the toxic, irritant, and sensitizing effects of the material. With regards to reactivity,
the materials reactivity with itself, water, and other products are considered. In terms of water
pollution the hazards considered are human toxicity, water solubility, the odor and taste, and
material relative density. The air pollution hazards taken into account include toxicity, vapor
pressure, vapor density, solubility in water, and relative density of the product. The marine
pollution hazards takes into account the bioaccumulation risks, the damage to living resources, the
hazard to human health, and the reduction of amenities.

The IBC code defines three ship types, ST1, ST2, and ST3. The ship type determines the type of
cargoes, with regard to safety and environmental hazards, that a vessel may transport, based on the
vessel’s design and equipment. A list of cargoes that can be carried by a chemical tanker is included
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in Chapter 17 of the IBC code. For each of the chemicals included in this list, the code assigns one
of three ship types. A chemical assigned to ST1 in Chapter 17 is deemed to present the greatest
combined threat to safety and the environment. As the ship type number increases the overall threat
that the chemical presents, the rules governing the ship design become less stringent.

For each ship type there are specific design criteria that must be met, such as double bottom height
and double side width. The list included in Chapter 17 also identifies eleven different categories
of requirements that must be incorporated into a ship’s design and/or operation so that it may carry
a given cargo. These requirements range from tank gauging systems to requirements for
construction material. Therefore, the ship type alone does not qualify a ship to carry a specific
cargo. In addition to the ship type the vessel must also be outfitted with the equipment that the IBC
code requires for the specific cargo. Included in the list in Chapter 17 are product hazard categories
and pollution category designations. The pollution categories (A, B, C, D) are derived from the
regulations set forth in MARPOL 73/78, Annex Il. Since the total hazard, that includes both safety
and environmental, is considered when assigning a ship type to a cargo, there is no direct
correlation between ship type and the MARPOL pollution category.

Chapter 18 of the IBC code includes a list of the products for which the code does not apply. The
code does not apply to these cargoes as it has been determined that they do not present sufficient
hazard to warrant their inclusion. This does not imply that there are no special carriage or handling
requirements related to the cargo but rather because of the nature of the cargo, the rules governing
their carriage is left to the discretion of the flag states and the classification societies.

The IBC code includes regulations that govern the following areas of chemical tanker design:

- Intact stability and freeboard

- Damage stability

- Location of cargo tanks

- Vessel arrangements

- Cargo containments

- Cargo transfer

- Construction materials

- Cargo tank venting and gas freeing
- Environmental control of cargoes

- Electrical installations

- Fire protection and extinction

- Mechanical ventilation in cargo area
- Instrumentation

- Personnel protection

- Operation Requirements

Finally, the IBC code requires two pieces of documentation unique to chemical tankers. The first
document is the International Certificate of Fitness for the Carriage of Dangerous Liquid
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Chemicals in Bulk or COF. The COF provides a list of all the chemical cargoes that the vessel is
approved to carry, based on its design and equipment on board. In order for a vessel to carry any
particular cargo that is listed in Chapter 17 of the IBC code or any cargo that is designated as
pollution category D and is listed in Chapter 18 of the IBC code it must be listed on the vessel’s
COF. The COF is typically issued and maintained by the classification society on behalf of the
vessel’s flag state. The COF is an internationally accepted document that indicates that a vessel
meets the requirements of the IBC code. The second piece of documentation required by the IBC
ode is the vessel’s Procedures and Arrangement (P&A) Manual whose purpose and required
format is outlined in the MARPOL 73/78 Annex Il regulations.

1.5.3 MARPOL 73/78
The stated purpose of the MARPOL convention is:

“to achieve the complete elimination of intentional pollution of the marine environment by oil and
other harmful substances and the minimization of accidental discharge of such substances.”

Annexe II of the convention are the “Regulations for the Control of Pollution by Noxious
Substances in Bulk” and applies to design and operation of chemical tankers. The Annex provides
specific regulations aimed at preventing pollution from the discharge of both chemical cargo
residues and cargo tank washings. These regulations address both the operational procedures and
the unloading arrangements of vessels. The regulations are applies based on a cargo categorization
system. This system places each noxious liquid cargo into one of four categories (A, B, C and D)
based on the threat that the cargo poses to the marine environment.

The Annexe includes regulations regarding the amount of cargo residues that may remain in a tank
after discharging is complete. This requirement affects the design of the vessels cargo tanks cargo
piping and pumping systems. To promote this requirement the Annexe calls for testing of the
system to be carried out and approved by the flag state. The test procedure and associated
calculation methods are included in the appendix to the Annexe Il regulations. Requirements for
the locations and size of the underwater discharge ports for tank washings are also stipulated by
the Annexe.

The Annexe requires that each vessel carrying noxious liquid substances carry certain
documentation that proves compliance with regulations. Each vessel is required to maintain a
Cargo Record Book that lists all cargo-related activities that are carried out on an individual cargo
tank basis. Activities that are required to be listed include the loading, transferring, and discharge
of cargoes, tank cleaning, disposal of residues to shore, and discharging of tank washings at sea.
The Annexe requires that each vessel be provided with a Procedures and Arrangement Manual
(P&A Manual) that provides specific guidance on how the vessel is to be operated to ensure
compliance with the regulations set forth in the Annexe. This manual is a design document that is
produced by either the vessel designer or shipbuilder and approved by the flag state. Typically the
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vessel’s class society will review and approve the P&A manual on behalf of the flag state
administration. The Annexe also requires that chemical tankers be provided with Shipboard
Marine Pollution Emergency Plan (SMPEP), which provides guidance to the vessels’ operators in
the event of a pollution incident.

It should be noted that most chemical tankers are designed so that they can carry petroleum
products as well as chemicals. These vessels must meet the applicable requirements of both
Annexe | and Annexe Il of MARPOL 73/38.

1.6 Chemical tankers classification

1.6.1 Size categorization

Chemical tankers can be categorized in a number of different ways. Unlike oil and product tankers
there is no universally accepted size categorization of chemical tankers, however modern vessels
typically fall into one of the following three categories:

¢ Inland Chemical Tankers:
500 to 4,000 tons DWT. Typically in the form of self - propelled barges. Commonly
used in the river systems of northwestern Europe to load cargo from larger tankers or
coastal terminals and transport the material to inland industrial facilities.

e Coastal Chemical Tankers:
3,000 to 10,000 tons DWT. These small tankers, also referred to as short sea tankers,
are used to transport chemicals coastwise and to transship cargoes into ports and
terminals where larger tankers are unable to call because of any number of restrictions.
These tankers may load or discharge cargo from a shore terminal or directly from a
larger vessel. These vessels are commonly used in the intra - Europe, intra - southeast
Asia, and the north - central south American markets.

e Deep Sea Tankers:
10,000 to 50,000 tons DWT. These ocean going vessels typically have a large number
of segregations and have either stainless steel or coated tanks. These vessels operate
on the major trade routes between North and South America, Europe, the Middle East
and Asia.
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1.6.2 General type categorization

A modem chemical tanker is primarily designed to carry some of the several hundred hazardous
products now covered by the IMO Bulk Chemical Codes. The following general types of chemical
carriers have developed since trade began:*3

Sophisticated parcel chemical tankers:

Typically up to 40,000 tonnes deadweight with multiple small cargo tanks - up to 54 -
each with an individual pump and a dedicated pipeline, to carry small parcels of high
grade chemicals. These ships have a significant proportion of the cargo tanks made
with stainless steel, allowing maximum flexibility to carry cargoes that need their
quality safeguarded.

Product / chemical tankers:

Of similar size to parcel tankers but with fewer cargo tanks, mostly of coated steel
rather than stainless, and less sophisticated pump and line arrangements. Such ships
carry the less difficult chemicals, and also trade extensively with clean oil products.
Specialized chemical carriers:

Small to medium sized ships, often on dedicated trades and usually carrying a single
cargo such as an acid, molten sulfur, molten phosphorus, methanol, fruit juice, palm
oil and wine. Cargo tanks are coated or stainless steel according to the trade.

1.6.3 Ship type categorization as per IBC code

Chemical tankers can be also grouped by the level of cargo containment designed into the vessel,
known as Ship Type (ST).

The IBC code defines three specific ship types, with ST 1 providing the greatest level of
containment for the transportation of the most hazardous cargoes. Conversely, ST 3 provides
minimal containment for carriage of the least hazardous cargoes covered by the IBC code.
Chemical tanker designs typically fall in one of three ship type arrangements:

1. ST1/2
2. ST2
3. ST2/3
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1.7 Fleet Analysis

According to data taken from Odfjell*!, chemical tankers account for 8 percent of global tankers
fleet by numbers, as is shown in the following diagram.

Product
Tankers
21 %

Gas Tankers

9 %
Crude Oil Chemical
Tankers Tankers
62 % 8 %

Figure 1.10 — Tankers fleet distribution (2015)

Ship owners acquire chemical tankers either through the contracting of one or a series of new
buildings or by the purchase of one or several vessels in the second hand market. When new
buildings are delivered, the global fleet or supply increases, likewise when a tanker is scrapped,
the global fleet or supply decreases. The growth rate of supply in the chemical tanker market can
therefore be determined by the balance between deliveries and scrapping of chemical tankers in
the market.2

The global chemical fleet has grown by 25 % between 2008 and 2011, however the rate of fleet
growth continues to slow with 4,651,058 DWT and 3,358,465 DWT added in 2011 and 2012
respectively. The reason for this may be the large average age of the fleet, as at the end of 2012,
5.9 million DWT or 8 % of the global fleet was 20 years or older. This leaves scope for further
scrapping to take place if steel prices remain firm.!3
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Figure 1.11 — Age and size distribution of chemical tanker fleet (2006)

In a shipping market review delivered by Danish Skibskredit in October 2012*°, the chemical
tanker fleet was expected to grow only 3% in 2012. Deliveries were at the lowest level in ten years,
as a result of cancelations, only 49% of the expected deliveries actually were delivered.

About 40% of the vessels delivered were highly specialized chemical tankers with either stainless
steel or marineline coated tanks. The remaining 60% were vessels with less than 13 sophisticated
tanks, coated either with zinc or epoxy. Scrapping activity remained fairly high compared to
previous years. During the first eight months of 2012 scrapping amounted to 0.5 million dwt. with
an average scrapping age of 27 years.
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Figure 1.12 — Global Chemical Fleet Development

Eighty of the total 151 ships on the orderbook were delivered in 2012, all coming from yards in
China, including several that were thought to have been cancelled. Of these 80 ships, 68 are below
20,000 dwt and most are in the 5,000 to 10,000 dwt class, with many now trading Palm Qil. Korean
yards delivered 28 ships; all but one being above 37,000 dwt. Japanese yards delivered 24 ships in
sizes ranging from 1,231 dwt to over 50,000 dwt.

The average dwt of the ships on order is now 32,015 tons against 23,934 tons a year ago. New
ordering activity of late is gravitating towards larger sizes of 38,000 dwt or above for deliveries
spread into 2016. The move towards MRs and Handysize tankers has been prompted by better fuel
efficiency and more environmentally friendly main propulsion engines.®

(by number of ships)

Global Fleet by Size in 2005

M Under 10k
m10-18k
W 18-28k
W 28-35k
W 36-54k

Global Fleet by Size in 2012

(by number of ships)
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Figure 1.13 — Chemical Tankers size distribution
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Chapter 2

Chemical Cargoes

2.1  Introduction

In the second chapter of this thesis an effort has been made to familiarize the reader with chemical
tankers’ cargoes, their properties, and their potential hazards. As the structural design process of a
chemical tanker is directly related to the cargoes she is intended to carry, it would serve no useful
purpose to begin presenting design and structural configurations, without first discussing the cargo
itself.

First of all, a classification of cargoes is been made, according to their origin, chemical
composition, and the pollution threat they pose to the environment as per MARPOL. In addition,
all the physical properties that characterize a chemical material are listed and defined, as these
properties play a significant role in the selection and design process of various cargo systems that
we will meet in next chapters.

Subsequently, a brief presentation of hazards related to chemical cargoes, and the chemicals’
behavior when they released to the marine environment has been made. Although there is no direct
influence of this information to the design process, it is of vital importance that anyone who is in
any way involved with chemical tankers and the cargoes they carry, is well informed of these
hazards.

As a matter of fact, each cargo has its own characteristics, potential hazards and special
requirements for treatment. All these information are conveyed to the people handling these
chemical cargoes through the Cargo Information Data Sheet, which is presented at the end of this
chapter.

Finally, an attempt has been made to explain as simple as possible the effect of the chemical
products to the design procedure of chemical tankers. For the transportation of each product, some
specific structural requirements must be met. These requirements are listed in Chapter 17 of the
IBC code. This chapter aims to analyze Chapter 17 of the IBC code and investigate how individual
products may affect the design process.
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2.2 Chemical cargoes classification

2.2.1 Classification based on chemical composition

The cargoes transported by chemical tankers can be classified in several different ways. The
cargoes may be divided based on their chemical composition, such as inorganic and organic
compounds.

Organic compound:

any of a large class of chemical compounds in which one or more atoms of carbon are
covalently linked to atoms of other elements, most commonly hydrogen, oxygen, or
nitrogen.

Inorganic compound:

any substance in which two or more chemical elements other than carbon are combined,
nearly always in definite proportions. Compounds of carbon are classified as organic
except for carbides, carbonates, cyanides, and a few others.!

2.2.2 Classification based on origin

As described in Chemical Tankers: The quiet evolution 2, the chemical cargoes may be divided
into the following four groups based on their origin, and a specific heavy group:

Petrochemical products:

Carbon compounds exist naturally in abundance. Those which cannot be put to use as soon
as extracted and purified provide starting materials for other useful compounds. The
traditional bulk liquid “product” cargoes are the paraffins, obtained from crude oil by
fractional distillation. These are the “saturated” hydrocarbons. Chemically, they are
relatively unreactive and do not constitute the most suitable starting materials for making
other substances. These compound do, however, burn readily, some explosively when
vaporized and mixed with air, which is the basis of their value as fuels.

Thermal and catalytic “cracking processes” are used to obtain more volatile fuel
compounds from the residual heavy fuel fractions of primary distillation and many
hydrocarbon gases are also produced. The latter are principally the unsaturated
hydrocarbons, which are of higher chemical reactivity than their saturated counterparts and
which form the basis of the rapidly expanding petrochemical industry.

The typical olefin hydrocarbon, ethylene, which is produced in great quantity during
cracking, is such a compound. It can react by “addition” of atoms, a property which is
extremely important in the formation of polymers, (substances which are composed of
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giant molecules formed by the union of a considerable number of simpler molecules).
Rubber obtained by tapping the Hevea Brasiliansis tree is a natural polymer as are plant
fibers such as cotton, which consists of the polymer cellulose, animals’ hair, horn, nails,
wool, etc. which consist of giant molecules of protein. The three familiar forms of synthetic
polymer are plastics, man-made rubbers and fibers. An example of the plastics variety is
polythene which is manufactured by heating ethylene at high pressures in the presence of
catalysts, so that its molecules add to themselves, or “polymerize”. Ethylene is now also a
major source of ethanol (ethyl alcohol) which is used as a fuel and an industrial solvent.
P.V.C. (poly vinyl chloride) is produced by polymerization of vinyl chloride monomer,
which can be obtained by chlorination of ethylene or derived from acetylene — another
unsaturated hydrocarbon. The engineering uses of the gas acetylene are, of course, already
well known to shipbuilders.

It is now also possible to convert large quantities of methane into methanol (otherwise
known as methyl alcohol, methyl fuel or wood alcohol) for transportation in bulk as an
alternative to shipment as a liquefied gas.

Coal tar products:

The other industrial source of hydrocarbons is the residual coal tar derived when coal is
carbonized to produce coal gas. The aromatic compounds benzene, toluene and xylene,
from which are derived some very important commaodities, can be obtained as coal tar
products. Carbolic acid (phenol) was the first antiseptic, although not in direct use today.
The substances which are used, however, are mostly derived from phenol or similar
compounds, as are numerous disinfectants, detergents, dyestuffs and selective weed-
killers. Phenol is also used in the manufacture of certain of the nylon types and
pharmaceuticals and it was with “Bakelite”, the hard, synthetic resin produced by reaction
of phenol and formaldehyde that the plastics industry really originated.

Carbohydrate derivatives:

These include molasses and alcohols produced by fermentation. The latter, of course, are
associated with the brewing industry and ships which transport the end products (e.g. wine)
in bulk are, in fact, specializing chemical tankers. The most common alcohols are ethanol
and, mainly from the petrochemical industry, methanol and propanol. Alcohols can be
oxidized to aldehydes and then to carboxylic acids, with which they also react to form
esters. In this way, acetic acid is derived from ethanol for use as a solvent and, by reaction
with ethanol, to produce ethyl acetate. Cellulose acetate, familiar as a thermoplastic
moulding compound (telephones, packaging, film and buttons), as a man-made fiber
(Tricel) and as a lacquer, is an ester formed by cellulose and acetic acid.
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Animal and vegetable oils:

Esters occur in nature in the form of vegetable or animal oils and fats. Their composition
is quite different from that of petroleum (mineral) oils which are almost completely
composed of hydrocarbons. Although the oils are liquid at room temperature and the fats
are solid, both are, in general esters of an alcohol called glycerol and a variety of organic
acids known as “fatty acids” (e.g. palmitic, stearic, oleic).

The animal and vegetable oils which are used in the manufacture of such widely varying
commodities as soap, detergent, margarine, etc. , have been carried in ships for many years,
the main problem being this of maintaining cargo quality.

Heavy chemicals:

Heavy chemicals are common chemicals that are widely produced for use in a variety of
industries. The term heavy results from the high specific gravities of the chemicals.
Examples of heavy chemicals include: sulphuric acid, caustic soda, caustic potash,
phosphoric acid, nitric acid and sulphur.

2.2.3 Pollution categories

MARPOL Annex Il Regulations for the control of pollution by noxious liquid substances in
bulk® sets out a pollution categorization system for noxious and liquid substances. The four
categories are:

Category X:
Noxious Liquid Substances which, if discharged into the sea from tank cleaning or
deballasting operations, are deemed to present a major hazard to either marine resources or
human health and, therefore, justify the prohibition of the discharge into the marine
environment.

Category Y:

Noxious Liquid Substances which, if discharged into the sea from tank cleaning or
deballasting operations, are deemed to present a hazard to either marine resources or human
health or cause harm to amenities or other legitimate uses of the sea and therefore justify a
limitation on the quality and quantity of the discharge into the marine environment.

Category Z:

Noxious Liquid Substances which, if discharged into the sea from tank cleaning or
deballasting operations, are deemed to present a minor hazard to either marine resources
or human health and therefore justify less stringent restrictions on the quality and quantity
of the discharge into the marine environment.
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Other Substances:

Substances which have been evaluated and found to fall outside Category X, Y or Z
because they are considered to present no harm to marine resources, human health,
amenities or other legitimate uses of the sea when discharged into the sea from tank
cleaning of deballasting operations. The discharge of bilge or ballast water or other residues
or mixtures containing these substances are not subject to any requirements of MARPOL
Annex II.

2.3 Physical properties of chemicals

It is crucially important to know the physical properties of the chemicals transported in ships. A
brief explanation of these properties is given below, as defined in the IBC code?, and as found in
other sources®®7#:

Specific gravity:

Cargo tanks on a chemical tanker are normally designed to carry cargoes of a higher
specific gravity than an oil tanker. Sometimes the design strength even differs between
tanks on the same ship.

The information regarding tank strength may be found on the classification society’s
certification of the ship, and the master must be familiar with any restrictions that may be
imposed on loading heavy cargoes. Especially important is the risk of slack loading a tank
because this can lead to sloshing forces that may cause damage to the tank structure or its
equipment. Likewise, the tank’s design capacity must be strictly observed: exceeding is
dangerous. Note that the cargo’s specific gravity and its vapour pressure must be
considered together.

Flashpoint:
The flash point of a liquid is the lowest temperature at which the liquid will give off
sufficient vapour to form a flammable gas mixture with air, near the surface of the liquid.

Saturated vapour pressure:

The process of evaporation in a closed container will proceed until there are as many
molecules returning to the liquid as there are escaping. At this point the vapour is said to
be saturated, and the pressure of that vapour (usually expressed in mmHg) is called the
saturated vapour pressure.
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Vapour pressure / boiling point:

At any given temperature every liquid exerts a pressure called the vapour pressure. The
liquid will boil when its vapour pressure equals the external atmospheric pressure.

In a closed cargo tank a liquid will boil when the vapour pressure is equal to the external
vapour pressure plus the pressure setting of the pressure / vacuum (P/V) valve. The tanks
and vent systems are designed to withstand this pressure, plus the hydrostatic pressure of
the cargo. Cargoes that exceed the normal atmospheric pressure plus at 37.8°C (100°F)
should not be loaded into a tank that is not specially designed for that duty. Where P/V
valve set point can be varied, the correct setting should be confirmed. Vent line systems
must be checked for correct operation at regular intervals, as structural damage can easily
result from malfunction or blockage due to freezing of cargo vapour, polymer build-up,
atmospheric dust or icing in adverse weather conditions. Flame screens are also susceptible
to blockage, which can cause similar problems.

The higher the vapour pressure the more vapour will be released, a fact that may require
use of personal protective equipment.

Cubic expansion:

Liquids will expand as temperature rises, or contract when temperature falls. Sufficient
space must be allowed in the tank to accommodate any cubic expansion expected during
the voyage.

Vent line systems must be checked at regular intervals. Their design capacity is based on
vapour flow only; structural damage may result if vent systems become full of cargo liquid
due to thermal expansion.

Vapour density:

Vapour density is expressed relative to the density of air, as heavier or lighter. Most
chemical cargo vapour are heavier than air. Caution must therefore be exercised during
cargo operations, as vapour concentrations are likely to occur at deck level or in lower parts
of cargo pumprooms.

Lower and Upper flammable / explosive limits:

The flammable (explosive limits) are the minimum and maximum concentrations of
flammable gas or vapour in air between which ignition can occur. The Minimum vapour
concentration is known as:

The Lower Flammable Limit (LFL)

The Lower Explosive Limit (LEL)
The maximum vapour concentration is known as:
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The Upper Flammable Limit (UFL)
The Upper Explosive Limit (UEL)

Auto ignition temperature:
The auto ignition temperature of a solid, liquid or gas is the lowest temperature at which it
requires to be raised to support self-combustion.

Spontaneous combustion:

A type of combustion which occurs by self-heating (increase in temperature due to
exothermic internal reactions), followed by thermal runaway (self-heating which rapidly
accelerates to high temperatures) and finally, ignition.

Freezing point / Melting point:

Most liquids have a defined freezing point, sometimes described as the melting point. Some
products, like lube oil additives, vegetable and animal oils, polyoils etc. do not have a
defined freezing point, but rather a freezing (melting) range or none at all. The product’s
viscosity is instead used as a measurement for the products liquidity or handling
characteristics. Products with a freezing point higher than the outside temperature in which
the ship is trading will need to be heated in order to remain liquid.

Pour point:

The pour point of a liquid is the lowest temperature at which the liquid will flow. It should
be noted that cargo with thixotropic properties (the properties of showing a temporary
reduction in viscosity when shaken or stirred) can be pumped at temperatures well below
its pour point, but at very restricted rates.

Viscosity:

Viscosity is a measure of a liquids ability to flow and is usually determined by measuring
the time required for a fixed volume to flow under gravity through a thin tube at a fixed
temperature. It can also be described as a measure of the internal friction of a liquid. The
distinction between viscosity and pour point should be made clear. Oil ceases to flow below
its pour point  temperature  when the  wax  content  solidifies.
The viscosity of a cargo determines how easy it is to pump, and the amount of residue that
will be left after unloading. Viscosity is related to temperature and, in general, a substance
will become less viscous at higher temperatures, but note that certain cargoes (such as
luboil additives) show increased viscosity when heated. IMO standards define high and
low viscosity substances, and require cargo tanks that have contained substances with a
high viscosity to be pre-washed and the washings discharged to shore reception facilities.
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e Electrostatic charging:
Certain cargoes are known as static accumulators, and become electrostatically charged
when handled. They can accumulate enough charge to release a spark that could ignite a
flammable tank atmosphere.

e Solubility:
Solubility is expressed in different ways: either as simple as yes or no, as slight, or as a
percentage, but always in relation to water. Solubility is temperature dependent. A cargo
with low solubility will form a layer above or below a water layer depending on its specific
gravity. Most non-soluble chemicals are lighter than water and will float on top but some
others, such as chlorinated solvents, are heavier and will sink to the bottom. Chemicals that
are heavier than water can cause a safety risk in pumprooms when the overlying water is
disturbed, and in drip trays. Even in cargo tanks they may be trapped under water in pump
wells, and pose a danger even after the tank atmosphere is tested and found safe for entry.

2.4 Behavior of chemicals in the marine environment

Different chemicals behave in different ways when released into the sea. They can evaporate, float,
dissolve or sink. Behavior depends on physical properties of the chemical and also on the
environmental conditions of the sea. Substances can be categorized into physical property groups
by certain limits of vapour pressure, density, solubility, and viscosity. Different limits are used for
substances in different physical state, in other words for gaseous, liquid, and solid chemicals.
Categories help officials in a case of spillage or accident since chemicals in the same property
group behave in similar ways.

In reality, substances released into water behave often in more complex manner than simply
evaporate, float, dissolve, or sink. A chemical may behave in several ways simultaneously, for
example evaporate into the air and dissolve into the water. There are 12 property groups named in
European behavior classification system of Bonn Agreement (2006).
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Behaviour category Examples

Gas G propane, butane, vinyl chloride
Gas/dissolver GD ammonia

Evaporator E benzene, hexane

Evaporator/dissolver ED methyl-t-butyl ether, vinyl acetate
Floater F phthalates, vegetable oils, animal oils
Floater/evaporator FE heptane, toluene, xylene
Floater/dissolver FD butanol, butyl acrylate
Floater/evaporator/dissolver FED butyl acetate, isobutanol, ethyl acrylate
Dissolver D some acids ands bases, some alcohols, glycols
Dissolver/evaporator DE acetone

Sinker S coal tar, butyl benzyl phthalate
Sinker/dissolver SD dichloroethane

Figure 2.1 — Chemicals behavior categories

This simple classification system takes only one chemical into account at a time. This is
problematic, because large chemical tankers carry several different chemical at the same time, and
in case of an accident these chemicals may get mixed. A new compound may have totally different
properties and behavior than the original, separate chemicals had. In any case, chemicals involved
in an accident should be known before starting the rescue actions.®

Figure 2.2 — Chemicals behavior categories
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2.5 Hazards of chemicals

In the Tanker Safety Guide Chemicals'®, one can also find a brief description of hazards related
with chemical cargoes. Knowing and understanding those hazards is very important in order for
someone to eliminate them.

2.5.1 Flammability

Vapour given off by a flammable liquid will burn when ignited provided it is mixed with certain
proportions of air, or more accurately with the oxygen in air. But if there is too little or too much
vapour compared to the air, so that the vapour-and-air mixture is either too lean or too rich, it will
not burn. Combustion of a vapour-and-air mixture results in a very considerable expansion of gases
which, if constricted in an enclosed space, can raise pressure rapidly to the point of explosive
rupture.

In addition, a flammable liquid must itself be at or above a temperature high enough for it to give
off sufficient vapour for ignition to occur. This temperature is known as the flash point. Some
cargoes evolve flammable vapour at ambient temperatures, others only at higher temperatures or
when heated. Safe handling procedures depend upon the flammability characteristics of each
product. Non-combustible cargoes are those which do not evolve flammable vapour.

As mentioned, the fire risk presented by a flammable cargo depends upon the oxygen content of
the atmosphere above it. By filling the ullage space in a cargo tank with an inert gas such as
nitrogen or the output of an oil fired inert gas generator, the oxygen content can be reduced to a
level at which the atmosphere will no longer support combustion of flammable vapour.

This is known as inerting a tank. But it is important to remember that an inerted atmosphere may
become flammable again if air is admitted, for instance during routine measuring or on venting the
mixture to atmosphere or during gas freeing with air.

An inert atmosphere must not be considered as being without hazard, however, as without enough

oxygen it will not support life either. Any person entering a tank which has been inerted must
always follow strict procedures for entry into enclosed spaces.
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2.5.2 Health hazards
2.5.2.1 Toxicity

Toxic means the same as poisonous. Toxicity is the ability of a substance, when inhaled, ingested,
or absorbed by the skin, to cause damage to living tissue, impairment of the central nervous system,
severe illness or, in extreme cases, death. The amounts of exposure required to produce these
results vary widely with the nature of the substance and the duration of exposure to it.

Acute poisoning occurs when a large dose is received by exposure to high concentrations of a short
duration, i.e. a single brief exposure. Chronic poisoning occurs through exposure to low
concentrations over a long period of time, i.e. repeated or prolonged exposures. Toxicity is
objectively evaluated on the basis of test dosages under controlled conditions, and expressed as
threshold limit values (TLVS).

Prevention of exposure is achieved through a combination of cargo containment, which prevents
toxic fumes or liquid from contaminating the workplace, and the use of personal protective
equipment (PPE).

2.5.2.2 Asphyxia

Asphyxia is unconsciousness caused by lack of oxygen, and means suffocation. Any vapour may
cause asphyxiation, whether toxic or not, simply by excluding oxygen in air. Danger areas include
cargo tanks, void spaces and cargo pump-rooms. But the atmosphere of a compartment may also
be oxygen-deficient through natural causes, such as decomposition or putrefaction of organic
cargo, or rusting of steel in void spaces such as cofferdams, forepeak and aft peak tanks.

2.5.2.3 Anesthesia

Certain vapour cause loss of consciousness due to their effect on the nervous system. In addition,
anesthetic vapour may or may not be toxic.

2.5.2.4 Additional health hazards
Additional health hazards may be presented by non-cargo materials used on board during cargo
handling. One hazard is that of frostbite from liquid nitrogen stored on board for use as atmosphere

control in cargo tanks. Another hazard is that of burns from accidental contact with equipment
used while handling heated cargoes.
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2.5.3 Reactivity

A chemical may react in a number of ways; with itself, with water, with air, with other chemicals
or with other materials.

2.5.3.1 Self-reaction

The most common form of self-reaction is polymerization. Polymerization generally results in the
conversion of gases or liquids into viscous liquids or solids. It may be a slow, natural process
which only degrades the product without posing any safety hazards to the ship or the crew, or it
may be a rapid, exothermic reaction evolving large amounts of heat and gases, Heat produced by
the process can accelerate it. Such a reaction is called a run-off polymerization that poses a serious
danger to both the ship and its personnel. Products that are susceptible to polymerization and
normally transported with added inhibitors to prevent the onset of the reaction.

An inhibited cargo certificate should be provided to the ship before a cargo is carried. The action
to be taken in case of a polymerization situation occurring while the cargo is on board should be
covered by the ship’s emergency contingency plan.

2.5.3.2 Reaction with water

Certain cargoes react with water in a way that could pose a danger to both the ship and its
personnel. Toxic gases may be evolved. The most noticeable examples are the isocyanates; such
cargoes are carried under dry and inert condition. Other cargoes react with water in a slow way
that poses no safety hazards, but the reaction may produce small amounts of chemicals that can
damage equipment or tank materials, or can cause oxygen depletion.

2.5.3.3 Reaction with air

Certain chemical cargoes, mostly ethers and aldehydes, may react with oxygen in air or in the
chemical to form unstable oxygen compounds (peroxides) which, if allowed to build up, could
cause an explosion. Such cargoes can be either inhibited by an anti-oxidant or carried under inert
conditions.

2.5.3.4 Reaction with other cargoes
Some cargoes react dangerously with one another. Such cargoes should be stowed away from each
other (not in adjacent tanks) and prevented from mixing by using separate loading, discharging

and venting systems. When planning the cargo stowage, the master must use a recognized
compatibility guide to ensure that cargoes stowed adjacent to each other are compatible.

30



2.5.3.5 Reaction with other materials

The materials used in the construction of cargo systems must be compatible with the cargoes to be
carried, and care must be taken to ensure that no incompatible materials are used or introduced
during maintenance (e.g. by the material used for replacing gaskets). Some materials may trigger
a self-reaction within the product. In other cases, reaction with certain alloys will be non-hazardous
to ship or crew, but can impair the commercial quality of the cargo or render it unusable.

2.5.4 Corrosiveness

Acids, anhydrides and alkalis are among the most commonly carried corrosive substances. They
can rapidly destroy human tissue and cause irreparable damage. They can also corrode normal ship
construction materials, and create a safety hazard for a ship. Acids in particular react with most
metals, evolving hydrogen gas which is highly flammable. The IMO Codes address this and care
should be taken to ensure that unsuitable materials are not included in the cargo system. Personnel
likely to be exposed to these products should ear suitable personal protective equipment.

2.5.5 Putrefaction

Most animal and vegetable oils undergo decomposition over time, a natural process known as
putrefaction (going off), that generates obnoxious and toxic vapour and depletes the oxygen in the
tank. Tanks that have contained such products must be carefully ventilated and the atmosphere
tested prior to tank entry.

It must not be assumed that all vapour produced by cargoes liable to putrefaction will in fact be
due to putrefaction; some may not be obvious, either through smell or appearance of the cargo.
Carbon monoxide (CO), for instance, is colorless and odorless and can be produced when a
vegetable or animal oil is overheated.
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2.6 Cargo Information Data Sheet

As described in Tanker Safety Guide Chemicals'?, it is an IMO requirement for the shipper of a
liquid chemical cargo in bulk to supply a data sheet to ensure that ships have the information
necessary for safe containment of the cargo, and the emergency action that should be taken in case
of fire, spills, leaks or personal contact with the liquid. In the case of cargoes that are stabilized or
inhibited, the ship should have sufficient details of the stabilizer or the inhibitor, and its
effectiveness.

Those supplying the information should bear in mind that cargo related emergencies may occur
when the ship is at sea as well as in port. It is therefore not sufficient to advise that the crew call
the local fire brigade in case of fire, or send a casualty to hospital in case of personal contact.
Realistic and helpful but succinct advice is needed.

Different manufacturers are likely to have different styles of presenting technical chemical data
about a product, often associated with a defined market or trading region. However, it should be a
priority to present ships with the essential safety guidance in a uniform manner to which one can
refer to immediately in the event of an emergency.

Regulation 16.2.3.1 of the IBC Code* states that information shall be on board and available to
all concerned, giving the necessary data for the safe carriage in bulk. Such information shall
include a cargo stowage plan, to be kept in an accessible place, indicating all cargo on board,
including, for each dangerous chemical carried:

1. A full description of the physical and chemical properties, including reactivity,
necessary for the safe containment of the cargo.

Action to be taken in the event of spills or leaks.

Countermeasures against accidental personal contact.

Fire-fighting procedures and fire-fighting media.

Procedures for cargo transfer, tank cleaning, gas-freeing and ballasting.

a bk wn
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Cargo Information Q\'
Form or Data Sheet

Name of
Chemical

Appearance: Colourless mobile liquid. Synonyms alpha

beta

Odour: Sweet and pungent.
gamma

UN Number 1234 MFAG Table: 678 delta

The Main Hazards: TOXIC, FLAMMABLE, CORROSIVE, REACTIVE

Emergency Procedures:

Fire Stop liquid flow. Fire fighters should wear breathing apparatus and
full protective clothing. Poisonous gases are produced in fires.
Extinguish with alcohol-resistant foam or water spray. Do not use
water jet. Cool surrounding areas with water spray.

Liquid in eye Do not delay. Flood eye gently with clean fresh water, forcing eye
open if necessary, for at least 15 minutes. Obtain medical advice or
assistance as soon as possible.

Liquid on skin Do not delay. Remove contaminated clothing. Flood affected area
with water but do not rub affected area. Obtain medical advice or
assistance as soon as possible.

Vapour inhaled Remove victim to fresh air. If breathing has stopped or is weak, give
oxygen or (mouth to mouth/nose) resuscitation using separation
device. Remove any contaminated clothing. Obtain medical advice
or assistance as soon as possible.

Spillage Stop the flow. Avoid contact with liquid or vapour. Emergency team

' should wear breathing apparatus and full protective clothing. All
other people should leave the area. Contain spillage and allow to
evaporate. Inform port authorities or coastal state of spillage.

Figure 2.3 (a) — Cargo Information Data Sheet Sample
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Cargo Information Form or Data Sheet continued

Health Data:

TLV: 400ppm Odour Threshold: 25 ppm

Effect of liquid:

On eyes: Irritation, no permanent damage.

On skin: Cooling effect due to rapid evaporatjon.

irritation. No long term effect from accide :

By skin absorption: Of no consequence

By ingestion: Moderate local irritatio oughing. May cause
intoxication or loss of consciousness.

Effect of vapour:

On eyes: Irritation at high concentrations. No permanent damage.
On skin: Nil.

When inhaled: Acute effect - Irritation of throat, nose and mouth;
possible nausea and confusion but recovery is usually complete and
without permanent effects. High concentrations will result in
unconsciousness.

When inhaled: Chronic effect - May cause bronchitis after repeated
exposures over many years.

Fire and
Explosion Data:

Flash point 55°C (132°F)
Moderate hazard of fire, when exposed to heat or flame.

Chemical Data:

Reactivity Data:

Physical Data:

Conditions of Carriage:

Materials of Construction:

Notes and Special Requirements:

Figure 2.3 (b) — Cargo Information Data Sheet Sample
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2.7 The effect of cargo in the design of chemical tankers

Chemical tankers’ design and construction are — more than in any other type of vessel — strongly
affected by the type of cargoes that the vessel is intended to carry. The variety of cargoes that the
vessel will carry are defined by the shipowner, prior to the beginning of the design process. Then,
the design of the vessel takes place based on the minimum requirements that are set for the
specified products.

This procedure is very important, as it determines the operational flexibility of the vessel. Once a
vessel is built for the carriage of certain products, she will be unable to carry products with higher
requirements, unless sufficient modifications are made. These modifications though are not always
easy to be made, and their cost may be extremely high.

Chapter 17 of the IBC Code'? provides a list of products that, in order to be carried by a chemical
tanker, the vessel shall fulfill some minimum requirements. This list is consisted of 15 columns,
each of which gives information about the individual product and the requirements that need to be
fulfilled. A part of this list is shown in Figure 2.4.

Chapter 17 of the IBC Code

2 October 2012
Page 1 of 26

a c d 3 f g b i imj k1l ono oo

Acetic acid z SP 3 2G Cont No T A No R F A Ye

W

15112,15.113,15.11.4 15116 15117,
15.11.8,15.19.6,16.29
1

15.11.2,15.11.3,15.11.4, 15.11.6,15.11 7,

Acetic anhydride z sP 2 2G  Cont No T2 1A No R FT A Ye

w

15.11.8,15.19.6
Acetochlor X P 2 2G Open No Yes O No A No 15.196,16.26 1629
Acetone cyanohydrin Y SP 2 2G Cont Ne TT NA Yes C T A Yes 151215131517, 15.18,15.19, 166.1, 1662,

166.3

Acetonitrile z SP 2 2G Cont Ne T2 1A No R FT A No 151215196

Acetonitrile (Low purity grade) Y SP 3 2G Cont Ne TT IA No R FT AC No 15.123,15.124, 15196

Acid oil mixture from soyabean, com (maize) and sunflower oil refining ¥ SIP 2 2G Open No - - Yes O No ABC No 15.196,16.26,16.29

Acrylamide solution (50% or less) Y SIP 2 2G Open No NF C No No No 15123,1513 15.19.6,162.9 16.6.1

Acrylic acid Y SP 2 2G Cont Ne T2 1A No C FT A Yes 15.112,15.11.3,15.114,15116,15.11.7,
15.11.8,15.12.3, 15.12.4,15.13,15.17, 15.19
1629, 16.6.1

Acrylonitrile Y SP 2 2G Cont Ne TT B No C FT A Yes 151215131517, 1519

Acrylonitrile-Styrene copolymer dispersion in polyether polyol Y P 3 2G Open No Yes O No AB No 15.196,16.26

Adiponitrile z SP 3 2G Cont Ne IB Yes R T A No 1629

Alachlor technical (%0% or more) X SIP 2 2G Open No Yes O No AC No 151961629

Alcohol (C8-C11) poly (2.5-9) ethoxylate Y P 3 2G Open No Yes O No A No 151961629

Alcohol (C8-C17) (secondary) poly(3-6)ethoxylates Y P 2 2G Open No Yes O No A No 151961629

Alcohol (C6-C1T) (secondary) poly(7-12)ethoxylates Y P2 2G  Open No Yes O No A No 15.19.6,16.26, 16.2.9

Alcohol (C12-C16) poly(1-6)ethoxylates Y P 2 2G Open No Yes O No A No 151961629

Figure 2.4 — List of products and requirements
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The columns of this list will be analyzed one by one, to make clear what requirements they set for
the carriage of each product.

Column a — Product name

The product name is indicated here. The product name shall be used in the shipping document for
any cargo offered for bulk shipments. Any additional name may be included in brackets after the
product name.

Column ¢ — Pollution category
The letter X, Y, or Z indicates the pollution category of the product under MARPOL Annex II.
Categories X, Y, and Z are explained in Section 2.2.3 of this thesis.

Column d — Hazards

Indications “S” and “P”, state why the particular product is included in the Code. "S" means that
the product is included in the Code because of its safety hazards; "P" means that the product is
included in the Code because of its pollution hazards; and ""S/P" means that the product is included
in the Code because of both its safety and pollution hazards.

Column e — Ship type
Number 1, 2, or 3, indicates if the vessel that will carry the relative product shall be of Ship type
1, 2, or 3 as defined in Sections 3.3.1 and 3.3.2 of this thesis.

Column f — Tank type

Number 1 or 2, and indication “G” or “P”, give the type of tank that is required for the carriage of
each product. 1 stands for independent tank and 2 stands for integral tank, when “G” stands for
gravity tank and “P” stands for pressure tank. All the tank are described in Section 6.5.2 of this
thesis.

Column g — Tank vents

The type of venting system that is required is declared in this column. “Cont.” indicates a
controlled venting tank system, and “Open” indicates an open venting tank system, as they are
described in Section 7.5 of this thesis.

Column h — Tank environmental control

This column states if the transported product requires an inert gas system, or any other
environmental control system, to be installed in the tank. “Inert” indicates that an inert gas system
is required, when “Pad”, “Dry”, and “Vent”, stand for a liquid or gas padding system, a drying
system, and a natural or forced ventilation system respectively. “No” states that there are no special
requirements regarding the tank environmental control of the particular product. All tank
environmental control systems are described in Section 7.7.1 of this thesis.
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Column i — Electrical equipment

Electrical installations in chemical tankers should be such as to minimize the risk of fire and
explosion from flammable products. Where the specific cargo is liable to damage the materials
normally used in electrical apparatus, due consideration shall be given to the particular
characteristics of the materials chosen for conductors, insulation, metal parts, etc. The
specifications of the electrical equipment, that are required for each type of cargo, are set in
columns 1’ and i”’. Column 1’ indicates the temperature class that the equipment must have, in a
range from T1 to T6, when column i’* indicates the apparatus group, IIA, IIB, or IIC, in which the
equipment should belong. In both columns, “-*“ indicates there are no requirements for the electrical
installations, and if the field is left blank, that means that there are no information available for the
specific product. More information regarding the temperature classes and apparatus groups are
given by the International Electrotechnical Commission”.

Where electrical equipment is installed in hazardous locations, it should be of intrinsically safe
type in general. For example, a flameproof type ceiling light is shown in Figure 2.5.

Figure 2.5 — Flameproof type ceiling light

* International Electrotechnical Commission, Publication IEC 60092-502, 1999
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The hazardous locations, with regard to the electrical installations, depend on the flashpoint of the
carried product. Hazardous locations for chemical tankers carrying cargoes with a flashpoint not
exceeding 60°C are as follows™®:

- Cargo tanks and cargo piping

- Void spaced adjacent to, above, or below integral tanks.

- Hold spaces containing independent cargo tanks.

- Cargo pump rooms and pump rooms in the cargo area.

- Zones on open deck, or semi- enclosed spaces on deck, within 3 m of any cargo tank
outlet, gas or vapour outlet, cargo pipe flange, cargo valve or entrance and ventilation
opening to cargo pump rooms; cargo area on open deck over all cargo tanks and
cargo tank holds, including all ballast tanks and cofferdams within the cargo tank
block, to the full width of the ship, plus 3m fore and aft and up a height of 2.4m
above the deck.

- Enclosed or semi-enclosed spaces in which pipes containing cargoes are located;
enclosed or semi-enclosed spaces immediately above cargo pump rooms or above
vertical cofferdams adjoining cargo tanks, unless separated by a gas tight deck and
suitable ventilated; and compartments for cargo hoses.

Hazardous locations for chemical tankers carrying cargoes with a flashpoint exceeding 60°C are
only cargo tanks and cargo piping.

The flashpoint range of each product is indicated in column i”*”. “Yes” means flashpoint exceeds
60°C, and “No” means flashpoint does not exceed 60°C. “NF” indicates that the product is not
flammable.

Column j - Gauging

As described in Section 7.6, cargo monitoring can take place via open gauging devices - where the
gauger may be exposed to the cargo or its vapour - for less hazardous cargoes, or via closed
gauging devices — which are part of a closed system and keeps tank contents from being released
— for more hazardous cargoes.

In addition, restricted gauging devices may be used, which penetrate the tank and, when in use,
permit a small quantity of cargo vapour or liquid to be exposed to the atmosphere. When not in
use, these devices are completely closed.

“0O” in this column indicates that the product requires open gauging, “R” restricted gauging, and
“C” closed gauging devices.

Column k — Vapour detection

For some hazardous products, a vapour detection system is required to be outfitted on board. “F”
stands for a flammable vapour detection system, and “T” for a toxic vapour one. “No” indicates
that no vapour detection system is required.
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Column | — Fire protection

In this column the type of fire protection system (alcohol-resistant foam or multi-purpose foam
(“A”), regular foam (“B”), water spray (“C”), or dry chemical (“D”)) that is required for each
product is indicated.

Column n — Emergency equipment
The need, or not, of emergency equipment (respiratory, eye protection, etc.) to be available on
board is indicated in this column.

Column o — Specific and operational requirements

For some individual products, special requirements are given by the IBC Code. In this column, a
reference is been made to the section of the Code that the special requirements can be found. Most
of these, are operational and cargo-handling requirements. Some of them, though, may affect the
vessel’s construction. For example, cargo tanks — and associated equipment - that are intended to
carry hydrogen peroxide solutions should be either pure aluminum (99.5%) or solid stainless steel.
Aluminum though shall not be used for piping on deck. For cargo tanks designed to carry
phosphorus, yellow or white, they shall be designed in such a way in order to minimize the
interfacial area between the phosphorus and its water pad. In addition, tank heating arrangements
shall be external to the tanks and have a suitable method of temperature control to ensure that the
temperature of the phosphorus does not exceed 60°C. All special requirements for individual
products can be found under Chapter 15 of the IBC Code.

The above requirements apply to all but few products that are transferred via chemical tankers. For
some products that do not present safety or pollution hazards, there is no need for the requirements
to be specified. Even for these products though, some safety precaution need to be taken, to ensure
their safe transportation. The list of these products is given in Chapter 18 of the IBC Code.
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Chapter 3

Ship’s Arrangements

3.1 Introduction

In this chapter, the general arrangement of typical chemical tankers is described and analyzed.
Arrangement of spaces in chemical tankers should be designed in accordance with class
regulations and rules, so as to eliminate problems and difficulties that a non-effective arrangement
of spaces may occur, as well as to ensure that no hazards for the crew, the environment, or the
vessel itself arise at any time.

At first point, the arrangement of cargo tanks will be analyzed. Cargo tank’s arrangement and size
are directly related to the type of vessel. A chemical tanker is categorized as of type 1, I, or IlI,
depending on the cargo she is intended to carry. The three types of chemical tanker vessels, as well
as the effect the Ship Type has on the location of the cargo tanks, are presented in this chapter.

Due to their hazardous nature, chemical cargoes require special consideration regarding their
segregation from other cargoes, from machinery and accommodation spaces, from heat, water and
other. All the above affect the arrangement of the vessels which carry those cargoes, in ways that
are described in this chapter.

Furthermore, location of cofferdams, fuel oil tanks, cargo pump rooms, bilge and ballast
arrangements, accommodation, machinery and service spaces, openings to accommodation and
cargo spaces are considered.

Finally, reference is been made to the hazardous locations and zones of a chemical tankers, and
the effect they have on the vessel’s arrangement.
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3.2 The problem and the approach

As described in Ship Design and Construction %, the first step in solving the general arrangement
problems of a cargo ship is locating the main spaces and their boundaries within the ship hull and
superstructure. These spaces are:

1. Cargo spaces

2. Machinery spaces

3. Crew, passenger and associated spaces
4. Tanks

5. Miscellaneous

At the same time, certain requirements must met, mainly:

Watertight subdivision and integrity
Adequate stability

Structural integrity

Adequate provision for access

o

The general arrangement is evolved by a gradual process of trial, check and improvement. As for
any other problem, the first approach to a solution to the general arrangement must be based on a
minimum amount of information including:

1. Required volume of cargo spaces, based on type and amount of cargo

2. Method of stowing cargo and cargo handling system

3. Required volume of machinery spaces, based on type of machinery and ship

4. Required volume of accommodation spaces, based on number of crew and passengers
and standard of accommodations

5. Required volume of tankage, mainly fuel and clean ballast, based on type of machinery,
type of fuel and cruising range

6. Required standard of subdivision and limitation of main transverse bulkhead spacing

7. Approximate principal dimensions (length, beam, depth and draft)

8. Preliminary lines plan

The first general arrangement layout to allocate the main spaces is based on the above
information. Peak bulkheads and inner bottom are established in accordance with regulatory
body requirements. Other main transverse bulkheads are located to satisfy subdivision
requirements, based on preliminary floodable length curves. Decks are located to suit the
requirements of the spaces, cargo, machinery, accommodations, etc., and to satisfy strength
requirements. Allowance for space occupied by structure must be deducted in arriving at the
resulting net usable volumes and the clear deck heights.
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Usually, in the first approach, several preliminary general arrangements are laid out in the form of
main space allocations, boundaries and subdivisions. These are checked for adequacy of volumes,
weights and stability, and the changes to be made in the preliminary lines to make these features
satisfactory. At this point, certain arrangements may be dropped, either because they are not
feasible or are less efficient than other arrangements. The general arrangement process continues
into more refined stages, simultaneously with the development of structure, machinery layout, and
calculations of weights, volumes, floodable lengths, and stability, intact and damaged. The
selection of one basic arrangement may come early in the process, or may have to be delayed and
based on a detailed comparison of trade-offs. In any case, the selection is usually made in
consultation with the owner so that consideration may be given to his more detailed knowledge of
operating problems.

Chemical carriers may be designed for the carriage of a wide variety of chemicals in the in various
lot sizes. Characteristics of various chemicals require such tank features as special tank materials
such as stainless steel, special interior tank coatings, cofferdaming to separate from adjacent tanks,
heating systems, and cleaning systems. The optimum arrangement of tanks for such a carrier can
only be arrived at by comprehensive studies based on a clear definition of the service and product
requirements.’

Figure 3.1 — Chemical tanker typical general arrangement
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3.3 Cargo tanks arrangement

The types of cargoes a vessel is designed to carry influence to a major extent the arrangement of
the cargo tanks. The IBC code provides requirements for the location of cargo tanks that are to
carry ST1, 2, or 3 cargoes. The required locations are based on damage assumptions provided in
the code.

Ships, subject to the Code, are to survive the normal effects of flooding following an assumed
extent of hull damage caused by some external force. In addition, to safeguard the ship and the
environment, the cargo tanks of certain types of ships are to be protected from penetration in the
case of minor damage to the ship resulting, for example, from contact with a jetty or tug, and given
a measure of protection from damage in the case of collision or stranding, by locating them at
specified minimum distances inboard from the ship’s shell plating. Both the assumed damage and
the proximity of the cargo tanks to the ship’s shell shall be dependent upon the degree of hazard
presented by the products to be carried?.

3.3.1 Groups of ship type

Ships subject to the Code shall be designed to one of the following standards?:

1. A type 1 ship is a chemical tanker intended to transport chapter 17 products with very
severe environmental and safety hazards which require maximum preventive measures to
preclude an escape of such cargo.

2. A type 2 ship is a chemical tanker intended to transport chapter 17 products with
appreciably severe environmental and safety hazards which require significant preventive
measures to preclude an escape of such cargo.

3. A type 3 ship is a chemical tanker intended to transport chapter 17 products with
sufficiently severe environmental and safety hazards which require a moderate degree of
containment to increase survival capability in a damaged condition.

Thus, a type 1 ship is a chemical tanker intended for the transportation of products considered to
present the greatest overall hazard and type 2 and type 3 for products of progressively lesser
hazards. Accordingly, a type 1 ship shall survive the most severe standard of damage and its cargo
tanks shall be located at the maximum prescribed distance inboard from the shell plating.
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3.3.2 Location of cargo tanks

Cargo tanks shall be located at the following distances inboard?:

1. Type 1 ships: Tanks intended for carriage of cargoes for which Ship type 1 is required
shall be located at a minimum distance from the ship's side shell plating of B/5 or 11.5 m,
whichever is less, measured inboard from the ship's side at right angle to the center line at
the level of the summer load line, and at a vertical distance from the moulded line of the
bottom shell plating at center line not less than B/15 or 6 m, whichever is less but not less
than 760 mm from the shell plating.

B/5 or 11.5a% ‘Finrl'm load line

B/S or _| | B/S or ; —_
11 Sam < 4, Type 1 < ¥ o 116 f
Cargo Lank Type 1 J_
Cargo tank
i o/
\ 4 | &
“ Y\ / not less than
160mm
B/15 or fme ™
= = whiohever s lessbut min, 760mm) A . ,_--""IJ- /.-v”f
B/15 or Bme Lo T

z Bottom shell platirg centerlire

Figure 3.2 — Tank location of Type 1 ships

2. Type 2 ships: Tanks intended for carriage of cargoes for which Ship type 2 is required
shall be located at a vertical distance from the moulded line of the bottom shell plating at
centerline of B/15 or 6 m, whichever is less, but not less than 760 mm from the shell plating.
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Figure 3.3 — Tank location of Type 2 ships

3. Type 3 ships: For Ship type 3, there are no restrictions in respect of cargo tank location.
Therefore a ST 3 cargo can be carried in a cargo tank whose boundaries are common with

the shell plating.

\

-

Type 3
Cargo tank

S

Figure 3.4 — Tank location of Type 3 ships

3.3.3 Deck tanks

The distances indicated in Images 3.1 — 3.3 also control the ship type cargo that may be carried in
a deck tank. Clearly the double bottom height is not an issue but the distance between the tank
boundary and side shell is relevant, as the vertical extend of side damage is assumed to be upwards

without limit.*
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3.3.4 Damage stability

Damage stability is a survival capability in the damaged condition of a ship which suffers damage
in way of the side or bottom in specified damage assumption area. Damage stability varies
depending on ship size, tank size, tank arrangement, loading condition and densities of cargoes to
be loaded.®

The assumed maximum acceptable extent of damage is listed in the IBC code as follows®:

perpendicular of the ship

A Side damage:
A Longitudinal extent: USLE’G or 14.5 m, whichever is less
1.2 Transverse extent: B/5 or 11.5 m, whichever is less
(measured inboard from the ship’s
side at right angles to the centreline
at the level of the summer load ling)
1.3 Vertical extent: upwards without limit (measured
from the moulded line of the bottom
shell plating at centreline)
2 Bottom damage: For 0.3L from the forward Any other part of the

ship

[measured from the moulded line of
the bottom shell plating at
centreline (see 2.6.2)]

2.1 Longitudinal extent: 1/31’_2’:3 or 14.5 m, whichever is less 1/31’_2’:3 or 5 m, whichever
is less

2.2 Transverse extent: B/6 or 10 m, whichever is less B/6 or 5 m, whichever is
less

2.3 Vertical extent: B/15 or 6 m, whichever is less B/15 or 6 m, whichever is

less [measured from the
moulded line of the
bottom shell plating at
centreline (see 2.6.2)]

Figure 3.5 - Maximum extend of damage

Ships shall be capable of surviving the damage indicated in the matrix above, to the extent
determined by the ship’s type according to the following standards’:

1. A type 1 ship shall be assumed to sustain damage anywhere in its length.

2. A type 2 ship of more than 150 m in length shall be assumed to sustain damage anywhere
in its length.

3. Atype 2 ship of 150 m in length or less shall be assumed to sustain damage anywhere in
its length except involving either of the bulkheads bounding a machinery space located aft.

4. A type 3 ship of more than 225 m in length shall be assumed to sustain damage anywhere
in its length.
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5.

A type 3 ship of 125 m in length or more but not exceeding 225 m in length shall be
assumed to sustain damage anywhere in its length except involving either of the bulkheads
bounding a machinery space located aft.

A type 3 ship below 125 m in length shall be assumed to sustain damage anywhere in its
length except involving damage to the machinery space when located aft. However, the
ability to survive the flooding of the machinery space shall be considered by the
Administration.

Side Damags

B/S or 11.5 m«

*=whichever is less

N

\ upwards without limit
1/3L2/3 or 14.5 m#*

Bottom Damage

*~whichever is less

B/15 or 6 m=

Figure 3.6 — Example of damage assumption
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As far as practicable, tunnels, ducts or pipes which may cause progressive flooding in case of
damage, shall be avoided in the damage penetration zone. If this is not possible, arrangements shall
be made to prevent progressive flooding to volumes assumed intact. Alternatively, these volumes
shall be assumed flooded in the stability calculations.®

3.3.5 Size of cargo tanks

The IBC code, in Chapter 16.1, limits the maximum quantity of cargo of a certain ship type that
may be stored in a single tank. The maximum amount of ST 1 cargo that may be carried in a single
tank is 1250 m3. The maximum amount of ST 2 cargo that may be stored in a single tank is 3000
m3. The code does not limit the maximum quantity of ST 3 cargo that may be stored in a single
tank. These limits are on cargo quantity and not on tank size. However, if the volume of cargo tank
that is designed to carry ST 1 cargoes is greater than 1250 m? it will have to be loaded in a slack
condition when used to carry a ST 1 cargo. Loading tanks significantly below capacity reduces the
total volume of cargo that a vessel can carry on a given voyage. Therefore, to maintain maximum
operational flexibility the size of ST 1 tanks and ST 2 tanks are effectively limited to approximately
1250 m? and 3000 m?, respectively.

Chemical tankers carrying flammable cargoes that are listed in Chapters 17 and 18 of the IBC code
are exempt from the SOLAS regulations requiring tankers to be fitted with inert gas systems,
provided that a) the individual cargo tank capacities do not exceed 3000 m?®, b) that the nozzle
capacity of any single tank washing nozzle does not exceed 17.5 m®hour, and c) that the sum of
all the washing machine nozzles in a single tank does not exceed 110 m®hour.

The trade in which the ship-owner plans to employ the vessel will also drive the size of the cargo
tanks. To maximize operational flexibility and cargo carrying capacity on any given voyage the
standard parcel sizes and typical specific gravities must be taken into account. An analysis of the
cargoes shipped and the parcel sizes that are common in a given trade can provide the naval
architect with guidelines for selecting the practical cargo tank sizes.

Figure 3.7 illustrates the breakdown of parcel of parcel sizes by percentage of total number of
cargoes carried during a two-year period on a fixed trade route. The chart indicates that the most
common parcel size was 500 tons, which accounted for nearly 30% of all parcels shipped. The
number of parcels sized 1000 tons or less equaled 68% of the total parcels shipped over the two-
year period.
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Figure 3.7 — Breakdown of parcel sizes

Based on this analysis the optimum tank sizes would be based on parcel sizes of 500, 750, 1000
tons. To determine the required tank volume to handle these parcel sizes a similar examination of
the specific gravities of the cargoes carried must be performed. For example a 500 m? cargo tank
is too small for a parcel of 500 tons of cargo with a specific gravity of 0.86. A 500 tons parcel at a
specific gravity of 0.86 would require a minimum tank size of approximately 593 m? when filled
at 98% capacity. In practice, cargo tanks are typically filled to a maximum of 98% of capacity to
allow for thermal expansion of the cargo during carriage.

Figure 3.8 illustrates the breakdown of the specific gravities of cargoes carried by percentage of
the total number of cargoes carried during the same two-year period on the same fixed trade route.
This chart indicates that the most common cargo specific gravity was approximately 0.90 at 21%
of the total cargo carried and that 62% of the total number of cargoes carried had specific gravities
between 0.80 and 0.95.

Percent of All Cargoes Carried

hnﬂ MH Nond.

\r:_‘ e = "4:)

Cargo Specific Gravity
Figure 3.8 — Breakdown of cargo specific gravity
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Utilizing the type of information provided in Figures 3.7 and 3.8 the naval architect could select
various tank sizes that best fit the needs of the vessel’s intended trade. With the desired tank sizes
in hand the tank arrangement can be developed. The arrangement of the cargo tanks should
maximize the operational flexibility of the vessel and meet the need of the ship-owner.®

3.4 Cargo segregation®

3.4.1 Mutual compatibility of cargoes

The cargoes which react in a hazardous manner with other cargoes should be segregated from each
other by means of a cofferdam, void space, cargo pump room, empty tank or tank containing a
mutual compatible cargo, or should be loaded in the tanks touching adjacent other tanks at only
one corner as shown below:

(Acceptable) (Not acceptable)
B B B
A B A B
B B B

Figure 3.9 — Cargo segregation by loading

In addition, as per IBC code!!, these cargoes shall have separate pumping and piping systems
which shall not pass through other cargo tanks containing such cargoes, unless encased in a tunnel,
and shall have separate tank venting systems.

If cargo piping systems or cargo ventilation systems are to be separated, this separation may be
achieved by the use of design or operational methods. Operational methods shall not be used within
a cargo tank and shall consist of one of the following types:

1. Removing spool-pieces or valves and blanking the pipe ends;

2. Arrangement of two spectacle flanges in series, with provisions for detecting leakage into the
pipe between the two spectacle flanges.

3.4.2 Compatibility chart

With regard to information of cargoes which react in a hazardous manner with other cargoes, the
compatibility chart 46 CFR 150 of USCG*? is most popularly used, which is reproduced in Figure
3.10.
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Note: 1) Blank: No reactivity
2) x: Reactivity in hazardous manner
Figure 3.10 — Compatibility chart

The cargo groups in the compatibility chart are divided into two categories: groups 1 through 22
are “reactive groups” and groups 30 through 43 are “cargo groups”. Reactive groups contain
products which are chemically the most reactive; dangerous combination may result between
members of different reactive groups and between members of reactive groups and cargo groups.
Products assigned to cargo groups, however, are much less reactive; dangerous combinations
involving these products can be formed only with members of certain reactive groups. Products
assigned to cargo groups do not react hazardously with one another.

The following explains the procedure for how to use compatibility chart to find compatibility
information:

1. If both group numbers are between 30 and 43 inclusive, the products are compatible and
the chart needs not be used.

2. If both group numbers do not fall between 30 and 43 inclusive, locate one of the numbers
on the left of the chart (cargo groups) and the other across the top (reactive groups).
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3. The box formed by the intersection of the column and row containing the two numbers will
contain one of the following:
(a) Blank — the two cargos are compatible
(b) X- the two cargoes are not compatible

3.4.3 Segregation from heat

The cargoes which are easily affected by heat causing such hazards as polymerization,
decomposition, production of dangerous gas should be loaded in tanks separated from other
cargoes that are maintained at a high temperature. Associated piping should also be separated
accordingly.

If there are such cargoes among the cargoes expected to be loaded, careful consideration should
be paid in the preparation of the loading plan.

In order to ensure segregation from heat flow, the adjacency of two tanks is not permitted even
though for the two tanks it is limited to a corner spot or to a corner line.

3.4.4 Segregation from F.O. tank

Toxic cargoes should not be loaded in tanks adjacent to F.O. tanks in order to avoid possible
leakage of toxic cargoes into a F.O. tank. In this case, also, touching of the two tanks at a corner
spot or along a corner line is not permitted.

3.4.5 Segregation of cargoes that react with water

The cargoes that react in a dangerous manner with water should be loaded separately from ballast
water tanks or fresh water tanks except when the water tank is empty and dry. Touching of the two
tanks, which is limited to corner spot or corner line, may be permitted.

3.4.6 Corner-to-corner situation

Where a corner-to-corner situation occurs between a non-hazardous space and a cargo tank, a
cofferdam created by a diagonal plate across the corner on the non-hazardous side, may be
accepted as separation.

Such cofferdams shall be:

— ventilated if accessible,

— filled with a suitable compound if not accessible.

54



3.5 Location of spaces

Additional regulations that apply to the ship’s arrangement regarding the accommodation spaces,
service and machinery spaces, control stations, paint lockers, fuel oil tanks and others, are
presented below, as given by the IBC code!3, DNV* and Class NK rules?®.

3.5.1 Cargo segregation from accommodation spaces

Unless expressly provided otherwise, tanks containing cargo or residues of cargo subject to the
IBC code shall be segregated from accommodation, service and machinery spaces and from
drinking water and stores for human consumption by means of a cofferdam, void space, cargo
pump-room, pumproom, empty tank, oil fuel tank or other similar space.

In addition, cargo piping shall not pass through any accommodation, service or machinery space
other than cargo pump-rooms or pump-rooms.
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Figure 3.11 — Cargo segregation from accommodation by HFO tanks
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3.5.2 Arrangement of Fuel Oil tanks

Fuel oil bunker tanks shall not be situated within the cargo area. Such tanks may, however, be
situated at forward and aft end of cargo area instead of cofferdams, as shown in Figure 3.11. Also,
the fuel oil tanks shall not extend beneath cargo tanks.

3.5.3 Accommodation, service and machinery spaces and control stations

No accommodation or service spaces or control stations should be located within the cargo area
and no cargo or slop tank should be aft of the forward end of any accommodation.

Accommodation spaces and service spaces shall be positioned outside the cargo area, but not
necessarily aft of fuel oil tanks, however accommodation spaces shall not be situated directly onto
fuel oil bunker tanks adjacent to cargo tanks.

Exterior boundaries of superstructures and deckhouses shall be insulated to “A-60" standard for
the whole of the portions which face the cargo area and on the outward sides for a distance of 3m
from the end boundary facing the cargo area.
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Figure 3.13 — Exterior boundaries of deck houses

Where the fitting of a navigation position above the cargo area is shown to be necessary, it shall
be for navigation purposes only, and it shall be separated from the cargo tank deck by means of an
open space with a height of at least 2 m.

Paint lockers shall not be located within the cargo area.

Machinery spaces of category A and boiler spaces shall be positioned aft of the cargo area, but not
necessarily aft of fuel oil tanks.

Where deemed necessary, machinery spaces other than those of category A may be permitted
forward of the cargo area.
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Machinery spaces of category A'® are those spaces and trunks to such spaces which contain either:
1. internal combustion machinery used for main propulsion;
2. internal combustion machinery used for purposes other than main propulsion where such
machinery has in the aggregate a total power output of not less than 375 kW; or
3. any oil-fired boiler or oil fuel unit, or any oil-fired equipment other than boilers, such as inert
gas generators, incinerators, etc.

3.5.4 Entrances and openings to accommodation

In order to safeguard against the danger of hazardous vapours, due consideration shall be given to
the location of air intakes and openings into accommodation, service and machinery spaces and
control stations in relation to cargo piping and cargo vent systems.

Entrances, air inlets and openings to accommodation, service and machinery spaces and control
stations shall not face the cargo area. They shall be located on the end bulkhead not facing the
cargo area and/or on the outboard side of the superstructure or deck-house at a distance of at least
4% of the length (L) of the ship but not less than 3 m from the end of the superstructure or deck-
house facing the cargo area. This distance, however, need not exceed 5 m. No doors shall be
permitted within the limits mentioned above, except that doors to those spaces not having access
to accommodation and service spaces and control stations, such as cargo control stations and
storerooms, may be fitted. Where such doors are fitted, the boundaries of the space shall be
insulated to ‘“‘A-60"" standard. Bolted plates for removal of machinery may be fitted within the
limits specified above. Wheelhouse doors and wheelhouse windows may be located within the
limits specified above so long as they are so designed that a rapid and efficient gas- and vapour-
tightening of the wheelhouse can be ensured. Windows and sidescuttles facing the cargo area and
on the sides of the superstructures and deck-houses within the limits specified above shall be of
the fixed (non-opening) type. Such sidescuttles in the first tier on the main deck shall be fitted with
inside covers of steel or equivalent material.
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Figure 3.14 — Entrances to accommodation
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Ventilation inlets for the spaces mentioned above shall be located as far as practicable from gas-
dangerous zones, and in no case are the ventilation inlets nor outlets to be located closer to the
cargo area than specified for other openings.
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Figure 3.15 — Openings to accommodation

Entrance through air locks to non-hazardous spaces shall be arranged at a horizontal distance of at
least 3 m from any opening to a hazardous space containing gas sources, such as valves, hose
connection or pump used with the cargo.

Air locks shall comply with the following requirements:

air locks shall be enclosed by gastight steel bulkheads with two substantially gas tight self-
closing doors spaced at least 1.5 m and not more than 2.5 m apart.

air locks shall have a simple geometrical form. They shall provide free and easy passage,
and shall have a deck area not less than 1.5 m2. Air locks shall not be used for other
purposes, for instance as store rooms.

an alarm (acoustic and visual) shall be released on both sides of the air lock to indicate if
more than one door have been moved from the closed position.

air locks shall have effective ventilation.

Cargo control rooms, stores and other spaces other than accommodation and service spaces but
located within accommodation, may be permitted to have doors facing the cargo area. Where such
doors are fitted, the spaces shall not have access to the accommodation and service spaces and the
boundaries of the spaces shall be insulated to A-60 class.
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3.5.5 Cargo pump rooms
Cargo pump-rooms shall be so arranged as to ensure:

1. unrestricted passage at all times from any ladder platform and from the floor; and
2. unrestricted access to all valves necessary for cargo handling for a person wearing the
required personnel protective equipment.

Guard railings shall be installed on all ladders and platforms, when normal access ladders shall not
be fitted vertical and shall incorporate platforms at suitable intervals.

Means shall be provided to deal with drainage and any possible leakage from cargo pumps and
valves in cargo pump-rooms. The bilge system serving the cargo pump-room shall be operable
from outside the cargo pump-room. One or more slop tanks for storage of contaminated bilge water
or tank washings shall be provided. A shore connection with a standard coupling or other facilities
shall be provided for transferring contaminated liquids to onshore reception facilities.

Figure 3.16 — Cargo Pump Room

The lower portion of the cargo pump room may be recessed into machinery and boiler spaces to
accommodate pumps, provided the deck head of the recess is in general not more than one-third
of the moulded depth above the keel, except that in the case of ships of not more than 25 000 tons
deadweight, where it can be demonstrated that for reasons of access and satisfactory piping
arrangements this is impracticable, a recess in excess of such height may be permitted, though not
exceeding one half of the moulded depth above the keel.
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Figure 3.17 — Cargo Pump Room

3.6 Access to spaces in the cargo area

Access to cofferdams, ballast tanks, cargo tanks and other spaces in the cargo area shall be direct
from the open deck and such as to ensure their complete inspection. Access to double-bottom
spaces may be through a cargo pump-room, pump-room, deep cofferdam, pipe tunnel or similar
compartments, subject to consideration of ventilation aspects.

For access through horizontal openings, hatches or manholes, the dimensions shall be sufficient to
allow a person wearing a self-contained air-breathing apparatus and protective equipment to
ascend or descend any ladder without obstruction and also to provide a clear opening to facilitate
the hoisting of an injured person from the bottom of the space. The minimum clear opening shall
be not less than 600 mm by 600 mm.

For access through vertical openings, or manholes providing passage through the length and
breadth of the space, the minimum clear opening shall be not less than 600 mm by 800 mm at a
height of not more than 600 mm from the bottom shell plating unless gratings or other footholds
are provided.

Smaller dimensions may be approved by the Administration in special circumstances, if the ability
to traverse such openings or to remove an injured person can be proved to the satisfaction of the
Administration.
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3.7 Bilge and ballast arrangements

Pumps, ballast lines, vent lines and other similar equipment serving permanent ballast tanks shall
be independent of similar equipment serving cargo tanks and of cargo tanks themselves. Discharge
arrangements for permanent ballast tanks sited immediately adjacent to cargo tanks shall be outside
machinery spaces and accommodation spaces. Filling arrangements may be in the machinery
spaces provided that such arrangements ensure filling from tank deck level and non-return valves
are fitted.

Filling of ballast in cargo tanks may be arranged from deck level by pumps serving permanent
ballast tanks, provided that the filling line has no permanent connection to cargo tanks or piping
and that non-return valves are fitted.

Bilge pumping arrangements for cargo pump-rooms, pump-rooms, void spaces, slop tanks, double
bottom tanks and similar spaces shall be situated entirely within the cargo area except for void
spaces, double-bottom tanks and ballast tanks where such spaces are separated from tanks
containing cargo or residues of cargo by a double bulkhead.

3.8 Bow or stern loading and unloading arrangements

Cargo piping may be fitted to permit bow or stern loading and unloading, however bow or stern
loading and unloading lines shall not be used for the transfer of products required to be carried in
type 1 ships or for the transfer of cargoes emitting toxic vapours, unless specifically approved by
the Administration.

Bow or stern loading arrangements shall comply with the below:

1. The piping outside the cargo area shall be fitted at least 760 mm inboard on the open deck.
Such piping shall be clearly identified and fitted with a shutoff valve at its connection to
the cargo piping system within the cargo area. At this location, it shall also be capable of
being separated by means of a removable spool-piece and blank flanges when not in use.

2. The shore connection shall be fitted with a shutoff valve and a blank flange.

3. The piping shall be full-penetration butt-welded, and fully radiographed. Flange
connections in  the piping shall only be permitted within the cargo area and at the shore
connection.

4. Spray shields shall be provided at the connections as well as collecting trays of sufficient
capacity, with means for the disposal of drainage.

5. The piping shall be self-draining to the cargo area and preferably into a cargo tank.
Alternative arrangements for draining the piping may be accepted by the Administration.

6. Arrangements shall be made to allow such piping to be purged after use and maintained
gas-safe when not in use. The vent pipes connected with the purge shall be located in the
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cargo area. The relevant connections to the piping shall be provided with a shutoff valve
and blank flange.

Entrances, air inlets and openings to accommodation, service and machinery spaces and control
stations shall not face the cargo shore-connection location of bow or stern loading and unloading
arrangements. They shall be located on the outboard side of the superstructure or deck-house at a
distance of at least 4% of the length of the ship but not less than 3 m from the end of the house
facing the cargo shore-connection location of the bow or stern loading and unloading
arrangements. This distance, however, need not exceed 5 m. Sidescuttles facing the shore-
connection location and on the sides of the superstructure or deck-house within the distance
mentioned above shall be of the fixed (non-opening) type. In addition, during the use of the bow
or stern loading and unloading arrangements, all doors, ports and other openings on the
corresponding superstructure or deckhouse side shall be kept closed.

3.9 Hazardous Locations

The IBC code defines certain locations in the cargo areas as hazardous locations. The defined
locations and the cargoes carried determine what types of electrical equipment can be used in
certain areas of the ship. The areas defined as hazardous locations include the entire length of the
cargo area from the bottom shell plating to a height above the main deck, holds containing
independent cargo tanks, cargo pump rooms, pump rooms in the cargo area, and areas above cargo
tank outlets, vapour outlets, ventilation openings, and cargo pipe fittings. Consideration must be
given to the mechanical systems that are installed in the hazardous locations. Like the electrical
components, the mechanical components employed in the hazardous areas must not present a
source of ignition.

The carriage of toxic products result in additional hazardous areas that extend 15m in all directions
from the exhaust openings of tank venting systems. No accommodation or service spaces may be
located within the hazardous area.
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Chapter 4

The Structural Design Process

4.1 Introduction

The scope of this chapter is to present the basic steps that are followed by the designer during the
structural design process of a vessel, so that the importance and usefulness of each design stage is
highlighted. The first section of this chapter summarizes the whole design procedure and aims to
familiarize the reader with some basic concepts of it. Subsequently, two of the most important
steps of the design process, the load analysis and the strength evaluation, are isolated and
explained.

In the second section of this chapter, the loads that are predicted to be applied on the vessel, are
analyzed and classified to static and dynamic loads based on their characteristics. Moreover, the
ways in which these loads affect the transverse and longitudinal strength of the vessel are
explained. Finally, the most commonly used methods of load calculations are presented. A brief
description of impact dynamic loads, such as sloshing and slamming is also included.

The strength evaluation process is analyzed in the last section of the chapter, where reference is
made to the main types of structural failure. The strength evaluation flow, conventional analytical
methods as well as modern computational methods, such as the finite element method are also
described here.

This chapter is not focused on chemical tankers exclusively, but it addresses to almost all types of
commercial vessels, as they follow more or less the same design process. Special references in
chemical tankers are made though, wherever appropriate.
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4.2 The structural design process

The structural design process of a vessel begins by the time that the functional requirements have
been set by the owner. Requirements such as the type and volume of cargoes, the routes of
transportation, the ports of call and the speed of the vessel consist the basis on which the whole
design procedure takes place. According to these requirements, a preliminary general arrangement
is to be prepared and the major structural parameters are to be set.

Subsequently, an estimation of the loads and forces applied to the structure, such as the static loads
of buoyancy, weight of ship and cargo weight, as well as the wave and other dynamic loads shall
be made. For structural design and analysis, a structural engineer needs to have basic concepts of
waves, motions and design loads. The wave load is a kind of natural phenomenon and therefore
difficult to be estimated as it has many variations depending on the geographical area and the
season. For that reason its estimation is based on accumulated observed data.

Once the functional requirements and loads are determined, an initial scantling may be sized based
on formulae and charts in classification rules and design codes. The basic scantling of the structural
components is initially determined based on stress analysis of beams, plates and shells under
hydrostatic pressure, bending and concentrated loads. The rules provided by classification societies
thought, are not always 100% perfect. For that reason the designer must do his utmost in the design.

The next steps of the design procedure, after the loads applied and the initial scantling have been
calculated, are the estimation of the structural response of the hull structure when subjected to
these loads, and the assessment of the obtained responses against the allowable values. Response
calculations can now be done with sufficient accuracy by means of a framework or Finite Element
Method thanks to the development of computers. The calculated results coincide well with the
results of model tests and full-scale tests.

For the allowable values to be set, methods of limit state design have been implemented. A limit
state is a condition of a structure beyond which it no longer fulfills the relevant design criteria. In
a limit-state design, the design of structures is checked for all groups of limit-states to ensure that
the safety margin between the maximum likely loads and the weakest possible resistance of the
structure is large enough and that fatigue damage is tolerable. Limit state design criteria cover
various failure modes such as serviceability limit state, ultimate limit state (including
buckling/collapse and fracture), fatigue limit state, and accidental limit state. Each failure mode
may be controlled by a set of design criteria. Limit-state design criteria are developed based on
ultimate strength and fatigue analysis as well as use of the risk/reliability methods.

Theoretical reliable design, such as the limit state design, aims to keep reliability by gathering data
on statistical parameters and calculating failure probabilities theoretically for many kinds of failure
modes.
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The failure probability can be obtained by considering the distribution patterns of the forces
applied and the strength of the structure. As shown in Figure 4.1, if probability density functions
of forces applied and strength of structure are given with the horizontal axis indicating stress X,
the failure probability is given by the following equation:

Py = /0 de{X}Pc{X JdX = /O m( | —Q{X})Pd{X}dX

where

Pa{X}: probability density function of demand (load)

Pc{X}: probability density function of capacity (strength)
Qa{X}: probability of demand (load) exceeding certain value

Qc{X}: probability of capacity (strength) exceeding certain value
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Figure 4.1 — Probability of fracture
However, in case of ordinary ships, for which past experience has been accumulated, the allowable

limits can be alternatively decided by comparing results of response calculations for estimated
applied forces with damage data of the ship in service. This is an empirical reliable design 2.

68



Functional Loads Ultimate strength, | | Structural reliability,

requirements Fatigue and frature| | Risk assessment
I I |
Rules . Limit-state/design criteria
_ Redesign
Scantling R(fi/ Tms" ") > 811 Q)

Final element analysis
design evaluation

Finish

Figure 4.2 — Modern theory for marine structural design

When it comes to chemical tankers, the functional requirements are mostly set by the types of
cargoes that are to be transported by the vessel. The implementation of double bottom and double
hull, the materials that are going to be used for tank construction, the types of tanks and many
other design parameters are determined depending on the cargo. For the estimation of loading and
forces, the conventional analysis is followed as the hull form of chemical tankers is in general no
different than these of other cargo vessels.

Regarding the scantling of the structural components and the loads calculations, the rules of the
classification society that each vessel is registered shall be followed, as there are no Common
Structural Rules issued by IACS for chemical tankers. In some cases, the Common Structural
Rules for Double Hull Oil Tankers can be used, however these rules are applicable only to
chemical tankers having MARPOL Certificate for carriage of oil or oil products and length more
than 150m .2
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4.3 Load analysis

One of the first steps in the structural design process of a vessel, is the estimation of the loads that
she is expected to face during her life cycle. Based on this estimation, the scantling calculations —
and later the strength evaluation - will take place. On an ocean going vessel, the loads applied on
the construction may derive from the sea water, the vessel-water interaction, the transported cargo,
or the vessel herself. Even though, due to the unpredictability of the sea water environment and its
behavior, it is hard to accurately analyze and predict each and every load that the vessel will face,
several methods and patterns have been developed that give the designer all the necessary
information that he or she needs.

The loads that the ship structure must be strong enough to withstand have many sources. There are
static components which consist principally of the weight and buoyancy of the ship in calm water.
There are dynamic components caused by wave induced motions of the ship, and by slamming in
waves, as well as vibratory loads by the propeller and machinery, all of which are of different
frequency ranges.

4.3.1 Static loads

The static loads acting on a ship afloat in still water consist of two parts: buoyancy forces and
gravity forces, or weights. The buoyancy force is the resultant of the hydrostatic pressure
distribution over the immersed external area of the ship. This pressure is a surface force per unit
area whose direction is everywhere normal to the hull. However, the buoyant force is the resultant
perpendicular to the water surface and directed upward. The weights are body forces distributed
throughout the ship and its contents, and the direction of the weight forces is always vertically
downward. These component force systems are illustrated schematically in Figure 4.3.%
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Figure 4.3 — Static load components on hull
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Static loads have major impact both on transverse and longitudinal strength of the vessel. When it
comes to transverse strength, the transverse strength loads represent the loads which act on
transverse members and cause structural distortion of a cross section. This loads may include the
hydrostatic pressure applied on the outer shell, the internal pressure caused by the liquid chemical
cargo, the weight of the cargo, the weight of machineries, cranes and other cargo equipment, the
pressure and weight applied by the ballast water filled in ballast tanks etc. The combination of
some of these loads in each transverse section results in a local deformation of the section, which
could be of minor or significant extent.

For instance, let’s imagine a transverse section of a ship floating in still water as illustrated in
Figure 4.4. This section is subjected to: (a) hydrostatic pressure due to surrounding water, (b)
internal loading due to self-weight and cargo weight. These loads are not always equal to each
other at every point, consequently loads working on transverse members will produce transverse
distortion as shown by the broken line.

Cargo

Hydro-static pressure

Figure 4.4 — Example of deformation due to transverse strength loads

The static sea pressure is given equal to:
Phys = pswg (TLc — z) KN/m?
Where:

z: vertical coordinate of load point, in m, and is not to be greater than Tyc:
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Twc: draught in the loading condition being considered, in m
psw. density of sea water equal to 1.025 t/m?

g: acceleration due to gravity, 9.81 m/s?

The static tank pressure is to be taken as:
Pin-tk = pgztk KN/m2
Where:

zw: vertical distance from highest point of tank, excluding small hatchways, to the load point, see
Image 4.5

p: density of liquid in the tank

g: acceleration due to gravity, 9.81 m/s?

n L

oad Point
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&
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Figure 4.5 — Distances used in calculations for inner tank pressure

In the case of overfilling or filling during flow through ballast water exchange hair should be added
t0 Zi.
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Each transverse section of any vessel should be designed in such way that it sustains the forces
and stresses developed on it due to the transverse loads. In order of this to happen, the thickness
of the plates should be the appropriate and sufficient stiffening should be provided. The transverse
loads however are not limited to the static loads, as dynamic loads shall be added to them.
Especially in chemical tankers dynamic loads have a major effect, due to potential tank sloshing.

Static loads however, do not have effect only in the transverse strength of the vessel, but also in
the longitudinal. To examine these effects, we shall consider the vessel’s hull bending and twisting
as a beam, under the external longitudinal distribution of vertical, lateral, and twisting loads.

Figure 4.6 illustrates a typical longitudinal distribution of weight and buoyancy for a ship afloat in
calm water. A curve of buoyancy force per unit length is plotted in the lower part of this figure,
which as noted previously is equal to the weight density, pg, of water multiplied by the sectional
area. The upper curve (2) in the figure shows the longitudinal distribution of the weight force
plotted according to a commonly employed convention. In this procedure, the length of the ship is
subdivided into a number of equal station spaces, for example, the 20 or so station subdivisions
that were used to prepare the line drawing. The hull weights, equipment, and contents lying in the
interval between station i and station i + 1 are added together and treated as a single uniformly
distributed load over this station interval. This is essentially an accounting process in which every
item in the ship—hull structure (plating, frames, weld material), outfit (piping, deck covering,
cargo gear), propulsion machinery, cargo, and so on—is recorded and assigned to a station interval.
The procedure must be performed with meticulous care and in great detail to ensure accuracy.*

When we consider transverse loads and longitudinal loads, the following characteristic is
significant from the strength analysis point of view: The distortion due to longitudinal loads does
not affect the deformation of the transverse section. For example, the longitudinal bending moment
or shear force can never have an influence on the distortion of the cross section. It is therefore
necessary to recognize the transverse deformation of the ship structure due to the transverse load,
independently from the deformation induced by a longitudinal load. Transverse strength loads are
commonly used in cases where we investigate the strength of primary members, such as transverse
rings, transverse web frames, etc. On the other hand, longitudinal strength loads affect the overall
strength of a ship’s hull girder.®
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Figure 4.6 — Static loads, shear and bending moment

The design still water bending moments within 0.4 L amidships for vessels with length less than
100m is given as per DNV’ equal to:

Mso = 0.0052 L3 B (Cg + 0.7) (kNm)
Outside 0.4 L amidships Mso may be gradually decreased to zero at the F.P. and A.P.

For vessels with lengths that exceed 100m, the bending moments are given for sagging and
hogging as per DNV as equal to:

Mso = —0.065 Cwu L2 B (Cg + 0.7) (kNm) in sagging
= Cwu L2 B (0.1225 — 0.015 Cg) (kNm) in hogging

Cwu = Cw for unrestricted service.
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Figure 4.7 — Wave coefficient

For calculation of shear forces, again as per DNV:

Qs = ksq Qso (kN)

Mgo }
QSQ = ST (kN)

Mso = design still water bending moments (sagging or hogging)

ksg=0at A.P.and F.P.
= 1.0 between 0.15 L and 0.3 L from A.P.
=0.8 between 0.4 L and 0.6 L from A.P.
= 1.0 between 0.7 L and 0.85 L from A.P.

4.3.2 Dynamic loads

In addition to the static loads caused by the still water buoyancy and the weight of the vessel’s
construction, machineries and equipment, a sea going vessel is also subjected to a sum of dynamic
loads that may derive from the ship’s motion in the sea, the action of the ship and the waves, the
effects of operating machinery, or other factors. These dynamic loads, vary in time with periods
ranging from a few seconds to several minutes. A brief categorization of the dynamic load applied
on a vessel can be found below*:

e Low frequency dynamic loads.

Low frequency dynamic loads are loads that vary in time with periods ranging from a few seconds
to several minutes, and therefore occur at frequencies that are sufficiently low, compared to the
frequencies of vibratory response of the hull and its parts, that there is no appreciable resonant
amplification of the stresses induced in the structure. The loads are called dynamic because they
originate mainly in the action of the waves through which the ship moves, and therefore are always
changing with time. Such kind of loads are usually the wave induced loads that are applied to the
vessel’s hull and cause pressure variations on the hull, bending moments and shearing forces, or
even inertial reactions resulting from the acceleration of the mass of the ship and its contents.
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e High frequency dynamic loads

High frequency dynamic loads are time-varying loads of sufficiently high frequency that they may
induce a vibratory response in the ship structure. Some of the exciting loads may be quite small in
magnitude but, as a result of resonant amplification, can give rise to large stresses and deflections.
Such load are most commonly cause by unbalanced and not properly edged rotary machineries,
hydrodynamic effects of the propeller rotation, or even by short waves whose frequency of
encounter overlaps the lower natural frequencies of hull vibration.

e Impact loads

Impact loads are dynamic loads resulting from slamming or wave impact on the forefoot, bow
flare, and other parts of the hull structure, including the effects of green water on deck ( In heavy
storms, the waves and ship motions can become so large that water flows onto the deck of a ship.
The term ‘green water’ is used to distinguish between the spray (small amounts of water and foam)
flying around and the real solid seawater on the deck). Another impact load that is very common
in vessels carrying liquid cargo, such as chemical tankers, is the sloshing load caused by the
movement of liquid cargo in half empty tanks.

From all the dynamic loads that may be applied to a vessel, the most important are the low
frequency dynamic loads which lead to creation of bending moment and shearing forces, and the
impact loads. As both are wave-induced loads, one could say that when it comes to dynamic loads,
the wave-induced loads’ effect is much more significant than that of mechanically induced ones
(vibrations etc.). High frequency dynamic loads have of course their own importance, especially
when it comes to local strength and local design issues. For example, during the design of the areas
where rotary machineries are attached to, or of this of the stern tube area where the effect of
propeller’s function is significant, special attention should be paid to and a detailed analysis of the
high frequency loads should be carried out.

Due to the major significance of wave-induced loads in a ship’s structure, their calculation is one
of the important aspects of ship design. However as the behavior of the sea is highly irregular, this
is not an easy task. Hence a number of probabilistic and statistical techniques have been developed
to tackle this problem. These techniques enable the sea waves be defined in a mathematical form
and this may then be used to calculate the wave loads on the ship and ultimately the response of
the ship to these loads. When designing a ship though, formulae provided by classification
societies are used in order to calculate the wave loads and ship response.®

These formulas are the results of approximate methods and may include semi-empirical
formulations and quasi-static computations. For these methods, the ship is regarded in a state of
static equilibrium on either the crest or trough of a wave whose length is equal to the ship’s length
between perpendiculars, L, and whose height is L/20 °. The standard height of the wave may
change depending on the classification society. In that state the buoyancy can be calculated on the
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wave’s profile, and with the longitudinal distribution of weights known, the bending moments and
shear forces can be estimated.

Crest Crest ’
- JL— __T—————____ ____Trough _ TS —
SAGGING
K______ B Crest ________7
l| — 4/
T Trough I - Trough™ /7
L= | — 7/
HOGGING

Figure 4.8 — Sagging and Hogging conditions

The DNV proposes the following expressions for the calculation of wave bending moments:
For ships with a length less than 100 m:

Mwo = 0.11 Cw L? B (Ce +0.7) (kNm) in sagging
=0.19 Cw L2B Cg (kNm) in hogging.
For ships with a length exceeding 100 m:
Mwo =—-0.11 0. Cw L2 B (Cg + 0.7) (kNm) in sagging
=0.19 0 CwL?2B Cg (KNm) in hogging
a = 1.0 for seagoing conditions
= 0.5 for harbor and sheltered water conditions (enclosed fjords, lakes, rivers).

Mw is to be taken equal to Mwo between 0.4 L and 0.65 L from A.P. Outside this region Mw may
be reduced linearly to zero at F.P. and A.P.
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The vertical wave shear forces according to DNV are given as:

Positive shear force, to be used when positive still water shear force:
Qwp=0.3 Bkwgp CwLB(Cg+0.7) (kN)

Negative shear force, to be used when negative still water shear force:
Qwn=—03Bkwpn CwLB (Cg+0.7) (kN)

Positive shear force is considered when there is a surplus of buoyancy forward of section and
negative shear force when there is a surplus of weight forward of section.

B = 1.0 for seagoing conditions
= 0.5 for harbor and sheltered water conditions (enclosed fjords, lakes, rivers)
kwqp =0at A.P.and F.P.
=1.59 Cg/(Cg + 0.7) between 0.2 L and 0.3 L from A.P.
=0.7 between 0.4 L and 0.6 L from A.P.
= 1.0 between 0.7 L and 0.85 L from A.P.
Kwgn = 0 at A.P. and F.P.
=0.92 between 0.2 L and 0.3 L from A.P.
= 0.7 between 0.4 L and 0.6 L from A.P.
=1.73 Cg/(Cg + 0.7) between 0.7 L and 0.85 L from A.P.

The sum of still water loads and wave induced loads in each condition give an estimation for the
loads a vessel’s hull needs to resist. Based on these estimations the designer shall proceed to the
scantling calculation in accordance with the classification society guidelines. However, in most
cases these approximate methods overestimate the actual wave induced bending moment for any
given wave height, resulting in higher estimations of the applied loads.

In the approximate methods described above, the vessel’s length has great effect in the calculation
of the bending moment, as for longer vessels the bending moment is increased exponentially.
Chemical tankers have significantly smaller length compared to other commercial vessels, and for
that reason the design against bending is not a complicated design issue.

Apart from the approximate methods, according to Strength of ships and ocean structures®, other
methods can also be used for the estimation of the loads a vessel will need to resist. The ideal
scenario would be that full scale measurements and tests would take place in actual size models.
This could lead to very accurate results regarding the loads on a ship, however this scenario is not
feasible due to the expenses it would entail. Full scale measurements have been conducted in actual
vessels by the classification societies and other research institutions in the past, and the results
from these measurements constitute a statistical data pool from which useful information can be
extracted and used during the design of a vessel.
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Another method is the laboratory measurements of loads in scaled models. These models are
constructed according to the lines plan of the actual vessel and are equipped with instruments that
measure vertical or horizontal shear and bending moment, or torsional moment, amidships and at
other sections. The results are then edited accordingly and lead to estimation for the loads in the
full scale construction. Finally, another method is the direct computation of the wave-induced fluid
load, where the appropriate hydrodynamic theories used to calculate ship motions in waves are
applied to compute the pressure forces caused by the waves and ship motion in response to these
waves. Due to the huge volume of calculations needed, the use of computer and computational
methods is necessary. However, this theoretical way of load estimation, is not always accurate and
in line with the actual loads the vessel will face.

4.3.3 Slamming

During a voyage in rough seas, the vessel’s bow and stern may occasionally emerge from a wave
and re-enter the wave with a heavy impact or slam as the hull structure comes in contact with the
water. A vessel with such excessive motions is subject to very rapidly developed hydrodynamic
loads. The vessel experiences impulse loads with high-pressure peaks during the impact between
the vessel’s hull and water. The most affected parts of the hull are the bow flare, the forward part
of the bottom and the stern.

As discussed by Church®?, the damage induced by slamming can be subdivided into two areas of
concern: the damage brought about by high-intensity local forces, and the damage due to gross
hull structural response. In the first case, the damage can result to local structural defects such as
buckling of plates due to plastic deformation. In the second case the slamming effect contributes
to the overall response analysis of the ship as a beam and should be taken into account in relative
calculations.

The slamming effect is very important and may be proved disastrous for the hull structure if not
sufficient measures are taken during the design procedure. The design against slamming may
include increased plate thickness or advanced web framing to the areas that will be affected. The
extend of the hull structure to be evaluated is given by the ABS*!, as a minimum of at least 8 frame
stations for bottom slamming and at least 10 frame stations for bow flare and stern slamming, and
also as shown in Figure 4.9.
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Figure 4.9 — Extent of hull structure for slamming load prediction

4.3.4 Sloshing

Sloshing is a phenomenon where the fluid movement in the tank gets into resonance with the ship
motion and creates an impact force between the moving free surface of the fluid and the tank
structure. Sloshing is caused by the movement of the fluid’s free surface, therefore, if the tank is
fully filled with fluid, sloshing will never happen since the free movement of the liquid’s surface
is restricted. When the level of the liquid reaches to a certain portion of the tank, the liquid
resonates with the movement of the tank and then sloshing occurs.*?

Chemical tankers carry liquid cargoes, and as a matter of fact sloshing is a phenomenon that needs
to be taken into account during their structural design. The effects of sloshing in a chemical tanker
can be various and disastrous. First of all, the slamming effect of the liquid inside the tank may
lead to structural damage to the tank structure and fittings. Inside a chemical tanker’s cargo tank
there are numerous cargo equipment such as cargo pumps, cargo piping and washing appliances,
which are sensitive and could easily be damaged. In addition, even a slight movement of the
surface of the liquid cargo could create an electrostatic charge, which could potentially lead to
ignition. This could also happen in tanks which are partially filled with a mixture of oil and water,
such as dirty ballast, tank washings or slops. Finally, the effect of free surface reduces the ship’s
GM and may even lead to a loss of stability.*®

Even small angles of rolling or pitching could generate sloshing. The sloshing phenomenon is
difficult to predict as it depends on the geometry of the tank and the level of the liquid. For that
reason slack tanks must be avoided wherever possible and it is imperative that no cargo tank,
unless so designed and permitted by Classification, is allowed to remain in a slack condition whilst
the vessel is at sea.
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Figure 4.10 — Sloshing in a rectangular tank
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4.4 Strength evaluation

The strength evaluation is one of the most important parts in the design procedure of a vessel, as
it determines whether the construction is capable of sustaining the loads that it is expected to face,
or whether it will collapse under these loads, with the devastating consequences that such an
incident will have. In order to perform a valid and accurate strength assessment of the construction,
the designer must be able to analyze the behavior of the structural components under loads, the
actual stresses and tensions that the loads will occur, the way that a component may collapse and
many other relevant parameters. The basic steps of the evaluation of structural strength procedure
of a vessel are presented in Design of ship hull structures®*, and are analyzed in this section:

Determine an initial system of structural members

Presume a magnitude, direction, and probability of load

Assume a failure mode of structure due to the load

Select an appropriate analysis method

Choice of an acceptable strength criteria for a particular failure mode
Analysis of structural response

Evaluation of the response for given criteria

No ook~ owdPE

4.4.1 Determination of structural members

An initial determination of the structural members of the vessel is necessary in order to proceed
with the structural analysis. Most of the conventional commercial vessels nowadays, consist, more
or less, of the same groups of structural members and components, which are in line with the
classification societies’ rules and the modern structural design principles. Differences may exist
of course, between different cargo type vessels, or even between the same cargo type vessels due
to special requirements.

The strength deck, bottom and side shell of a ship act as a box girder in resisting bending and other
loads imposed on the structure. The weather deck, bottom and side shell also form a tight envelope
to withstand the sea locally, and to provide the buoyancy which keeps the ship afloat. The
remaining structure contributes either directly to these functions, or indirectly by maintaining the
main members in position so that they can act efficiently. Additional structural members suck as
the inner bottom, the inner hull, the transverse and longitudinal bulkheads, etc. contribute also
significantly in the overall strength of the construction.

All these structural elements of a ship are basically large sheets of plate whose thickness are very
small compared with their other dimensions, and which, in general, carry loads both in and normal
to their plane. These sheets of plate may be flat or curved, but in either case they must be stiffened
in order to perform their required function efficiently. Corrugated bulkheads, stiffened by the
corrugations, may also be used.
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The various stiffening members have several functions: the beams stiffen the deck plating, the
girders support the beams, transferring the load to the pillars or bulkheads. For transverse framing,
the transverse beams stiffen the side shell and support the ends of transverse deck beams and are,
in turn, supported by the decks and stringers. For longitudinal framing, the frames supporting the
plating run fore and aft and are in turn supported by transverse members. Stiffening members are
not independent from the plates they are attached to, and they contribute both in enhancing their
strength, and transferring and distributing the load to other structural members®®,

In the final analysis, the whole construction of a vessel is a combination of plates, flat or curved,
and beams of different dimensions, shape, and characteristics. So, after all, the strength evaluation
of a vessel concludes to whether these plates and beams, and the combined arrangement of them,
are able sustain the loads that will be applied on them.

4.4.2 Effect of loads

The loads that will be applied on a vessel, and the methods to calculate them have been analyzed
in previous section of this chapter. Of same importance with estimating the loads, is for the
designer to be able to analyze, how these loads will affect the structural components. The bending
moments and shearing forces contribute to the formation of stresses in the components of the hull.
Eyres!® explains the relation between bending moments and bending stresses:

From classic bending theory the bending stress (o) at any point in a beam is given by:
= E x _‘ll_‘

o

Where M = applied bending moment.
y = distance of point considered from neutral axis.
| = second moment of area of cross-section of beam about the neutral axis.

When the beam bends it is seen that the extreme fibers are, say in the case of hogging, in tension
at the top and in compression at the bottom. Somewhere between the two there is a position where
the fibers are neither in tension nor compression. This position is called the neutral axis, and at the
farthest fibers from the neutral axis the greatest stress occurs for plane bending. In the theory
considering the hull of a ship as a beam, the neutral axis will be generally nearer to the bottom,
since the bottom shell will be heavier than the deck, having to resist water pressure as well as the
bending stresses.

Occasionally reference is made to the sectional modulus (Z) of a beam. This is simply the ratio
between the second moment of area and the distance of the point considered from the neutral axis,
i.e. Ily =Z, so that the bending stress (o) is then given by c=M/Z.

When calculating the second moment of an area of the cross-section all longitudinal material is of

greatest importance and the further the material from the neutral axis the greater will be its second
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moment of area about the neutral axis. Bending stresses are greater over the middle portion of the
length and for that reason the design and the scantling of the midship section is one of the most
important steps of the structural design. It is common, however, that the maximum bending
moment is considered not only at amidships but also over forty percent of the vessels length around
amidships, giving maximum scantlings to all that section.

According to Taggart'’, unlike bending stresses, the maximum value of shearing force occurs at
about one quarter of the vessel’s length from either end. The shearing forces are received only
from vertical, or nearly vertical members, therefore the side shell and longitudinal bulkheads
receive all the shear.

For vessel without longitudinal bulkheads the shear stress 7 is calculated as per below:
T = Quac/tl

Where

Q = total shearing force

ac = moment of area above shear plane under consideration taken about neutral axis
t = thickness of material at the shear plane

| = moment of inertia of the entire section

4.4.3 Types of failure

Due to the various kinds of loads acting on a hull structure during a voyage, a damage of the
structure may be caused if the load reaches a certain critical level. There may be several failure
modes, however yielding, buckling, and fatigue are the most significant for the designer to take
into account.

4.4.3.1. Buckling

As explained by Caridis'®, in case an axial load is applied to a structural component of a
construction, like a beam or a plate, in order of deformation to take place one of the following
conditions should be met:

1. The point that the force is applied to, not to coincide with the center of gravity axis of the
section.
2. The component to have initial imperfections.

In real life constructions both of the above condition are usually met. As a matter of fact, when
axial forces are applied to a structural member of a construction, some bending will occur to it.
When the force will be removed, the structural member will return to its initial form. In case though
the axial force is increased above a critical level, there will be permanent deflection to it. This
phenomenon is named buckling, and the load at which it will be initiated depends on the material,
the geometry and other characteristics of the construction.
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Gaspar et al*® point out that the buckling strength requirements considered are used in the initial
stage of the hull girder scantlings’ design to control the buckling capacity of longitudinal stiffened
panels subjected to the compressive loads induced by the hull girder vertical bending. The
following buckling collapse failure modes are explicitly considered in the design formulation:
uniaxial buckling of the plating between stiffeners, column buckling of stiffeners with attached
plating and lateral-torsional buckling or tripping of stiffeners.

For the initial stage of the hull girder scantlings calculation, the design rules formulation for
buckling strength assessment of stiffened panels under uniaxial compression in the longitudinal
direction is based on the compressive stress induced by the hull girder vertical bending, with all
the other in-plane load components, lateral pressure and shear lag effects not explicitly accounted
for. This compressive stress component is given by the following equation:

(Z — Zna) (Msw + M) |

_ -3
Oy = _[:. |1U

Where z is the vertical distance to the baseline, zna is the vertical position of the horizontal neutral
axis of the cross section considered and Iv is the second moment of area of the cross section relative
to the horizontal neutral axis. The hull girder vertical bending moments are Msw for the still water
component and Mwyv for the wave component.

The structural design shall be performed in such a way so that the compressive stress will not be
greater than the critical buckling stress for plate panels and columns or stiffeners. This will happen
by increasing the Iv factor of the above equation either by advanced plate thickness or advanced
stiffening. The critical buckling stress for plate panels under uniaxial compression, columns and
stiffeners are determined by the classification societies.

4.4.3.2. Yielding

In case a tensile load is gradually applied to a structure, like a beam or a plate, then some elongation
might be induced. This elongation will be proportional to the load increment as long as the load is
relatively small. When the load ceases to exist, the structure returns to its initial form. However,
as the load increases beyond a certain point, that elongation will increase rapidly, and will cause
plastic deformation to the structure. That failure mode is called yielding, and is highly undesirable
in metal constructions as it may affect significantly its strength and lead to collapse.

The tensile load at which the yielding will take place is called yielding point and it depends primary
on the material and secondary on parameters such as the temperature, the increase rate of the load
and others. The designer needs to take care so that the strength of the structure will not exceed the
yield point.

For edge stress or stresses in the extreme fiber of plate elements and axial stresses in rod elements,
the yielding criteria of the structural members are to compare the normal stresses to the yielding
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stress of the material. For the case of bi-axial stresses in plate elements, a specific combination of
stresses, rather than the maximum normal stresses, constitutes the limiting condition. In this regard,
the yielding criteria is that the Hencky-von Mises stress, o, is not to exceed 95 percent of the yield
stress of the material. That is?:

£} £} [ 2
07+ 0, —0.0y+ Sr@

<0.95f,

Where ¢ x and oy are respectively the normal stresses in x- and y-directions, t xv is the shear
stress, and fy is the specified minimum yield point.

4.4.3.3. Fatigue

Fatigue is the cumulative material damage caused by cyclic loading. The structural components of
a vessel must withstand numerous stresses reversals during their lifetime, occurred by the
repetitive wave induced loads, the wind and other environmental effects and the vibrations of the
machinery. These stresses are not large enough to cause structural failure in one cycle, but failure
could occur when the accumulated damage experienced by the structure reaches a critical level.

The fatigue mechanism can be analyzed in three stages, as given by Yong Bai?!. The first stage is
the crack initiation, which is tied to the microscopic material behavior. Fatigue failure in a marine
structure is most possible to be initiated at welding points. This is because initial weld defects
always exist either internally or on the weld surface. The cyclic loading may trigger these cracks,
especially the ones on the surface, to grow.

The second stage is the crack propagation, when the crack has now been created and started to
grow. This stage, which covers almost 90% of the fatigue life of a structural member, is easier to
be understood compared to the crack initiation stage, as it is no longer tied to microscopic material
behavior, but can actually be modelled via several theories such as fracture mechanics. The crack
propagation is governed by several parameters, such as the welding geometry and the initial crack
size. The major parameter governing crack propagation though, is the stress range to which the
structural detail is subject to.

The final stage is the fracture failure of the structural details, which will occur eventually when
the crack size propagates a critical size. The parameters that affect the final fracture are the stress
level, the crack size and the material toughness.

Fatigue failure can be classified into two types: low-cycle fatigue failure, and high-cycle fatigue
failure. Fatigue failure that takes place for less than 10* cycles is called low-cycle, when for more
than 10 cycles is called high-cycle.

Among all methods applicable for fatigue design, the S-N approach is the most commonly used.
S-N curves indicate the relationship between the stress range and the number of cycles to failure.
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For fatigue analysis based on the nominal stress approach, welded joints are divided into several
classes. Each class has a designated S-N curve. The classification of S-N curves depends on the
geometry of the detail, the direction of the fluctuating stress relative to the detail, and the method
of fabrication and inspection of the detail, as given by IACS?2. Each construction detail, at which
fatigue cracks may potentially develop, should be placed in its relevant joint class in accordance
with criteria given in the codes. Fatigue cracks may develop in several locations, e.g. at the weld
toe in each of the parts joined, at the weld ends, and in the weld itself. Each location should be
classified separately.

The basic design S-N curve is given as:

logN = logK - m logS
Where:

S = Stress range

N= Predicted number of cycles to failure for stress range S
m= Negative inverse slope of S-N curve (typically m=3)
log K = Intercept of log N-axis by S-N curve = log a - 2std

where, a and std are constant relating to mean S-N curve and standard deviation of log N,
respectively.

Other methods of S-N curves creation are also applicable, however this is the most commonly
used.

The assessment of the fatigue strength of a ship structure is also presented by IACS. Assessment
of the fatigue adequacy of the structure is based on the application of the Palmgren-Miner
cumulative damage rule given by:

=ng n
D= )» —
X,
Where :
ni = number of cycles of stress range Si,

Ni = number of cycles to failure at stress range Si.
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Figure 4.11 — S-N curve (logarithmic scales)

From this definition, the structure is generally considered as failed when the cumulative damage
ratio D is equal to unity or greater. In order for the cumulative damage ratio to be calculated, the
stress ranges need to be calculated, and the appropriate S-N curve to be selected.

For the calculation of stress ranges, three types of stresses should be taken into account. First of
all, the nominal stress, which is the stress calculated by beam theory based on the applied loads
and the sectional properties of the component. In addition to the nominal stress, the hot spot stress
and the notch stress should also be taken into account. The hot spot stress is the local stress at a
critical point where cracks may be initiated. The notch stress is a peak stress at the root of a weld
or notch taking into account stress concentrations due to the effects of structural geometry as well
as the presence of welds.

After the fatigue damage ratio is calculated, the expected fatigue life of the structure can be
calculated as:

Design life

Fatigue life =
atigue life D
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4.4.4 Selection of analysis method and strength criteria

During the strength evaluation, the selection of the appropriate analysis method in each case is
very important, as if a non-appropriate analysis method is used, this could lead to mistaken results
and conclusions regarding the strength of the construction.

Since a hull structure is mainly composed of several types of stiffened plates, the load on the hull
is at first transmitted from panels to stiffeners, then from stiffeners to primary member such as
transverse rings or longitudinal girders, and finally from primary members to shell plating. The
strength analysis can be held in several ways. Structural analysis of the individual structural
members can take place, investigating the strength of a panel by thin shell theory and this of the
stiffeners and primary members by simple beam theory. However in case strength concentrations
or fatigue strength need to be studied, most sophisticated analysis such as finite element analysis
must be adopted, as the conventional strength analysis will not highlight the crucial points.

It is up to the designer, to evaluate each structural issue and decide what kind of analysis needs to
be performed. The same needs to be done when it comes to strength criteria. Some strength criteria
are proposed by the classification societies and should be followed during the strength evaluation
procedure. However these criteria are not always unchangeable. The strength criteria are usually
related to the prediction method of load. For that reason different criteria from these proposed in
structural rules may be used.**

4.45 Finite Element Method

The conventional, analytical method of solving stress and deformation problems by using theories
of beams, columns and plates is limited to simple structures and loads. When it comes to more
complex constructions and distribution of loads, this conventional method becomes very
complicated and cannot lead to safe results. For that reason, Finite Element Methods (FEM) are
used for such cases.

The basic concept and characteristics of FEM are analyzed by Okumoto et al?®. Finite element
method divides the structure into small elements, then assumes each element to be a mathematical
model, and finally assembles the elements and solves the overall. It can solve actual structural
problems by using some models, although their shapes and loads are complex and it is used for a
wide variety of steel, nonferrous materials and complex materials. Also it can perform very
complex and long calculations as it is relies on computer technology. However, it is not as accurate
as the analytical methods, because even the most complex structures are assumed as combinations
of simple elements and loads.
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Whole body Dividing into elements Assuming a simple model Assembling elements
Figure 4.12 — Basic concept of FEM

To carry out the finite element analysis, the geometric model which is generated from computer-
aided design (CAD) software, must be properly converted to the geometric model for the analysis.
The resulting shape is often different due to simplifications of the detailed configuration. After the
generation of this geometric model, the finite element model needs to be properly generated. It is
not good enough just to divide the design domain into smaller parts. The mechanical behavior
should also be considered in generating the finite element mesh. For example, the elements around
the area of stress concentration need to be smaller in order to give good accuracy?.

The finite element method might be a very useful tool, however it does not perform the structural
analysis by itself. The designer is the one who will input all the required data, like loads and
materials, and who will perform the modelization of the structure as required, giving emphasis to
the areas that are more probable to fail. For that reason good engineering background is required
to use the method effectively.
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Figure 4.13 — Deformation of ship bottom
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Figure 4.14 — Procedure of FEM

According to IACS?®, the finite element analysis for double hull tanker consists of two parts:

a) Cargo tank analysis to assess the strength of longitudinal hull girder structural members,
primary supporting structural members and transverse bulkheads.
b) Fine mesh analysis to assess detailed stress levels in local structural details.
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Chapter 5

Cargo Tank Materials

5.1 Introduction

The scope of this chapter is to explain which are the most common materials used for the
construction of cargo tanks in chemical tankers, why they are used, and which are the selection
criteria.

The most important parameter when it comes to the selection of cargo tank materials, is these
materials to be able to withstand the corrosive effect of the chemical cargoes. For that reason, the
mechanism and the most common types of corrosion that take place in chemical tankers are
explained.

The most commonly used materials for the construction of cargo tanks nowadays, are the stainless
steel and the mild steel. Mild steel, when it is used, should be sufficiently coated in order to
withstand the corrosive effect of the cargo. Firstly, the two main types of stainless steel are
presented: austenitic stainless steel and duplex stainless steel. Their microstructure and their basic
characteristics are analyzed and compared. Additionally, the enhanced resistance of stainless steels
against corrosion is explained.

When it comes to mild steel, the selection of the proper coating is of vital importance. Each type
of coating has its own characteristics, advantages and disadvantages. The most commonly used
coatings are presented, and several information are given regarding their properties.

Finally, a reference is been made to the selection procedure and analysis of the correct material for
cargo tank construction.
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5.2 Materials of tank construction

Due to the reactive behavior of chemical cargoes, the selection of the appropriate material for the
construction of cargo tanks is of great importance, not only regarding the strength of the vessel,
but also regarding reactivity and corrosion issues. The selection needs to be made, not only for
structural material used for tank construction, but also for cargo piping, pumps, valves, vents and
their jointing.

Class NK! proposes that the following shall be taken into account during the selection of the
materials:

1. Corrosive effect of cargo.
2. Possibility of hazardous reactions between the cargo and material of construction.
3. Suitability of linings.

In addition, as per IBC code?, structural materials shall be suitable at the temperature and pressure
for the cargo to be carried in accordance with recognized standards. Each cargo requires to be
carried under some specific temperature and pressure values. In case the tank material is not able
to withstand the combination of temperature, pressure, and cargo corrosiveness effects, then this
chemical cargo cannot be transferred into the specific tank.

It is clear that not all construction materials are suitable to sustain all chemical cargoes. As a matter
of fact, prior to the selection of cargo tank material, the chemical cargo — or at least the type of
chemical - that is intended to be carried should be specified.

Steel is the most common material for cargo tank construction. Farrell® states that cargoes which
are highly corrosive to mild steel will generally require the use of special materials for tank
construction and cargo systems, although increased mild steel scantlings may be acceptable in
association with means of controlling tank temperature and environment for substances or
concentrations having marginal effects. Due to its non-effectiveness in corrosion resistance, mild
steel is usually used for no reactive cargoes, and after a specialized coating has been applied on its
surface to increase its resistance.

However, as stated by Werner?, the most commonly used cargo tank material in modern chemical
tankers is the stainless steel. The corrosion-resistance properties of stainless steel allow chemical
tankers to safely transport hundreds of highly corrosive cargoes that are unsuitable for mild steel
and for many specialized tanks coatings. Stainless steel’s properties also allow for easy tank
cleaning and protect the quality of the cargo being transported while maintaining the vessel’s
structural integrity. For these reasons stainless steel has become the material of choice for chemical
tanker cargo tanks and cargo systems.
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Stainless steel is preferred, even though its cost is significantly higher than the cost of mild still.
In addition, stainless steel requires a higher level of skill in its fabrication, fact that further increases
its overall price. However, when compared to the cost of applying and maintaining a high quality
cargo tank-coating system, the initial cost of stainless steel cannot be considered excessive in light
of the benefits it provides.

5.3 Corrosion

5.3.1 Mechanism of corrosion

Common structural metals are obtained from their ores or naturally-occurring compounds by the
expenditure of large amounts of energy. These metals can therefore be regarded as being in a
metastable state and will tend to lose their energy by reverting to compounds more or less similar
to their original states. Since most metallic compounds, and especially corrosion products, have
little mechanical strength a severely corroded piece of metal is quite useless for its original
purpose.

Virtually all corrosion reactions are electrochemical in nature, at anodic sites on the surface the
iron goes into solution as ferrous ions, this constituting the anodic reaction. As iron atoms undergo
oxidation to ions they release electrons whose negative charge would quickly build up in the metal
and prevent further anodic reaction, or corrosion. Thus this dissolution will only continue if the
electrons released can pass to a site on the metal surface where a cathodic reaction is possible. At
a cathodic site the electrons react with some reducible component of the electrolyte and are
themselves removed from the metal. The rates of the anodic and cathodic reactions must be
equivalent according to Faraday’s Laws, being determined by the total flow of electrons from
anodes to cathodes which is called the “corrosion current”, Icor. Since the corrosion current must
also flow through the electrolyte by ionic conduction the conductivity of the electrolyte will
influence the way in which corrosion cells operate. The corroding piece of metal is described as a
“mixed electrode” since simultaneous anodic and cathodic reactions are proceeding on its surface.
The mixed electrode is a complete electrochemical cell on one metal surface.®

The most common and important electrochemical reactions in the corrosion of iron are thus

Anodic reaction (corrosion)
Fe — Fe™ + 2e

Cathodic reactions (simplified)

2H™ + 2e —» H,
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or
HED' + %Uz + zﬂ —> EDH_
In simple terms, the corrosion procedure can be expressed by the following chemical reaction®:

Aa+bB=cC+dD

where A is the metal and B the non —metal reactant (reactants) and C, D are the products of the
reaction. In other words it is an electrochemical reaction of a metal with its environment.

Figure 5.1 — Corrosion mechanisms
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5.3.2 Types of corrosion

Corrosion in metals may take place in several types and forms, depending on the conditions, the
material etc. The six types of corrosion that are most commonly developed in cargo tanks of
chemical tankers are explained by Kelly” and Taggart® as per below:

General corrosion: This is the most common type of corrosion in metals, which can lead
to great loss of the material. It is characterized by relatively uniform attack of the entire
area exposed to the corrosive environment, and it is most common for stainless steel when
exposed to mineral acid, non-oxidizing acidic solutions, and hot caustic solutions. In
general corrosion, the passive film slowly dissolves but continually re-forms. Since the
attack is linear with time, the life of equipment subject to general corrosion is reasonably
predictable. Uniform corrosion rates may be stated as an average metal thickness loss with
time, in mils per year or millimeters per year.

a = thickness of material
removed by corrosion

Figure 5.2 — General corrosion

Pitting corrosion: Pitting corrosion results from a local breakdown of the passive film and
the inability of the passive layer to reform. It is an extremely localized form of corrosion
that results in holes in the metal. Although total metal loss may be small, the equipment
may be rendered useless because of perforation. Pitting usually requires a long initiation
period before attack is visible, however once a pit has begun, the attack continues at an
accelerating rate. Pits tend to grow in a manner that undermines or undercuts the surface.
Typically a very small hole is seen on the surface. Poking at this hole with a sharp
instrument may reveal a rather cavernous hole under what had looked like solid metal. In
effect, a pit may be considered a self-formed crevice. Pitting attack increases with
temperature.
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Chloride solutions are the most common cause of pitting attack on stainless steels and
nickel alloys. The pitted areas, when noticed, shall be repaired in time, as they can lead to

preformation of the steel, or the weak spots may become focal points for corrosion fatigue,
or stress corrosion failure.

Figure 5.3 — Pitting corrosion

Stress corrosion: For just about every alloy, there is some chemical environment that,
combined with stress and high temperature will cause cracking. The source of stress is
usually residual forming and welding stresses, which may reach the yield point of the
material. Operating stress is rarely the issue. Chlorides are the major cause of stress-
corrosion cracking in stainless steels, combined with temperatures exceeding 60°C.

Stress corrosion
cracks

Figure 5.4 — Stress corrosion
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Crevice corrosion: This type of corrosion usually occurs in small volumes of stagnant
solution under gasket surfaces, lap joints, marine fouling, and solid deposits and in the
crevices under bolt heads and the mating surfaces of male and female threads. A breakdown
in the passive layer within the crevices leaves the surfaces within the crevice susceptible
to rapid corrosion that is often undetectable outside of the crevice. Crevice corrosion
typically occurs in the presence of solutions containing halogen ions such as chlorides.
Susceptibility to crevice corrosion increases rapidly with temperature.

Corrosion

Gasket attacks

Figure 5.5 — Crevice corrosion

Intergranular corrosion: This type of corrosion consist of localize attack along the grain
boundaries of the metal and is a result of weakened corrosion resistant areas resulting from
heating and contamination by substance like oil and grease. The initiation is usually
occurred by mishandling of the material in the shipyard, like a slow cool down after
annealing, or prolonged exposure to intermediate temperatures.

Unattacked
grain
boundaries

Sensitised and

attacked grain

boundaries

Figure 5.6 — Intergranular corrosion
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Galvanic corrosion: Galvanic corrosion occurs when two metals of different potentials
are in metallic contact in an electrolyte. The electrical potential, or voltage, that exists
between the two metals causes current to flow and the less noble, or more anodic, metal
suffers increased corrosion rate. The severity of attack depends upon the relative voltage
difference between the metals, the relative exposed areas of each, and the particular
corrosive environment.

ZIn
O Znzt Znit on”
OH™ : OH”
H+H+ HT H*

_J

Figure 5.7 — Galvanic corrosion

5.3.3 Corrosion in chemical tankers

The corrosion behavior in metals is greatly affected by the environment, and most of all by the
type and chemical characteristics of the electrolyte. For example, the pH of the electrolyte affects
the corrosion rate of steel in way that is shown in Figure 5.8.°
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Figure 5.8 — Influence of pH in steel corrosion rate
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The cargoes carried by chemical tankers, like acids, anhydrides and alkalis, because of their
chemical characteristics, increase the possibility of corrosion to take place in the cargo tank metal
structure, compared to other commercial vessels.

In cargo tanks made by stainless steel, general corrosion is possible to occur in areas where the
stainless steel corrosion resistance characteristics have been reduced, such as where welding and
grinding burns remain in the surface. Because of the large amount of cargo equipment inside a
cargo tank, that require welding, like cargo pipes, heating coils, washing appliances etc., such areas
can easily be created. Therefore, special attention shall be given during the welding procedure.

Pitting corrosion on the other hand, is more likely to occur in areas that include connections with
sharp gouges or dents in the surface, or where the surface of the stainless steel has been
contaminated by iron particles or rust. Pitting corrosion is also likely to occur in areas where solids
and sludge from chemical cargoes accumulate. For that reason good cargo tank and piping system
designs are required, to eliminate the areas where solids from cargoes may collect.

Other types of corrosion may also take place in cargo tanks of chemical tankers. Crevice corrosion
may occur in threaded and flanged joints, and fasteners in the cargo tanks and piping. Stress
corrosion may be created on heating coils, and intergranular corrosion in defected parts of the steel
plates.

Finally, galvanic corrosion is possible to take place when solid stainless steel plates are used for
the inner bottom plating or the inner side platting. In this case, a galvanic cell is created in the
ballast tank as the shell plating and stiffeners are typically made by carbon steel. If the stainless
and carbon steel surfaces in the ballast tank are left uncoated, the less noble carbon steel will
undergo rapid galvanic corrosion. In order to prevent this, all surfaces of the ballast tanks shall be
covered with a paint coating that will act as insulation and stop the current flow. The stainless steel
surfaces shall also be coated in that case, as if left uncoated and small areas of the carbon steel
become uncoated, these exposed areas will undergo rapid corrosion. The corrosion will increase
in scope as larger areas of the coating on the wasting carbon steel will fail.1°
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Figure 5.9 — Galvanic corrosion in ballast tank
5.4 Stainless steel

5.4.1 Austenitic stainless steel

Stainless steel is the most common material used for cargo tank construction in chemical tankers,
as it offers several advantages compared to mild steel, such as anti-corrosion behavior, better
ultimate strength characteristics, less requirements for maintenance, etc. In addition to use in
association with aggressive cargoes such as nitric acid, it is utilized where high standards of cargo
purity and avoidance of rust contamination are of major importance. There are several grades of
stainless steel that are currently being utilized aboard modern chemical tankers. These grades must
resist the cargoes that the ship is to carry as well as the seawater that is used to clean the cargo
tanks and lines. Traditionally, austenitic stainless steel grades such as 316L, 317L, 316LN, and
317LN were used.

Austenitic stainless steels are the most common and familiar types of stainless steel. They are most
easily recognized as nonmagnetic. Their properties, such as good corrosion resistance, workability,
weldability, and good ductility, make them suitable for use in chemical tankers. Austenitic
stainless steels contain between about 16% and 25% chromium, and they can also contain nitrogen
in solution, both of which contribute to their high corrosion resistance.

Austenitic stainless steels have also many advantages from a metallurgical point of view. They can
be made soft enough to be easily formed by the same tools that work with carbon steel, but they
can also be made incredibly strong by cold work. Their austenitic (fcc, face-centered cubic)
structure is very tough and ductile down to absolute zero. They also do not lose their strength at
elevated temperatures as rapidly as ferritic (bcc, body-centered cubic) iron base alloys. The least
corrosion-resistant versions can withstand the normal corrosive attack of the everyday
environment that people experience, while the most corrosion-resistant grades can even withstand
boiling seawater.!
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The most common austenitic steel alloy used for chemical tankers construction, is 316L. Formerly,
when 316L was inadequate, the designer switched to the high end of the spectrum, alloy C-276,
which is still considered the most broadly useful of the high-nickel alloys. Type 317L is a more
highly alloyed material than type 316L and its increased molybdenum content imparts greater
resistance to pitting, an advantage in phosphoric acid service.'? Today there are numerous other
choices, ranging from those of intermediate cost to alloys superior to C-276 in specific
environments. Materials in the 5-7% molybdenum range are used for seawater service and
chemical process vessels in general. Alloys N08367, S31254, and N08926 constitute the ‘‘6 moly’’

alloys. These have both corrosion resistance and cost intermediate between 316L and alloy C-276.
13

The selection of the most appropriate alloy for cargo tank construction is not an easy task. The
designer needs to take into account the type of chemical cargo and its corrosion behavior. Previous
experience, extensive testing in the exact corrosive environment of interest, and detailed
knowledge of the various alloys to be considered are also required.

Austenitic steel grade 316L is also used for the construction of cargo tank fittings such as tank
hatches and hatch coamings and cargo tank ladders. The submerged cargo pumps and the
components of the tank cleaning system that are exposed to the cargo are also available in corrosion
resistance stainless steel.*
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Percent

Alloy® UNS Cr Ni Mo Si Mn Cu C Fe Other
302 530200 185 g2 — 0.5 0.75 — 0.1 72 —
3041 S30403 18.3 9 — 9.5 1.7 — Doz 70 —_—

321 832100 17.3 9.3 — 0.7 1.8 — 0.01 70 02Ti

347 834700 17 9.5 — 0.7 1.5 — 0.04 70 05 Chb
316l S31603 16.4 0.2 2.1 .5 1.6 — 002 69 —
317L 831703 18 11.6 il 04 1.5 — 0.02 65 —
31TLMN S31726 17 13 42 95 1.5 — 0.03 2 015N
AB10 530600 18 15 — 4 0.7 — 0.01 62 —
254 SMO* 531254 20 18 6.1 04 0.7 07 0015 54 02N

SX 532615 18 20.5 09 55 1.5 2 0.04 51 —
654 SMO* 532654 24 22 73 — 3 0.5 00 42 05N

B66 831266 245 12 56 — 3 .5 002 44 2w

904l NOE204 21 25 45 0.5 1.7 1.6 0015 45 —
1925 hMO, 25600 NOSY26 20 25 62 04 0.7 0y 0l 46 02N
AL-6XN" NO836T 205 M4 63 04 0.3 — 002 48 .22 N
27-Tho™ ND8927 22 27 73 02 I — 0.01 42 033N

28 NDBO2E 27 31 is 02 1.8 | 0.01 35 —
31 NOS031 27 M 65 0.2 1 1.2 0 i3 02N

i3 R20033 33 31 14 03 0.7 0.7 00 32 —
20Ch-3 NOB020 20 33 22 04 0.4 33 00 40 05 Chb
3620 Nb NO8020 20 37 2.1 0.5 1.6 34 002 35 0.6 Cb
525 NOSE25 215 4D 28 0.3 .6 2 i1 29 0.8 Ti
RA333= N6333 25 45 3 1 1.5 —  00s 18 3Co, 3 W
G-30 NOGO30 295 45 5.5 _ — 1LY 0.0 15 0.7 Ch, 2.5 W
G NODGO0T 22 45 65 0.3 1.5 2 0.01 20 21Ch, 0.8 W
G-3 NDG9ES 22 48 7 0.4 0.8 2 0.01 18 03 Ch, 0.8 W
625 ND6625 215 sl 9 0.1 0.1 — 0.05 4 3.6 Ch
C-276 N10276 155 57 155 005 05 — 0.005 55 02V4AW
686 NDG6EG 05 57 163 0.1 0.2 - 0.005 1 3.9 W, 0.2 Al
C-2000% ND6200 23 585 16 002 02 1.6 0.003 0.3 025 Al
C-22 ND6022 21 57 13 005 0.3 — 0.003 4 02V.3W
59 ND6059 23 59 16 005 04 — 0005 03 0.2 Al
MAT 21 — 19 60 19 — — — — — 1.8 Ta

Figure 5.10 — Austenitic stainless steel alloys

5.4.2 Duplex stainless steel

As stated by Werner?, duplex stainless steel grades have recently become the material of choice
for cargo tank plating. Duplex stainless steel, which is an austenitic-ferritic stainless steel, has
greater overall corrosion resistance and higher strength than the austenitic grades while
maintaining good forming and welding characteristics, and is becoming widely available at a

moderate cost.

Duplex stainless steel was for the first time introduced as a material for the construction of
chemical tankers in 1970, where three chemical tankers (Zambeze, Zeebrugge and Zeeland) were
built with UR50 grade. The production of stainless steel at that time was limited, however, and
due to the successful operation of the above vessels, since that time steel industries have made
continuous developments of their process up to the present time. This has led to a significant
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improvement in the control of the residual elements such as oxygen and sulphur, when at the same
time guaranteeing narrow composition range including that for nitrogen.

From metallurgic point of view, the accuracy and reproducibility of the chemical composition
enable the amounts of the two phases a and vy to be closely adjusted. In addition, improvement of
the corrosion resistance characteristics and the high temperature stability of the duplex structure —
particularly in the heat affected zones of welds — are possible through the increased control of
nitrogen levels of the alloy. Finally, the reduction in the levels of residuals has resulted in a marked
beneficial effect on the hot workability, made possible the production of wide plates.!*

Figure 5.11 — Micrographic view of duplex and austenitic stainless steel

The most common duplex grade that is currently used for cargo tank plating is the 2205 (also found
as UR 45N or 31803). Many of the mechanical properties of this grade are closer to those of carbon
steel than are the mechanical properties of either the 316L or 316LN grades of austenitic stainless
steel. The chemical composition of the 2205 grade is indicated in the below Figure.
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Percent

Alloy UNS Cr Ni Mo Cu Mn Si N C Fe  Other
LDX 2101* 532101 215 15 03 03 5 0.7 022 003 70 —
AL 2003™ 532003 21 3.5 1.6 — 1 0.5 017 002 73 —
SAF 2304 532304 23 4 03 03 2 — 01 0.03 70 —
3RE60 §31500 184 48 27 — 16 1.7 007 003 70 —
Nitropic® 19D S3200] 212 13 — — 3 04 015 002 7] —

| 2205 §32205 22,1 56 3.1 — 1.5 05 0.6 002 67 — |
Zeron™ 100 532760 25 T 35 05 05 03 022 002 62 07TW
2507 532750 25 T 4 — 01 02 03 0.02 63 —
329 532900 265 42 15 @ — 1 0.8 — 0.08 66 —
T-MoPLUS® $32950 265 48 1.5 — 04 03 02 0.02 66 —
255 §32550 255 57 3.1 1.8 08 05 017 002 62 —

Figure 5.12 — Duplex grades chemical composition

As stated by Jacques!*, one of the greatest advantages of duplex stainless steel compared to
austenitic stainless steel is the enhanced mechanical properties of the first. In Figure 5.13 it is
indicated that the yield strength of the duplex stainless steel is almost twice that of the austenitic
grades.

Tensile test results
¥S 0.2% uTs El %
MPa KSI MPa KS|
AISI 304 LN 290 42 590 86 40
Duplex 32304 400 58 600 87 25
AISI 316 LN 2.5 Mo 300 43 600 87 40
Duplex 31803 480 69 680 98 25
AlSI 317 LN 310 44 600 87 40

Figure 5.13 — Mechanical properties of duplex and austenitic stainless steels

The greater strength of duplex stainless steel as compared to austenitic stainless steel permits a
reduction in the scantling of the stainless steel plates used for the cargo tank boundaries. This
reduction translates into reduced steel weight and increased cargo capacity. This benefit must be
included in the analysis when comparing the costs and benefits of using duplex stainless in place
of the austenitic grades. In Figure 5.14, some allowable design stress values for the erection of
pressure vessels, following several codes, are given. Those results indicate the thickness reductions
that can take place when duplex stainless steel is considered as cargo tank material.
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|| Allowable stresses . .
Country Code e> 5mm-20°C/MPa | ‘Veight Savings
316L UR 45N UR 45N /316L
USA ASME Vil 115
F CODAP 90, 1.1 170
UK BS 5.500 150
D ADW 2 150

Figure 5.14 — Allowable design stress values for several pressure vessel codes

Apart from the ultimate strength benefits, duplex steels have several other advantages compared
to austenitic stainless steels. Their stronger magnetic behavior enabling the use of magnetic clamps
during machining, when their lower thermal expansion coefficient makes it possible to reduce
thermal stresses when the cargoes carried are heated, resulting to a reduction in the number of
expansion joints.

Another very important advantage of duplex stainless steel is its corrosion resistance properties.
Duplex stainless steel 2205 performs better than austenitic grades 316L or 317L against different
corrosion mechanisms such as general corrosion, pitting corrosion, or stress corrosion cracking.
More specifically, general resistance of duplex steel is greatly increased compared to austenitic
steel when it comes to cargoes containing phosphoric acid — due to its high contents of chromium
and molybdenum -, sulphuric acid, and organic and caustic solutions.

A summary of the advantages of duplex stainless steel grade 2205 compared to austenitic stainless
steel grades 316LN 2.5Mo mini. and 317LN is indicated in Figure 5.15.

There is no concern that duplex stainless steels are a way better choice for multipurpose
applications for the new generation of chemical tankers, as they offer better characteristics at lower
cost when a proper design of tanks takes place. For all the reasons explained above, duplex
stainless steels are the most commonly used material for the cargo tanks construction of modern
chemical tankers.
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316;'::: Mo 7N UR 45N Advantages with
Austenitics Austenitic Duplex Duplex UR45 N
CHROMIUM 17 % 18.5 % 22 % NIOIE QOO [pe s
MOLYBDENUM 25% 3% 2.8 % mini * GRIOIW. GOOmen
NITROGEN - 0.12% 0.15 % mini grgagoe
NICKEL e 13 83 - stress corrosion
PREN 527 5 30 5 24 - fatigue corrosion
less affected by nickel price
evolutions
Y.8.0.2% > 300 MPa > 310 MPa > 470 MPa More strength
YS. 1% > 330 MPa > 340 MPa > 500 MPa —» less stiffeners
Rm > 600 MPa > 610 MPa 660-800 MPa -» weight saving
KV (+20°C) > 150 > 150 MPa > 100
THERMAL o ° ° Less thermal stresses
expAnsion | 16 108/°K | 16 108/°K | 135 108/°K | psnre compatible with C.Mn
steels
WELDABILITY 2types of weld | 2 types of weild | Only 1 type of weld | No risks of mistakes with weld
consumables consumables consumable consumables when welding
duplex

Figure 5.15 — Duplex steel — Austenitic steel grades comparison

5.4.3 Stainless steel and corrosion

Stainless steel is corrosion resistant but not corrosion proof. There are cargoes that are transported
by sea in bulk that are not compatible with the stainless steel grades used in chemical tankers.
Other cargoes that can be carried in stainless steel tanks can lead to corrosion when the right
conditions exist. An examination of the types or corrosion to which stainless steels are susceptible
reveals design features, fabrication mistakes and operational errors which should be avoided.®

Improper handling and construction techniques may result in localized areas where the stainless
steel loses its corrosion resistance properties. For that reason, it is preferred that prior and during
the construction procedure, the stainless steel plates are stored in protected indoor areas or under
a roof, and separate from carbon steel, to prevent contamination that may occur when carbon steel
comes in contact with stainless steel, or contamination from oil, grease etc.

In addition, stainless steel components should be handled with care in order to avoid mechanical
damage. Bends, dents and scratches on the surface of stainless steel plates are always areas that
are more vulnerable to corrosion.

Clean equipment and tools are another important factor in order to avoid contamination of the
stainless steel plates. The equipment used for the fabrication of the stainless steel should be free
from dirt, grease, oil, and carbon steel dust. Furthermore, all clamps, fixtures, lifting gear, and
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tools used in the fabrication of stainless steel components should be made of stainless steel to avoid
contamination of the material, and should be dedicated to stainless steel fabrication.

The reason why stainless steel may become, under specific circumstances, vulnerable to corrosion
can be understood by analyzing its metallurgic structure. Stainless steel is an alloy of iron and
carbon, just like all other steels. What makes it so corrosion resistant is the presence of a minimum
of 10.5% chromium. On contact with oxygen, a chromium oxide layer is formed on the surface of
the material. This passive layer protects the material and has the particular ability to self-repair.
However, if there is insufficient oxidizing power available at the steel’s surface, or the protective
layer is damaged, the passive layer cannot be maintained or repaired and the start of corrosion can
appear.'®

Steel
Formation of iron Formation of
oxide (rust) chromium oxide
S
SIS
Fe+C Fe+C+Crz105%
N Rust

Passive layer

Figure 5.16 — Corrosion in stainless steels
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5.5 Cargo tank coatings

5.5.1 The role of coatings

Cargoes which are generally compatible with mild steel may be transported in tanks to which paint
coating of normal thickness have been applied. However, conventional coatings of this type are
effective in reducing corrosion only if they are wholly compatible with the cargoes being carried*’.
For that reason, the selection of the proper cargo tank coating is a matter of high importance.

The choice of the correct coating alone though, does not mean that no other actions should be taken
in order to maintain the coating in good state and avoid its wear. Restrictions such as limited terms
of exposure, required recovery periods (eg. as a result of softening the coating) and the need to
ensure that no water is present in the tank or in the cargo, should be followed. Additionally, as
failure of the coating system may not be due to the chemical most recently carried, but may be
influenced by the preceding sequence of cargoes, specially attention should be given in that
aspect.t’

The role of the coating in cargo tanks of chemical tankers is double. Firstly, it is used in order to
generate a protective barrier between the chemical cargo and the — vulnerable to corrosion — mild
steel. Secondly, it provides a very smooth surface within the cargo tank, which enhances and
accelerates the tank cleaning procedures'®. For that reason, the coatings used in a cargo tank should
be corrosion inhibiting, free from pores, and easy to clean. Additionally, as the quality of the cargo
transferred should be maintained in high standards, they must not contaminate or affect the color
or taste of the cargo, particularly for cargoes intended for human consumption and pure chemical
cargoes.*®

5.5.2 Coating application procedure

The application of the coating in a proper way is of equal importance with the selection of the
correct coating. For that reason, a common procedure is usually followed, including preparation
of the surface with blasting and repair of structural anomalies, application of several coating and
touch-up layers, washing, and testing of the coated surface.

Depending on the kind of coating that is going to be used, the number of layers that will be applied
is defined. In Figure 5.17, a three layer coating system is presented. The purpose of the first layer
(primer) is to ensure adhesion of the coating to the surface. Proper preparation of the surface will
make this adhesion easier. The second layer’s purpose is either to improve chemical resistance,
serve as an adhesion coat between the primer and topcoat when the primer and topcoat are not
compatible, or just to increase the thickness of the coating. Finally, the third layer is the one that
will come in contact with the cargo, therefore has all the relevant characteristics required.?

111
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Thickness
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Figure 5.17 — Three layer coating system

The steps required for the cargo tanks coating procedure of a 16500 DWT chemical tanker
constructed in China, as defined by the shipyard, are presented as flow chart in Figure 5.18.

Second full coat 5 d fall
Staging epoxy (except =econc i:unl
tanktop) epoxy on tanktop
L 4 Y r
FPre-hlasting on the pccand :“riPe coat Second stripe coat
welding-seam e epoxy on tankto
& tanktop) Pox} P
- _ o Ihit'd.fullcnnr Third full coat
Structure repain epoxy (except ————
tanktop) pox) P
L 4 Y r
Blasting De-staging Seq-water test
L L Y
De-resuting & s—
First full coat epoxy cleaning :I.]'.II:'EIIIUE]] N nShm.g fud
. cleaning
up on tanktop =
L 4 L ¥
Rzt Ht_ripr Ll Fivst stripe coat De-rust&touch-up
EPEI':I}lk(::;;Pt epoxy on lankiop ol damage
N |
Sealing the tank

Figure 5.18 — Coating procedure
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5.5.3 Types of coatings

The selection of the proper cargo tank coating has been already highlighted in this chapter. The
most commonly used coating in chemical tankers nowadays are presented below, as given by
Ackermann.?

5.5.3.1 Alkaline zinc silicates

Alkaline zinc silicates may be composed of zinc powder which has particles size of 5~9 microns,
water-dissolved sodium silicate, potassium silicate, or lithium silicate. The chemistry of these
inorganic silicates is very different from organic compounds such as epoxies, since curing occurs
by a reaction between the pigment (zinc powder) and the binder (silica gel), and their curing
mechanism is too complex.

The corrosion resistance of alkaline zinc silicates is related to the percentage by weight of zinc in
the dried film. The greater the zinc percentage, the better the corrosion resistance of the coating.
Top grade zinc silicates contain more than 90% zinc.

Small amounts of additional pigments such as iron oxide or chromium oxide may be used to change
the color from the light grey of zinc. This helps a lot when spraying and inspecting the coating,
since the abrasive-blasted surface is also grey. For application in cargo tanks, colored zinc silicates
make avoiding holidays and stripe coat defects much easier.

The application of alkaline zinc coatings is more complex and require more attention compared to
this of the organic coatings like epoxies, as because of their high content in metallic zinc powder,
they cannot be applied by airless spraying but only with low pressure air spray equipment. Proper
ventilation and dehumidification is also vital during the application of the coating. Additionally,
alkaline zinc silicates are sensitive to overthickness and are applied at a single, one-striped coat.
This means that possible coating defects cannot be rectified by subsequent coats.

Regardless the difficulties in application, when alkaline zinc coating are properly applied they
offer a tank lining with outstanding corrosion protection, superior solvent resistance, and excellent
mechanical resistance, when at the same time the duration may equal the service life of the tanker,
compared to a duration of 10-15 years for organic coatings. Alkaline zinc coatings however, are
not suitable for all chemical cargoes, as their properties are significantly reduced for cargos with
pH range out of 6-9.
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5.5.3.2 Ethyl zinc silicates

Ethyl zinc silicates are organic, solvent-borne paints consisting of ethyl silicate and zinc powder.
To be self-curing, the silicate binder must be partially hydrolyzed. Their curing reaction is similar
to the reaction that occurs in water-borne, self-curing products.

Unlike alkaline zinc silicates, their application can be carried out by airless spraying, since they
have a lower content of zinc powder. Ventilation and dehumidification conditions are less critical,
however the relative humidity of the tank should not fall below 60%. A serious problem though
with ethyl zinc silicate coatings is the difficulty of respraying low DFT areas, since intercoat
adhesion problems may occur.

Their application nowadays is very limited, as they pose the risk of cargo contamination from the
zinc, for cargoes like vegetable oil, aviation fuel etc.

5.5.3.3 Pure epoxies

Pure epoxy coatings are based on bisphenol and epichlorhydrin resins reacting, through their
terminal epoxide (oxirane) groups, with hardeners having polyfunctional —NH2 groups
(polyamines or polyamides). Their chemical resistance and mechanical properties may vary to a
great extent, depending on their formulation, such as the molecular weight of resins, the type of
hardener, and, to a lesser degree, pigmentation and solvent mixture.

Low molecular weight epoxy resins, offer better chemical and water resistance than the medium
ones, which however offer better mechanical characteristics. Polyamine hardenings are preferred
for cargo tank coatings rather than amine hardenings, as they also offer better mechanical
properties.

Epoxy coatings are widely used linings for cargo tanks because of their versatility, resistance
range, and application properties. However their application is not suitable for transportation of
methanol, ethanol, methyl ethyl ketone, or some unleaded gasolines, as their chemical resistance
to strong solvents is limited. Additionally, maximum overcoating intervals are relatively short
(three to five days), requiring a tight application schedule.

5.5.3.4 Epoxy phenolics

Epoxy phenolics are multifunctional epoxy resins, such as epoxy phenol novolacs, prepared by the
epoxidation of phenolic resins with epichlorhydrin. Aliphatic amine-cured resins of this type result
in polymers with very high crosslink density and, therefore, outstanding chemical resistance.

In order, though, to reach these high chemical resistance standards, the epoxy phenolics need to
be heated up to a temperature of 50-60°C and be kept at that temperature for about a week. As this
is very difficult to happen, requiring several heating equipment and coils all around the cargo tanks,
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their maximum chemical resistance is not reachable. Generally, the chemical resistance of epoxy
phenolics when properly heated, against strong solvents and fatty acids is better than pure epoxies.
When not heat treated, their chemical resistance improves after a period of almost three months,
without though reaching the initial standards.

As a matter of fact, they are limited to applications similar to those of the pure epoxies, as they are
not recommended for the carriage of strong chemical cargoes. Their overcoating period though is
significantly lower, making recoating less critical.

5.5.3.5 Epoxy Isocyanates

Higher molecular weight epoxy resins can be crosslinked with polyisocyanate compounds. This
reaction occurs at room temperature, and the isocyanate reacts with the hydroxyl groups of the
epoxy resin. A densely crosslinked (epoxy urethane linkage) structure with excellent chemical
resistance is obtained.

Cured epoxy isocyanates offer a resistance range similar to heat cured epoxy phenolics, without
though the need to be heated first in order to obtain their chemical resistant properties. Most
cargoes can be carried after a curing time of 10 days, when more aggressive cargoes such as
methanol can be carried after a period of three months. The only exception are the alkaline cargoes,
for which epoxy isocyanates are not recommended.

Overcoating intervals of epoxy isocyanates are almost the same with those of epoxy phenolics.
Their application to the surface though requires more attention as a small overspray may cause
problems. In addition, formation of cracks is easier to take place. The cracks however can be easily
detected with naked eye during inspection, in order to be repaired.

Areas usually affected by cracking are angular welding seams and corroded spots (pitting). Stripe-
coated areas, if over-coated before completely dry, can also cause cracking or blistering. These
application problems, besides the well-known health problems of isocyanates, are the main reasons
for the reduced usage of epoxy isocyanates. However, if they are used anyway, epoxy isocyanates
offer an excellent tank coating system for aggressive cargoes, especially in the case of
newbuildings. When considering repainting of in-service ships, epoxy isocyanates might not be
recommended if the tank plates are already heavily corroded, since it may be difficult to avoid
overthickness on pitted areas.
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5.5.3.6 Cyclosilicon epoxies

These coatings are based on a completely new resin, which is essentially a cyclic silicon structure
with five phenol glycidyl ether groups (epoxidised phenol groups) that are cured by means of a
catalyst to give a highly cross-linked homopolymer. Polymerization occurs through etherification
of the epoxy groups, resulting—after curing—in strong ether (oxygen to carbon) linkages without
hydroxyl or ester groups, which are subject to acid attack or hydrolysis.

Cyclosilicon epoxies are characterized by enhanced properties compared to zinc silicates and
phenolic epoxies. This is due to their more densely crossed — linked molecular structure, which
delivers higher chemical and temperature resistance, higher reactivity at lower temperature and
resistance to absorption, and greater toughness. The greater the distance between the cross-links,
the greater the permeation that leads to chemical attack and coating absorption. In Figure 5.19, the
number of cross-links for the same size coating cutaway is illustrated for phenol epoxy and
cyclosilicon epoxy.?2

Cutaway of a coating's Phenolic Epoxy  Cyclosilicon Epoxy
surface.

Figure 5.19 — Cross-links in cyclosilicon epoxy

Both phenolic epoxy and zinc silicate coatings absorb cargo particles in a high rate and they release
them very slowly. This may lead to subsequent cargo contamination or reduced resistance to acids,
caustics, and acid-concentrating oils, as shown in Figure 5.20. Cyclosilicon epoxies are capable of
eliminating such incidents, for the reasons described above. Additionally, they provide smooth and
glossy surfaces that can cut cleaning time by 70% compared to other epoxies.

Due to the above characteristics, it is estimated? that such coatings could handle all but 10 of the
1,000 cargoes on the IMO list. Their enhanced properties have led to their increased application in
new-built chemical tankers.
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» Limitations of Phenolic Epoxy Coatings
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m Absorbs cargo quickly
m Retains oil like cargoes
| Subsequent cargo contamination
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Figure 5.20 — Cargo absorption by coatings

5.6 Material selection

The selection of the proper material for the construction of cargo tanks is not an easy task. The
most important parameter for the selection is the cargo that is intended to be carried. Some cargoes,
that are more corrosive, cannot be carried in mild steel tanks. On the other hand, stainless steel is
not always the optimum choice against corrosion, as polymer coatings may have better results.

After the probable materials have been defined, economic criteria play the most important role in
the final selection. A techno-economic analysis between stainless steel and coated mild steel is
given by Giannakopoulos?*. As seen in previous sections, stainless steel has very good corrosion
resistant characteristics and can be used satisfactory for almost all types of cargoes (except strong
hot acids, chloride solutions and generally solutions which contain halogens). However, it is an
expensive metal and its quality can vary from supplier to supplier. Additionally, special skills are
required for constructing large volume tanks.

In a case study that took place for a 37,000 DWT double hull chemical tanker, both options
(stainless and mild-coated steel) were analyzed and compared. The vessel was assumed to carry
methanol for 275 days per year, when at the same time the assumed interest over 20 years to be
6% and the operating cost for the both situations to be the same.

The survey initially shown that the tanker with stainless steel tanks would cost 75 million US$,
almost the double than the one with coated mild steel tanks. All other parameters were estimated
and are presented in Figure 5.21.
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37.000dwt double hull | Srainless Steel Tanks | Coated Mild Steel Tanks
chemical tanker 25MS 30.5M$

Daily amortization | 23.433 5 11.810 3

operation 275days/year

Operating Cost/day 6,162% 6.162%

Total Cost/day 29.595% 17.972%

Revenue/day for | 25.530% 25.530%

methanol and 0.69%/dwt

Profit or (Loss)/day (4.065%) 7.558%

Figure 5.21 — Economic comparison of steels

What is indicated, is that in order to make profit, the stainless steel vessel should be hired at an
increased rate of 1.09 USD/DWT/day. Therefore, the selection of the most appropriate cargo tank
construction material, is significantly affected by the condition of the market at that time, or more
specifically, by the prediction for the condition of the market at the lifetime period of the vessel.
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Figure 5.22 — Schematic cross section of a chemical tanker
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Chapter 6

Structural Configuration of Chemical
Tankers

6.1 Introduction

The scope of this chapter is to explain and analyze the structural configuration of typical chemical
tankers and of their structural components. For easier comprehension, several drawings of actual
vessel constructions are included.

Before the analysis of the structural configuration takes place, some general design characteristics
of the hull form of chemical tankers are presented, such as the typical block coefficient range and
the common stem and stern arrangements. Furthermore, the effect on the design, of the specific
gravity and the temperature of the cargo, and of the potential loading conditions, are mentioned.

Then, the structural configuration of the cargo tanks is explained, and the types of cargo tanks a
chemical tanker may have are presented. Scantling methods and calculations as per classification
societies for each tank type are also given. Additionally, special reference is been made to the
saddle supports of the independent cargo tanks.

Subsequently, the structural configuration of the deck structure and the transverse and longitudinal
bulkheads is analyzed. The analysis focus on corrugated bulkheads as this is the most common
type used in chemical tankers. Design parameters of corrugated bulkheads and their effect in the
design, types of corrugated bulkheads, scantlings, and other notes on the design are all included in
this chapter.

Finally, a brief reference to the double hull and double bottom construction is been made.
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6.2 General

The structural configuration and arrangements of chemical tankers are often similar to those of oil
tankers. For existing chemical tankers arrangements may include a double bottom in way of cargo
tanks, a double skin construction, or deck cofferdams or any combination of these. Certain more
hazardous cargoes may also require tanks which are separate from the hull structure or are to be
so installed that the tank structure is not subject to major hull stresses. In the latter cases the
scantlings and arrangements may be similar to ships carrying liquefied gases.!

Like other modern tankers, chemical tankers are double hulled and longitudinally framed in way
of the cargo area. The uniformity and continuity of the structure is maintained whenever possible.
Generic guidelines for the local structural elements of double hull structures are followed when
developing the structural design. Special attention is to be paid to design details in high stress
areas. Fatigue life must be carefully considered because of the long design life of chemical tankers
and the potential ramifications of cargo leaking from structures in the vessel’s structure.

6.3 Hull form

The service speed of chemical tankers typically falls between 12 and 16 knots. This speed range,
which is function of the markets governing economics, allows for the use of full hull forms similar
to product tankers. Concern for ballast condition speed is minimal as chemical tankers rarely sail
in ballast condition for long distances. Block coefficients for chemical tankers range from 0.80 to
0.85 with some smaller ocean-going vessels having finer hull forms with block coefficients below
0.80. Chemical tankers typically employ bulbous bows and trapezoidal sterns. Model tests and
CFD analysis are employed when developing new chemical tanker hull forms.
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Figures 6.1 to 6.6 were developed from an analysis of approximate 500 chemical tankers ranging
between 9000 and 50000 tons DWT that were constructed after 1990. Figure 6.1 clearly shows the
speed range of 12 to 16 knots with large vessels tending to have higher service speeds.

Figure 6.2 illustrates the relationship between vessel deadweight and cubic capacity. The graph
indicates that cubic capacity in cubic meters is greater than deadweight in metric tons. This
relationship results from the majority of cargoes having a specific gravity less than 1.0. The data
sampled had an average cubic to deadweight ratio of 1.13 with a minimum ratio of 0.92 and a
maximum ratio of 1.48 with the larger vessels tending to have higher cubic to deadweight ratios.

Figures 6.2 through 6.5 show the relationships between deadweight and length, breadth, and draft.
There are two definitive break points for the breadth of chemical tankers. The first break point is
at approximately 23m, which is the maximum beam permitted in the St. Lawrence Seaway. The
second breakpoint is at 32.3m, which is the beam restriction of the Panama Canal.
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The graph of draft versus deadweight also reveals two breakpoints. The first is at 10m, which is
related to the limiting drafts in both the United States Gulf of Mexico ports and ports in the Far
East. The second break point is at approximately 12.25 m. Figure 6.6 shows that the length to beam
ratio typically fall between 5.50 and 7.0.2

6.4 Hull structure

As it can be found in Ship Design & Construction, Volume 2 and in Chemical Tankers: The quiet
evolution®, the design of a chemical’s tanker hull structure follows conventional practice but in
way of the cargo tanks is complicated by the variability in the physical properties and carriage
requirements of the cargoes to be carried and the numerous possible loading conditions. The design
and analysis is also made more complex by the desire to have all cargo tank boundaries free of
structural elements. The use of corrugated bulkheads in both longitudinal and transverse directions
requires special attention in the design phase to avoid structural problems when the vessel is in
operation. Adding to the scope of the analysis is the issue of mils steel, high strength steel, and
stainless steel structural elements in the same design. Because of the complex nature of the analysis
the naval architect must utilize finite element modeling techniques to properly evaluate the
structural design.

The cargo characteristics that affect the structural design include the specific gravity of the cargo,
the vapor pressure, and cargo temperature. Of these cargo characteristics the most important to the
structural analysis are the cargo’s specific gravity and cargo temperature. The impact of the cargo’s
vapor pressure is less pronounced because of the protection provided by the vessel’s pressure
vacuum (pv) valves and the tank pressure monitoring system. The importance of the cargo’s
temperature is related to the development of thermal stresses and the temperatures effect on the
material properties of the structural members.

6.4.1 Cargo specific gravity

The specific gravity of a cargo dictates the hydrostatic loads that it will place on the structure of a
cargo tank. The naval architect’s dilemma when designing the structure of a chemical tanker is
which specific gravity to use. Chemical cargoes currently being transported on ships have specific
gravities ranging from below 0.7 to over 2.0.

The influence of specific gravity is well understood. It increases the pressure on cargo tank
boundaries and may also increase the concentration of loading in the cargo tank area, thus affecting
local scantlings, longitudinal hull bending moments and shear forces. Regulatory bodies may
require that the water-test head be increased (to represent the actual cargo pressure plus a safety
margin) and, for smaller ships, the tank test criteria can control local scantlings.
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The design specific gravity is dependent on the trade in which the shipowner intends to employ
the vessel. Designing the structure of a vessel to carry cargoes with highest specific gravity when
the vessel will never be used in a trade where the highest density are carried will result in an
unnecessary increase in acquisition costs and a reduction in the vessels deadweight because of the
excessive structural weight. The selection of the design specific gravity must also take into account
the range of cargoes that the vessels arrangements, cargo systems, and safety systems can support.
The structural design affects the range of cargoes that a vessel can carry and the amount of
operational flexibility incorporated in the design. Thus the design specific gravity cannot be
selected without consideration for the vessel’s design as a whole.

Partial filling of a cargo tank combined with the motions of the vessel results in cargo sloshing in
the tank. The dynamic loads that result from the sloshing of cargo can be very large with their
magnitude being dependent on several factors including the severity of the ship motions, the
geometry of the tank, and the specific gravity of the cargo. The absence of structural members in
the cargo tanks contributes to the sloshing problem, as structural members in tanks tend to damp
the sloshing. To properly design the vessels structure, the dynamic loads caused by sloshing must
be quantified and incorporated into the design process and analysis. The nature of ship’s motions
result in the dynamic sloshing loads being greatest on deck tanks. In the case of a deck tank, these
loads affect both the strength of the tank and the structural arrangements that secure the tank to the
deck.

In some instances the dynamic loads caused by cargo sloshing can be significantly large in certain
loading conditions. Rather than designing the structure to withstand these forces, the designer has
the option of placing limitations to the on the vessel operations. Sloshing curves can be developed
for cargo tanks that communicate these limitations. The sloshing curves indicate the ranges of tank
filling where the dynamic loads would be excessive for a given cargo specific gravity. For example
a tank structure may be designed for a maximum specific gravity of 1.5 at 100% of capacity.
However, because of the dynamic loads caused by the sloshing of the cargo, the sloshing curves
may dictate that a cargo with a specific gravity of 1.5 cannot be carried in the tank at filling levels
between 45 and 85% of capacity. The sloshing curves may also be used to provide guidance for
partial loading of a tank wing cargoes whose specific gravities greater than the design limit.

The specific gravity which the vessel is designed for and the manner in which the dynamic loads
will be addressed will greatly impact the operational flexibility of the vessel. The greater the design
specific gravity and the fewer filling restrictions placed on the loading of cargo tanks, the higher
the operational flexibility of the vessel. This flexibility comes at a cost of greater steel weight and
increased acquisition costs.
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6.4.2 Cargo temperature

Where cargoes are to be carried at a high temperature, the resultant thermal stresses may make it
necessary to limit the hull bending moment so that an acceptable total stress is not exceeded. The
temperature range of cargoes transported aboard a chemical tanker can be significant. Some
specialized waxes must be heated to a temperature above 90°C while other cargoes may have to
be cooled during transit. Ballast water adjacent to cargo tanks may be near 0°C in the North
Atlantic during the winter months. The greater the temperature differential between structural
components, the greater the magnitude of thermal stresses incurred by the structure. The thermal
stresses will be related to temperature of the steel and are also proportional to the expansion which
would have occurred without constraints. Differential expansion can impose a hogging bending
moment on a ship’s hull and the resultant stresses can be algebraically additional to those which
are due to cargo weight and buoyancy loading. The constraints which contribute towards thermal
stresses can be reduced by adopting transverse framing at ship side and longitudinal bulkhead, in
preference to longitudinal framing, but these arrangements are only practicable for small ships.

The development of significant thermal stresses is also exacerbated by the use of both stainless
and mild steel structural components, as the thermal expansion of some stainless steel is
significantly greater than mild steel. These thermal stresses must be accounted for in the design
and analysis of the vessels structure.

Elevated temperatures also impact the mechanical properties of structural materials. For example
the maximum design stress for 2205 duplex stainless steel is reduced by over 20% when it’s raised
from room temperature to 100°C. This degradation of mechanical properties caused by high cargo
temperatures must be taken into account when designing and analyzing the structure.

Because of the effects of elevated cargo temperature on the vessel’s structures operational
restrictions may have to be placed on a vessel in terms of the combination of high cargo
temperatures and high specific gravity. For example, a tank designed for a maximum cargo specific
gravity of 1.85 may be limited to a maximum cargo specific gravity of 1.5 when cargo temperatures
exceed 60°C.

Other factors influencing the thermal stresses are the heating arrangements and the cargo viscosity.
For example, if the cargo is heated through ducts integral with the inner bottom, the temperature
of the structure in this area will be higher than the cargo temperature, a situation which cannot
arise when separate heating coils are used. Cargoes such as bitumen at temperatures about 150°C
without being unduly concerned about thermal stresses, provided the heat source is not adjacent to
the steel structure. Where very high temperatures are contemplated for cargoes which remain
entirely fluid, independent tanks are required.
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6.4.3 Loading Conditions

The nature of the chemical tanker trade and the range of different cargoes carried by these vessels
produce a wide range of loading conditions in which a chemical tanker may be expected to operate.
During any leg of a voyage, a chemical tanker is likely to sail with some cargo tanks full, while
others are partially filled, and others are completely empty. Ballast may be loaded in any of a
number of ballast tanks to achieve a desired trim or heel condition. The cargoes and their properties
can vary from one cargo tank to the next. All of these variables can change from voyage to voyage
creating different loading conditions. A vessel’s operational flexibility is tied directly to the range
of loading conditions that’s its structural design can accommodate. In order to provide the level of
operational flexibility required in the intended trade the naval architect needs to work with the
shipowner to develop an appropriate range of loading conditions for which the structure is to be
designed. If the loading range is made excessively large the vessel’s structure will be over-
designed leading to excess steel weight and higher vessel acquisition costs. Alternatively, if the
loading range is too narrow then the operational flexibility will be limited.

To allow for the structural design to be developed and analyzed the range of loading conditions
must be reduced to a manageable number of worst-case load conditions. These worst-case
conditions must take into account all of the cargoes that the vessel is designed to carry. Once the
worst-case loading conditions are established the structure can be designed to meet the demands
placed on it by this limited number of worst-case conditions. If the range of loading conditions is
not well-defined before the structure is designed, it may not permit the vessel to meet the
commercial needs of the shipowner. Therefore, an early definition of the loading conditions is
crucial.

After the vessel is designed, the issue of loading conditions ceases to be a design issue and becomes
an operational issue. To ensure that the vessel is never operated beyond the designed range of
loading conditions, a chemical tanker must be outfitted with a loading manual and a loading
computer that can be used by the cargo officer to evaluate planned loading arrangements. When
evaluating a loading scenario, the cargo officer must evaluate the loading condition over the length
of the voyage to ensure that at no time during the voyage will the structure be over stressed because
of cargo stowage and operations.
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6.5 Cargo tanks
6.5.1 General

The design of chemical tankers’ cargo tanks is affected in a great way by the chemical cargoes
they are about to carry. As described earlier in chapter 2, chemical cargoes are characterized by
various chemical properties which are sometimes very significant to the product’s behavior. In
addition, chemical cargoes are hazardous cargoes that can pose a great threat to the people, the
environment or the vessel itself, if not treated in a right way. For that reason, the cargo tank design
of a chemical tanker is a very complicated issue in matters of structural design and configuration,
materials and coatings that are to be used, and — most of all — cargo systems that shall be
implemented in order to monitor and regulate the behavior of the cargo.

When two different chemical products come in contact, there is a possibility that they react in an
unwanted and most probably dangerous way. For that reason, cargo tanks shall be properly cleaned
so that all residues from the previous cargo are removed, before the new cargo is loaded. This
removal would be greatly incommoded by the integral structural design of the tank, like stiffeners
and girders. This leads cargo tanks in chemical tankers to be completely free of structural
components, which are instead placed on the deck.

Figure 6.7 — Chemical tanker cargo tank
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6.5.2 Cargo tank types

Chemical tankers may have different types of cargo tanks, depending on the cargo each tank will
contain. There are three types of cargo tanks which are described in the IBC Code* as follows:

1. Independent — Gravity (1G)
2. Independent — Pressure (1P)
3. Integral — Gravity (2G)

Independent tanks are cargo-containment envelopes which are not contiguous with, or part of, the
hull structure. An independent tank is built and installed so as to eliminate whenever possible (or
in any event to minimize) its stressing as a result of stressing or motion of the adjacent hull
structure. An independent tank is not essential to the structural completeness of the ship’s hull.
On chemical tankers, independent tanks typically taking the form of deck tanks.

On the other hand, the boundaries of an integral tank are formed by the hull structure and the
subdivisions of the hull in the cargo area. Integral tanks are parts of the ship’s hull and may be
stressed in the same manner and by the same loads which the contiguous hull structure is stressed.
As part of the hull, the integral tanks contribute to the structural completeness of the ship’s hull.

Gravity tanks are designed for a maximum pressure of 0.7 bar gauge at the top of the tank and can
be both of integral or independent type. On the other hand, pressure tanks are designed for pressure
greater than 0.7 bar gauge and can only be independent tanks.

Integral tanks — and more specifically integral gravity tanks - are most commonly used in chemical
tanker vessels, rather than independent tanks, as they are capable of carrying the majority of the
cargoes covered by the IBC code. Pressure tanks are less commonly used and they are more
commonly found in other types of vessels. There is no such type as pressure integral tank.
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Figure 6.8 — Chemical tanker cargo tank
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6.5.3 Structural configuration of cargo tanks

The structural configuration of the cargo tanks in a chemical tanker, differs depending on the tank
type. As there are no specific structural rules for chemical tankers, their structural design follows
the methods used in other vessels’ type design and more specifically in the oil tankers and the
LNG. Integral tanks resemble to the oil and product carriers’ tanks, when independent pressure
tanks follow the rules used for the Liquefied Gas Carrier tanks structural design. For the
independent gravity tanks the design is simplified, as the loads are easy to be analyzed and lead to
the respective scantlings.

6.5.3.1 Gravity tanks scantlings

As given by DNV®, for integral tanks the thickness requirement for plates exposed to lateral
pressures, is given as follows:

i —
15.8k_s.p

t = ————+1t, (mm)
A Oty
kL .
tin = fo+ —= + 1tk (mm)
nffl

ka = correction factor for aspect ratio of plate field
=(1.1-0.25/1)2
= maximum 1.0 for s/l = 0.4
= minimum 0.72 for s/l = 1.0
s = stiffener spacing in m
p = maximum lateral pressure in KN/m?
o = allowable local stress in N/mm? for mild steel
to, k, f1 = as given in relevant chapters of the rules
tx = corrosion addition

For independent tanks the thickness requirements are given as per below:

Ck,s JE

t —
O

+ 1ty (mm)

C = factor depending on boundary conditions of plate field, normally taken as 15.8 for panels with
equally spaced stiffeners.
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ka = correction factor for aspect ratio of plate field
=(1.1-0.25¢/1)2
= maximum 1.0 fors/ 1 =0.4
= minimum 0.72 fors/ 1 = 1.0

s = stiffener spacing in m.

| = stiffener span in m.

p = design lateral pressure in KN/m?.

For stiffeners exposed to lateral pressure, the section modulus requirement is generally given as
function of bending moments and nominal allowable bending stress as follows:

2
1000 I"'s p w
Z = k {c1113}
m (Tfl

p = lateral pressure in kN/m?

| = length of the member in m

S =spacing in m

m = bending moment factor

Wy = section modulus corrosion factor in tanks as given in the rules
o = allowable stress in N/mm? for mild steel

f1 = material factor

6.5.3.2 Pressure tanks scantlings

The design of an independent pressure tank is a more complicated issue than this of a gravity tank,
as there are much more complex systems with much more parameters that need to be taken into
consideration. The DNV®’ proposes® that the rules and design procedures that are used for
independent pressure tanks’ design of Liquefied Gas Carriers shall also be used for the design of
same tanks in chemical tankers.

The pressure tanks are usually of cylindrical or spherical type. During their design and scantling
calculations, special attention shall be given to the tanks’ ends, as the welded parts and joints
placed in that area are the most dreadful parts to be cracked or damaged due to the extreme internal
pressure of the tank. Pressure tanks in chemical tankers are most commonly made of stainless steel.
The minimum nominal thickness for tank shells made of stainless steel as per DNV is 3mm.
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For cylindrical shells, their thickness should not be less than:

_ pR

= —————— +¢  (mm)
10ge-0.5p

For spherical shells, their thickness should not be less than:

Tt = —]JR— +¢  (1mm)
20ge-0.5p

R = inside radius of shell or shell section
e = joint efficiency taking values between 0.6-1.0 depending on vessel’s type.

For cylindrical shells, their thickness should not be less than:

PDc 1 .
t= — . +¢ (mm)
2Woe—-05p cosar

Dc = internal diameter at the large end of the cone
a = the half apex angle of the section

The calculating pressure p, which is the pressure used for the purpose of determining the thickness
of the vessel section or component under consideration, is normally to be taken as the design
pressure with additional pressure due to static head of the fluid exceeding 3% of the design
pressure. The calculating pressure, p, is the greater of:

ol

L !
———0.03p,}

pgand pg+ 100

r = density of fluid in t/m3
g0 = standard acceleration of gravity = 9.81 m/s?
h = vertical distance from load point to top of pressure vessel in m.

In special cases, the calculations are also to be carried out with a calculating pressure taking
dynamic loads due to the ship's motions from wave actions into account. The calculating pressure
shall be:

ED].'.I. i ﬂ1l_

P = pd— [ﬁ |‘l_g_|}"| —0031}{|

av = the most probable largest combined vertical acceleration in 108 wave encounters (probability level

Q=10%).
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The nominal design stress o for stainless steel is defined as the lowest of:

Bp10 g B

—

1.5 .4

where the Rp1,0 and Rm are given for different grades of rolled steel as per below:

Table D2 Austenitic and duplex stainless steel. Mechanical properties
Yield stress L Impact energy ,
] Tu.u.'.'a'.’ru strength | (Nfmm=), minimum Elongation Charpy V-notch %
Grade (N} )
Rm R R F Test temperature niinintm
P2 pig s {°C) average ()

Austenitic
NV 304 L 450 to 700 175 215 40
NV 3laL 450 to 700 195 235 40
NV3leLN 600 1o 800 300 340 40

: transverse: 27
NV 3ITL 500 w0 700 195 235 40 - 196 longitudinal: 41
NV 3ITLN 600 1o 800 300 340 40
NV 321 500 1o 750 205 245 40
NV 347 500 1o 750 205 245 40
Duprlex
LUNS 531803 minimum 620 450 25 =20 transverse: 27
UUMNS 532750  minimum 690 550 25 =20 longitudinal: 41
1) The specified yield stress at both 0.2% and 1.0%, Ry 2 and Ry,  respectively, shall be documented for austenitic stainless steels.
1) "f"iz-‘;i_ticé.:n[iun of impact values for austenitic stainless steels is required only for materials intended for design temperatures below

- 105°C.

The thickness of the large end of a cone/cylinder or cone/cone junction and adjoining parts of the
shells within a distance L from the junction shall be determined by the following formula:

pDyk

t =
20 a.e

ot {111

Do = outside diameter of the conical section, see Figure 5.9
e = joint efficiency of junction or of circumferential welds located within a distance L from the

knuckle
L = length equal to:

Dait—c
0,5 |20t~ ¢

{mm)
N ocosy

cl =0 fort-c/Do>=0.005
=1 mm fort-c/Do < 0.005
k = a factor taking into account the stress in the junction.
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Figure 6.9 — Junction arrangements

However, in any case the thickness of the junction or knuckle and the adjacent parts shall not be
less than that for the cone determined previously.

Finally, the thickness of dished ends without stays, concave to the pressure side, shall not be less
than:

Dy

t = K+c (mm)
20 e { ‘
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However, the thickness t shall not be less than the thickness required for a seamless, un-pierced,

cylindrical shell of the same diameter and material, except where the end plate is a complete
hemisphere.

Figure 6.10 — Elliptical end
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Figure 6.11 — Torispherical end
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6.5.4 Cargo tank saddles

While the design of the pressure tanks is governed by a wide set of rules, the method of support is
left pretty much up to the designer. The correct design of the supports is of major importance, as
their contribution to the vessel’s safe operations is significant. All the forces, stresses and moments
that are applied to the cargo tanks due to the vessel’s movement and acceleration are transferred
from the ship’s hull to the tank’s shell through these structures. As a matter of fact, they need to
withstand extended, and in some cases extreme, static and dynamic forces without failure.

Horizontally kept cylindrical pressure tanks are generally supported on twin saddle supports. When
a cylindrical vessel acts as its own carrying beam across two symmetrically placed saddle supports,
one-half of the total load will be carried by each support. This would be true even if one support
should settle more than the other. This would also be true if a differential in temperature or if the
axial restraint of the supports should cause the vessel acting as a beam to bow up or down at the
center. This fact alone gives the two-support system preference over a multiple-support system.
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l
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Figure 6.12 — Pressure tank and tank saddles

The contact angle and the saddle’s width are two parameters that should be defined during the
design process. The contact angle of each saddle should always be more than 120°, except in cases
of very small tanks. In certain cases, a larger contact angle should be used. The impact of the
saddle’s width is not a controlling factor, so a nominal width of 12 inches is used for steel. This
width however should be increased in case of extremely heavy tanks, and in certain cases it may
be desirable to reduce this width for small tanks.

Another important parameter during the design of the supports is the location of the saddles. Thin-
wall tanks of large diameter are best supported near the heads provided they can support their own
weight and contents between supports and provided the heads are stiff enough to transfer the load
to the saddles. Thick-wall tanks too long to act as simple beams are best supported where the
maximum longitudinal bending stress in the shell at the saddles is nearly equal to the maximum
longitudinal bending stress in the shell at the saddles is nearly equal to the maximum longitudinal
bending stress at mid-span, provided the shell is stiff enough to resist this bending and to transfer
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the load to the saddles. Where the stiffness required is not available in the shell alone, ring
stiffeners must be added at or near the saddles.

Another aspect that must always been taken into account during the design of cargo tank saddles
is the high temperature of the pressurized cargo. The temperature of the tank during the vessel’s
operation is much higher than the temperature during its installation. This leads to a differential in
displacement between the supports due to the temperature change that needs to be considered in
design. In most of the cases, the design of support requires adequacy to operate in a severe thermal
environment during normal operation as well as to sustain some thermal transients.

Usually saddles are welded to the outer periphery of the pressure tank. In a horizontal pressure
tank with saddle support a high localized stress at the interface of the tank and saddle is generated.
This highest localized stress is termed as circumferential stress whose intensity is very high at the
horn part of the saddle and tank.

In some cases vessel and saddle support contact is of loose-fitting type. In this case there is a
narrow gap or space between the saddle support and vessel, due to which it becomes very difficult
for maintenance at that part which causes corrosion.

During the design procedure, and prior to their construction and implementation, cargo tank
saddles are simulated via finite element methods and programs. These programs allow the designer
to estimate the maximum loads that the saddles are about to suffer and to check which parts of the
construction will be the most affected, and in that way to lead to the structural optimization of the
construction. %10

Figure 6.13 — Tank and saddles simulation
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6.5.5 Testing of cargo tanks

After the construction of the tank, it is a mandatory requirement that all tank welds shall be tested
for crack detection via non-destructive testing methods, such as ultrasonic or radiographic
testing®’. Most of the testing is to be placed at weld crossings and highly stressed connections, as
there the possibility of crack formation is highly increased.

The testing shall be carried out to a specific portion of the weld’s length which is different
according to vessel’s Ship type. Independent tanks are also checked more extensively than the
integral tanks as they have more welding junctions.

As defined by DNV, testing for Ship type 1 and 2 vessels should be as below. For Ship type 3
vessels, the testing procedures that take place in Oil carriers shall be carried out.

Table Bl Non-destructive testing of tank welds

Non-dastructive testing
Tank fype Butt welds 1 9 Welds other than butt welds.
- Minfmum extent of radiographic testing, Surface crack detection,
% aof total weld length % aof total weld length
Integral tanks ) al 1% 3
aZ 2% 3
Independent tank: a3 20% 10%. nozzles: 100%
Longitudinal welds: 100% . ) .
ad Teansverse welds: 10% 10%, nozzles: 100%

1) Buttwelds of face plates and web plates of girders, stiffening rings etc. shall be radiographically tested as considered necessary.

2} Gudance: Where double continuous fillet weld is used. full penetration weld at some points 15 recommended in order to reduce the possibility of leakage
along the root of the fillet weld.

3) ;I']i.neje:-:higiln]t;;gﬁce crack detection will be decided on the basis of the visual inspection of the bovmdary welds. Normally this will be 2% to 3% of the
otal weld length.

4)  Ultrasonic testing may supplement or substitute radiographic testing in accordance with 102.

Figure 6.14 — Non-destructive testing of tank welds

In addition to the non-destructive testing methods, each cargo tank may be tested separately when
complete by filling the tank with water to a head 2.45 m above the highest point of the tank
excluding the hatchways, and by filling the cofferdam to the top of the hatch. Water testing on the
building berth or dry dock may be undesirable owing to the size of flooded tanks which gives rise
to large stresses on the supporting material and structure. Testing afloat is therefore permitted,
each tank being filled separately until about half the tanks are full when the bottom and lower side
shell in the empty tanks are examined. Water is then transferred to the empty tanks, and the
remainder of the bottom and side shell is inspected. This testing may take place after the
application of protective coatings, provided that welds have been carefully examined beforehand.
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6.6 Deck structure

As described in Ship Design & Construction, Volume 2 *2, the deck structure of a chemical tanker
varies depending on location. In way of the ballast tanks and forward and aft of the cargo area we
find a conventional deck structure, resembling to other common types of commercial vessels,
characterized by longitudinal framing with deck longitudinals and girders welded to the underside

of the deck plating.
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In way of the cargo tanks the deck structure is different. Due to the need to remove all structural
components from the inside of the cargo tank boundaries in order to facilitate and accelerate the
tank cleaning procedures of the loading — discharging cycle, all deck longitudinals and deck girders
are placed on the top side of the deck plating. With this arrangement the web frames are also placed
on the top of the deck plating in way of the cargo area. To maintain structural continuity it is
important so that the framing on top of the deck plating lines up with the longitudinal and
transverse bulkheads located below the deck plating.

An alternative to the extremely framed deck is the corrugated deck. This arrangement eliminates
all deck longitudinals and girders in way of the cargo tanks by using transversely corrugated deck
plating. The web framing still runs atop the deck plating in such an arrangement. This approach is
not as common as the externally framed deck but has been used in smaller ocean-going chemical
tankers.

One aspect that plays a significant role in the design of a chemical tanker’s deck structure is the
large amount of openings in the deck plating in way of the cargo area. The number of these
openings in chemical takers is significantly greater compared to other cargo vessels, as each cargo
tank has numerous deck openings as the main tank hatch, tank-cleaning hatches, penetrations for
ullaging and sampling equipment, penetrations for temperature, level, and pressure sensing
devices, and openings for cargo pumps and piping. These openings can greatly reduce the strength
of the main deck structure and structural reinforcement such as doubler plates and local stiffening
are provided. Furthermore, the openings should be staggered and elliptical n shape with their major
axes in the longitudinal direction.

One means of strengthening the main deck is the addition of a deck trunk running along the main
deck at the centerline, from the poop deck to the forecastle. The deck trunk is designed as a
continuous structural member that adds to the hull’s section modulus. The trunk acts as a shelter
for the piping run along the deck, providing these components with protection from the elements
and reducing routine maintenance tasks, such as painting and chipping deck piping. The top of the
trunk serves the function of the catwalk providing unimpeded access to the bow and a location for
the hose-handling crane and firefighting equipment. An enclosed space of this type is required to
be mechanically ventilated in accordance with the IBC code, and also results in increased steel
weight and acquisition costs.
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Figure 6.17 — Deck trunk on a chemical tanker
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Figure 6.18 — Deck trunk midship view
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6.7 Bulkheads
6.7.1 General

Each and every cargo vessel is divided into spaces via vertical partitions arranged either
transversely or longitudinally known as transverse and longitudinal bulkheads respectively. The
function of bulkheads is mainly to divide the main hull into different compartments and to limit
the extend of flooding, and hence of loss of buoyancy, in case of a damage to the external shell
plating. However bulkheads in a vessel offer additional benefits, such as preventing spread of fire
from one compartment to another, contributing to the longitudinal strength of the ship (longitudinal
bulkheads) and preventing racking and torsional distortion on the vessel (transverse bulkhead).

Bulkheads are either watertight or non-watertight although such terms as oil tight and gas tight
bulkheads have been also used. Transverse watertight bulkheads divide the main hull into many
different watertight compartments. Watertight bulkheads are attached to the shell, the deck, and
the bottom or tank top by welding. Non watertight bulkheads are any other types of bulkhead
which are non watertight such as centerline wash bulkhead in the peak tanks, partial bulkheads in
the accommodation spaces, stores and engine spaces.

The number of transverse bulkheads in a ship is dependent on the length of the ship. However all
ships must have a collision or fore peak tank bulkhead, an aft peak tank bulkhead and a bulkhead
at each end of the engine room.

6.7.2 Corrugated bulkheads

The selection of types of cargo tank bulkheads in the design stage of a commercial vessel depends
on various considerations for ship’s design. From the regulatory point of view, when a chemical
tanker is designed to carry noxious liquid substances (NLS) under the IBC Code, the maximum
quantity of residue permitted after unloading is strictly restricted. Moreover, the cargo tank
surfaces must be of a suitable type for effective washing by means of rotary water jets so that the
risk of marine pollution by the discharge of NLS after cargo tank washing can be minimized.

The above creates the need of a tank structure with as many plane surfaces as possible, and without
any shadow areas where cargo can be stored and become difficult to remove by washing
procedures. The conventional type of the plain bulkheads consisted of flat plates and strengthened
with horizontal stiffeners is not suitable for that purpose, as the large web frames and stiffeners
provided on the surface of the bulkhead easily become complicated shadow objects.
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To solve this problem, corrugated bulkheads have been applied to chemical and product tankers to
convert the cargo tank boundaries into more easily accessible plane surfaces. Such plane surfaces,
of course, contribute to minimizing the amount of remaining cargo itself after unloading and also
help facilitate easier coating and inspection of corrugated bulkheads as a result.

However it is not uncommon to find also plane stiffened bulkheads in a chemical tanker. Due to
cargo segregation reasons, the use of a cofferdam between two cargo tanks is sometimes required.
This cofferdam produces a plane bulkhead in each tank, as the stiffeners can be placed in the void
side. Bulkheads in the ballast tanks are also of the plane type.

Corrugated bulkheads consist of welded or single corrugated plates and are stronger than flat plates
without stiffeners if subjected to bending moments or pillar loads along the corrugations. In
addition to the advantages they offer in tank cleaning, they are also preferred due to their lower
mass, and therefore decreased steel weight, the fewer corrosion problems they face, and the
simplified service and maintenance they need. Properly designed, constructed and maintained
corrugated bulkhead structures can give many years of safe and satisfactory service. On the other
hand the complexity of structural configuration and difficulties of manufacture can lead to
significant defects occurring which may be costly to repair.

Flange

Depth \
I

Spacing

Figure 6.21 — Corrugation terminology
Corrugations can either be fabricated or cold formed (Figure 6.22). Fabricated corrugations are

produced by welding web and flanges together. Cold-formed corrugations are produced from a
single sheet of material and pressed into the corrugation shape by mechanical means.
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Fabricated Cold Formed

Figure 6.22 — Types of corrugation

Another type of bulkhead that is used in order to maintain cargo tanks free of structural elements
is this of the double plate. Double plate bulkheads consist of two plane plates put in parallel, and
a layer of a lighter and less strong material placed between them. Double plate, or sandwich,
bulkheads however are less common than corrugated bulkheads as they consume valuable
revenue-generating volume. The area between the two plates is also difficult to inspect and
maintain. Furthermore, the space between the plates can collect dangerous cargo or cargo vapors
because of leaks. Such leaks are difficult to detect.

6.7.3 Types of corrugated bulkheads

There are two main groups of categorization for corrugated bulkheads, based on the direction of
the corrugations®®: the horizontally corrugated bulkheads and the vertically corrugated bulkheads.
Vertically corrugated bulkheads can be found without stools, with lower stools only, or with both
lower and upper stools, depending on the size of the vessel. Both types of orientations can be used
in either longitudinal or transverse bulkheads.

6.7.3.1 Vertically corrugated bulkheads

Vertically corrugated bulkheads take three basic forms as illustrated in Figure 6.23. Each
configuration presents various challenges in ensuring continuity of strength and load transfer to
surrounding structures.
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Figure 6.23 — Configurations of vertical corrugated bulkheads

Without stools at inner bottom and deck

This type of bulkhead is most commonly used in small chemical and product tankers not exceeding
40,000t DWT, and can only be used for vessels with moulded depth less than 16m, provided the
requirements stipulated in the Common Structural Rules are complied with. Due to the absence of
stools, the cargo tank volume is significantly increased. An additional advantage of non-stool
bulkheads is that the gas freeing procedure of the tank becomes much simpler, as the risks
associated with the formation of gas pockets in way of stools, shedder plates etc. is eliminated.

As there are not stools for the bulkhead to step and supported on it, support structure for the
corrugation flanges is commonly provided under the inner bottom, by floors/girders fitted in the
same plane as the flanges with load from the corrugation web transmitted through shear of the
weld connection to the inner bottom, as can be seen in Figure 6.24. For highly stressed connections
support of the corrugation webs below the inner bottom by means of aligned brackets/carlings may
also be arranged.

Figure 6.24 — Inner bottom support non-stool bulkheads
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With support stools at inner bottom

For chemical tankers exceeding 40,000DWT vertical bulkheads are supported by lower stools.
This means that the corrugated plate of the bulkhead does not meet directly the top barrier of the
inner bottom, but steps on a fabricated stool, which is a box type structure as shown in Figure 6.25.
The reason to place these stools is that due to large size of the vessel the span of the corrugations
is increased, and so the design stresses may be exceeded. By supporting the bulkhead on the stool,
the span is significantly reduced. Also, the loads are transferred in a more sufficient way via the
stool construction to the surrounding structure. Finally, the stool provides appropriate shear and
torsional rigidity to the lower end of the corrugation.

These stools may be of rectangular or non-rectangular cross section depending on the height of
stool. The lower stool consists of shelf plate, side plates and internal web plates providing primary
support for the stool boundaries. The shelf plate provides a foundation for the corrugation and
facilitates load transfer from the corrugation web to the structure below through shear and also
from the corrugation flanges to the stool side plates through transmission of out of plane stress.

The flanges of the corrugations are to be aligned with the side plating of the stools. For highly
stressed connections support of the webs below the shelf plate by means of aligned
brackets/carlings may also be arranged.

The side plates of the stool may be vertically or horizontally stiffened. Horizontal stiffening is
convenient for longitudinal bulkhead stools as it provides more efficient buckling capacity to resist
hull girder bending loads. Vertical stiffening is normally adopted for transverse bulkhead stools
because of the simpler fabrication process, the better buckling strength and improved load transfer
to the double bottom structure.

For strength or cleaning reasons, brackets or shedder plates may be arranged at the lower part of
the corrugation. Special attention is to be made for the welds between those bracket and shedder
plates with the bulkhead. In some cases the small volume created between the shelf plate and the
shedder plate has been filled with a suitable compound compatible with the products carried by
the vessel.

The stools are usually used as parts of the double bottom ballast tanks, or — less commonly — as
void spaces. For that reason adequate access is required, as well as sufficient drainage and
ventilation. As the size of the openings shall fulfil some minimum requirements as defined by the
IBC code, special consideration must be given during the design procedure. One particular design
issue is that the openings in the shelf plate leads to a substantial reduction in the local cross
sectional area. This can be offset by an increase in the thickness of the local plate.
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Figure 6.25 — Vertical corrugated bulkhead lower stool

Regarding the bulkhead — deck interface there are two main types of support structure used, which
are the same both for non — stool bulkheads and bulkheads with lower stool.

In the first type, a rigid support consisted from girders or transverses is provided for the upper end
of the corrugation. This structure is located above deck and must be aligned with the bulkhead
beneath (Figure 6.26 (a)). On some of these designs, additional partial girder structure is
incorporated to form a grillage structure in way of the bulkhead, with the aim to reduce relative
deflection, between adjacent deck transverses (Figure 6.27).

In the second type, there is very limited additional support to the bulkhead above the main deck.
This provides a relatively flexible support, thereby attracting less load (and therefore local stress)
to the upper end of the corrugation but bigger deflection in rotation (Figure 6.26 (b)).
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Figure 6.26 — Vertical corrugated bulkhead upper support
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Figure 6.27 — Partial girder arrangement
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With support stools at inner bottom and deck

For the same reasons that lower stools are used in vessels reaching the 40,000t DWT (reduce span
of corrugations, provide appropriate shear and torsional rigidity, etc), a combination of upper and
lower stools is been used for even bigger vessels reaching the Aframax size. However chemical
tankers do not reach this size, so the use of this type of bulkheads is limited to the oil/product
tankers and the bulk carriers.

6.7.3.2 Horizontally corrugated bulkheads

Unlike the vertical ones, horizontal corrugated bulkheads are of one type without any stools.
However, and unless the span (breadth of tank) is too small, some form of symmetrical vertical
primary supporting member is normally provided to give adequate shear rigidity for overall vessel
strength and support for the corrugations when loaded on one side. Backing structure is also
normally provided to support the corrugation flanges. For longer corrugation spans, this will take
the form of substantial web structures, whilst for small spans, inter-costal stiffening may be
sufficient. However, as this stiffening may incommode the tank’s washing operations, it is not
preferable for all types of chemical tankers and transported products.

Horizontally corrugated bulkheads allow the variation of their thickness in the direction of the
vessel’s depth. In that way the weight of the construction can be reduced, when at the same time
the increased thickness of the bottom corrugations can lead to a stronger construction without the
need to use web frames and stiffeners.

In case that horizontally corrugated bulkheads are used as longitudinal bulkheads, they are
subjected to longitudinal hull girder bending and therefore need to be stiffened at regular intervals
in order to provide adequate shear and out of plane rigidity. For this purpose vertical primary
supporting members are normally arranged. The extreme end of longitudinal bulkheads is to be
terminated at an effective bulkhead and also needs to be arranged with substantial transition
brackets for the purpose of efficient load transfer and to avoid abrupt structural changes.

6.7.3.3 Application in chemical tankers

Both horizontally and vertically corrugated bulkheads are used in chemical tankers. When it comes
for longitudinal bulkheads horizontal corrugation is usually preferred rather than vertical, as its
contribution to the longitudinal strength of the vessel is much more significant. Vertical
corrugation may though be used in longitudinal bulkheads with negligible results, however it is
not recommended as it would need greater plate thickness and additional stiffening that would lead
to some unpleasant side effects such us increased weight and cost, and less plain surfaces. An
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additional issue, is that the vessel may need to be trimmed slightly to ensure complete drainage of
the cargo to the pump well.

On the other hand, vertical corrugated bulkheads are most commonly used for the construction of
transverse bulkheads. Vertically corrugated bulkheads can be of a much larger size without the
need for stiffening, than a comparable horizontally corrugated bulkhead, contributing for this
reason to the target for a component-free cargo tank.

From statistical data'* for approximately 700 chemical tankers built in the period 1990-2009 and
having corrugated bulkheads, it comes that about 85% of the corrugated bulkheads designs
consisted of vertically corrugated type and only the remaining 15% comprised horizontally
corrugated ones. The decision though depends on the designer who needs to examine all aspects
and conclude to the most effective option for the project, as well as on the shipyard’s facility and
fabrication procedure.

6.7.4 Bulkheads design

As the role of the bulkheads in a vessel is crucial for its safety, its strength, cargo separation and
operations and structural continuity, it is essential that their design are governed by a set of rules
while simultaneously new efforts are made for further improvement. One great tool in this effort
is the study of damages that have occurred in existing bulkhead constructions, and the attempt to
eliminate these damages in the future through advanced design. An additional tool is the use of
Finite Elements Methods through which the designer can detect parts of the initial design that need
to be amended. All the above contribute to stronger and more resistant constructions that will
require less maintenance and will develop as less defects as possible.

6.7.4.1 Initial design and scantlings

Some fundamental rules regarding the design of corrugated bulkheads can be found in IACS CSR
for Double Hull Qil tankers®. Although not all chemical tankers are to be constructed according
to these rules, the main design principles of corrugated bulkheads should be the same for all
tankers. The main points that can be summarized from those rules are presented below:

e Ingeneral, corrugated bulkheads are to be designed with the corrugation angles, ¢, between
55 and 90 degrees (Figure 6.28)

e For ships with a moulded depth equal to or greater than 16m, a lower stool is to be fitted
for vertical corrugated bulkheads. In that case:
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Figure 6.28 — Definition of Parameters for Corrugated Bulkhead

Where gussets with shedder plates or shedder plates (slanting plates) are fitted at the end
connection of the corrugation to the lower stool or to the inner bottom, appropriate means
are to be provided to prevent the possibility of gas pockets being formed by these plates.
The lower stool is to be fitted in line with the double bottom floors or girders.

The side stiffeners and vertical webs (diaphragms) within the stool structure are to align
with the structure below, as far as is practicable, to provide appropriate load transmission
to structures within the double bottom.

The extension of the stool top plating beyond the corrugation is not to be less than the as-
built flange thickness of the corrugation.

The ends of stool side vertical stiffeners are to be attached to brackets at the upper and
lower ends of the stool.

Continuity is to be maintained, as far as practicable, between the corrugation web and
supporting brackets inside the stool. The bracket net thickness is not to be less than 80%
of the required thickness of the corrugation webs and is to be of at least the same material
yield strength.

Scallops in the diaphragms in way of the connections of the stool sides to the inner bottom
and to the stool top plate are not permitted.

For ships with a molded depth less than 16m, the lower stool may be eliminated. In that
case:

Double bottom floors or girders are to be fitted in line with the corrugation flanges for
transverse or longitudinal bulkheads, respectively.

Brackets/carlings are to be fitted below the inner bottom and hopper tank in line with
corrugation webs.

The inner bottom and hopper tank in way of the corrugation is to be of at least the same
material yield strength as the attached corrugation.
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- The upper ends of vertical stiffeners on supporting double bottom floors or girders are to
be bracketed to adjacent structure.

- Cut outs for stiffeners in way of supporting double bottom floors and girders in line with
corrugation flanges are to be fitted with full collar plates.

- Scallops in brackets, gusset plates and shedder plates in way of the connections to the inner
bottom or corrugation flange and web are not permitted.

The above points as set by CSR, together with many additional points that are not included in this
section, consist a fixed and solid basis for the design and construction of corrugated bulkheads and
provide the structural continuity that is required to avoid faults of the construction during its life.
It is obvious here, that the structural behavior of the bulkhead when subjected to loads and stresses,
is in a great way related to the structural configurations of its neighbor compartments such as the
double bottom and the deck structure. Therefore its design procedure should be part of the global
design procedure of the vessel, and not a standalone issue.

Another decision that needs to be made during the design phase is the thickness of the corrugated
plates. Suggestions for scantlings are also given in the CSR, however as there are not particular
CSR rules for chemical tankers, each class may have its own ones. The below scantlings
calculations are as proposed by the DNV and the following definition of spacing applies:

i -
. -

F 3
Y

Figure 6.29 — Definition of Spacing for Corrugated Bulkhead

s = s1 for section modulus calculations
= 1.05 s2 or 1.05 s3 for plate thickness calculations in general
= s2 or s3 for plate thickness calculation when 90° corrugations.

In general for bulkheads the thickness requirements are given as described in Chapter 6.5.3.1 for
cargo tanks scantlings. In corrugated bulkheads formed by welded plate strips, the thickness in
flange and web plates may be differing. The thickness requirement then is given by the following
modified formula:
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tn = thickness in mm of neighboring plate (flange or web), not to be taken greater than t.

The thickness should also not be less than:

kL,
t=50+—+1t (mm)
o fl

k = 0.03 for longitudinal bulkheads except double skin bulkheads in way of cargo oil tanks and
ballast tanks in liquid cargo tank areas

= 0.02 in peak tanks and for transverse and double skin longitudinal bulkheads in way of cargo
oil tanks and ballast tanks in liquid cargo tank areas

= 0.01 for other bulkheads.

In longitudinal bulkheads within the cargo area the thickness shall not be less than:

t = & +1, {mm)
120-3,/1,

The scantling methods presented above may differ for vessels registered under other than DNV
classes but in any case there will be some particular scantling rules that need to be followed. In
case of plane bulkheads the conventional design method of a plate under lateral pressure is been
used, when for corrugated bulkheads some additional calculations may need to take place. In any
case, what it matters is that the plate thickness and the section modulus of the bulkhead, corrugated
or not, is sufficient to ensure the local and global strength of the construction against the loads it
is predicted to face.

The section modulus of a corrugated section is a function of the thickness of the plate and the
geometrical characteristics of the corrugations. For a known required section modulus, and for a
defined plate thickness, the geometry of the corrugations can be defined. For the parameters as per
Figure 5.28, the section modulus is calculated by the following type:

asin® = H
acos=S—a
2atH

7 —
3
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6.7.4.2 Parameters that affect the behavior of corrugated bulkheads

After a study!’ that has taken place regarding the ultimate strength and the behavior of corrugated
bulkheads, it has come out that factors such as the corrugation angle, the plate thickness and the
loading, play a significant role to the collapse and post-collapse behavior of the construction.

The researchers performed tests to nine mild steel corrugated bulkheads of different corrugation
angles and thicknesses by applying to them loads such as lateral pressure, axial compression, and
a combination of those. The bulkheads were models constructed with plate bending and not
welding, and the loads were applied through compressed air and not water pressure. What was
measured was the initial deflection, the initial distortions of the corrugation angle and the vertical
deflection of the models during the load effect.

Effects of corrugation angle

Figure 6.30 shows the influence of the corrugation angle on the collapse behavior of corrugated
bulkhead models under static lateral pressure. Figure 6.30 (a) represents the relationship between
the average pressure intensity and the deflection of the central corrugation (at point 2, see Figure
6.31) for the two corrugation angles of the test models. Figure 6.30 (b) shows the mid-span bending
moment versus lateral deflection curves for a single central corrugation as a beam, where it is
assumed that the corrugation ends are simply supported.
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Figure 6.30 — Effects of corrugation angle in collapse behavior

Figure 6.31 — Measurement points in test models

What comes out from the above test is that the ultimate collapse pressure load for the corrugated
bulkhead with ¢ = 60 deg is only one third of the model with ¢ = 90 deg. As a matter of fact the
thickness of a bulkhead with 60 deg corrugations should be increased compared to a bulkhead with
90 deg corrugations, in order to compensate the lower resistance to lateral pressure. This however
would lead to increases weight, making the trapezoidal corrugation profile bulkhead a much

heavier construction than the rectangular profile one.
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Another study reveals the effect of the corrugation angle to the section area — and as a result to the
steel weight — of the bulkhead per unit breadth. For a range of angles as shown in Figure 6.32, and

for the rest design parameters predefined, it becomes clear that the minimum sectional area per
unit breadth comes for a corrugation angle of 65 deg.
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Figure 6.32 — Sectional are per unit length of corrugated bulkhead vs. inclination of web plate
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The same study reveals that a corrugated bulkhead without horizontal stiffener and with
corrugation angle of 65 deg weights almost the half in comparison with a flat plate bulkhead with
stiffener space equal to 0.67 m which results to the same section modulus.

Effects of plate thickness

Figure 6.33 shows the effects of plate thickness on the collapse behavior of corrugated bulkhead
models under lateral pressure for ¢ = 90 deg and 60 deg respectively. An increase in the plate’s
thickness leads to a significant increase in the collapse strength of the corrugated bulkhead. This
increase is irrelevant of the corrugation angle.
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Figure 6.33 — Effects of thickness in collapse behavior

Figure 6.34 indicates the variation of the ultimate bending strength of a single corrugation with
increase in the plate (flange and web) slenderness ratio for the two kinds of corrugation angle,
namely ¢ =90 deg and ¢ = 60 deg. It can be seen that with increase in the thickness of corrugation
flange/web, the ultimate bending moment for a single corrugation with ¢ = 90 deg increases at a
faster rate than that for ¢ = 60 deg. This leads again to the conclusion that a rectangular corrugation
profile would be more efficient than a trapezoid one.
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Effects of axial compressive loads

Figure 6.35 shows the collapse behavior of the corrugated bulkhead models under axial
compression, for the two different corrugation angles. It can be seen that axial compressive loads
increase without occurrence of local buckling of flange up to the ultimate strength of the whole
corrugated bulkhead model, and unloading follows after collapse, but due to the internal contact of
walls the internal forces can rise again. The latter is a typical crushing response which is observed
in thin-walled structures under excessive compressive loads, such as those for instance in ship
collision.
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Figure 6.35 — Collapse behavior of corrugated bulkheads under axial compression
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Effects of combined lateral pressure and axial compressive loads

Figure 6.36 shows the ultimate strength interaction relationship for the corrugated bulkhead
models subject to combined axial compression and uniform lateral pressure. It can be seen that an
application of a relatively small axial force to a corrugated bulkhead that is subjected to lateral
pressure may decrease the collapse strength of the bulkhead down to almost the half. Although the
axial forces applied on a vessel (mostly because of the still water sectional shearing forces) are
negligible, special care should be given to this factor during the design, as their effect could be
significant.
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Figure 6.36 — Collapse behavior of corrugated bulkheads under combines lateral pressure and
axial compression

6.7.5 Damages in corrugated bulkheads and effect in design

One of the most successful ways to improve and optimize the design of a construction is to detect
and analyze damages and defects that developed to similar constructions in the past in order to
find ways to eliminate them in the future. It is crucial that these damages are categorized, so that
we find out which of them were created by the same cause. One detailed categorization of damages
in corrugated bulkheads of tanker vessels, together with design innovations to eliminate them, are
given in Corrugated Bulkhead Design for Tankers®®,
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6.7.5.1 Types of damage

Damages caused by welding defects

It has been reported in several occasions, that cracks have been developed in the welding between
the vertically corrugated bulkhead and the inner bottom plate. At this area, and especially at the
corner of the corrugation, the stresses applied are transferred from the overall corrugation span,
and are extremely intense. As a matter of fact, in case there are any overlapping or undercutting of
welding at that point, and due to the high local stresses concentration, the circumstances exist for
a crack to be developed.

This type of damage is developed in bulkhead construction without lower stool, where the
corrugated plate comes to direct contact with the inner plate of the double bottom, therefore it is
most often observed in small tankers that use non stool bulkheads. Due to chemical tankers small
size compared to the oil tankers, this is a type of damage that need to be taken into account during
the design procedure.

Damages of scallops or brackets toes at stress concentration area

Two areas that are vulnerable to cracks creation are the scallop at the corner of the lower stool
diaphragm just below the vertically corrugated bulkhead and the bracket toe of the vertical web
provided on the horizontally corrugated bulkhead. These cracks are initiated by the stress
concentrations resulting from the scallop and shape of the bracket toe. The first of the two may
pose a threat for big chemical tankers that are implemented with vertical transverse corrugated
bulkheads with lower stool, when the second may appear to all chemical tankers that use
horizontally corrugated bulkheads for longitudinal strength.
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(Vertically corrugated bulkhead) (Horizontally corrugated bulkhead)

Figure 6.37 — Cracks at scallop and bracket toe
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Damages due to luck of supporting structures

Several damages that have been noticed in corrugated bulkheads have been caused by the lack of
supporting structures. If the structural components of the bulkhead are not properly edged and
supported, then the possibility of cracks formation is increased. Two typical examples are the
damages in the connection between the vertically corrugated bulkhead with the inner bottom plate
(without lower stool), and the damage in the connection between the vertically corrugated
bulkhead with the lower stool top plate.

]

(Direct connection to inner bottom) (With lower stool)

Figure 6.38 — Cracks due to lack of supporting structures

In case the corrugated plated is edged directly to the inner bottom plate, for constructions without
lower stool, then appropriate backing structure should be provided to the bottom plate, so that there
is sufficient transfer of the loads through this structure. In case this backing structure is absent,
there will be stress concentration to the area where the bulkhead meets the bottom plate, as the
loads will have no way to escape, with high possibility of constructional failure.

On the other hand, if a lower stool is provided, both flanges of corrugated plate can be supported
by the stool plate directly. However, even in that case, and if the slanted stool plate is not sufficient
to transfer the load, or the fitting angle of the supporting structure is not the required in order to
avoid unacceptable stress concentrations, cracks formation may take place.

Both of these deformations are likely to happen in a chemical tanker transverse corrugated
bulkhead. Their effect though may be significant, as not only they affect the structural strength of
the compartment, but they also create cracks and cavitation where chemical cargo may be trapped
and cannot be easily removed.
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Damages due to lack of continuity

However, even though effective supporting structure is provided, crack formation may take place
at the end connections of vertically corrugated bulkhead. This may occur due to differences in the
thickness and the welding length between the corrugation and its supporting structure.

For the purpose of effective transmission of loads from the corrugated bulkhead to the underneath
supporting structures, it is considered that the adequate continuity of plate thickness and welding
length are also important factor of the design.
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Figure 6.39 — Crack due to lack of continuity

6.7.5.2 Impact of damage experience in the design

Design of supporting structures

In order to avoid damages caused by lack of sufficient support beneath the bulkhead, supporting
structures are placed in appropriate locations into the double bottom. The mere existence of these
structures however is not always enough to eliminate potential damage, as their type and structural
characteristics play a significant part in the way they will reduce the stresses concentration.
Therefore, supporting structures shall not only exist, but also need to be designed in a proper and
effective way.

Recent studies have indicated the relation between the length of the supporting structure and the
stress reduction. What comes from these studies, is that the length of the stiffener located under
the corrugated flange, should be at least half the depth of the corrugation depth, in order to offer
sufficient stress reduction. Supporting structures such as floor/girders underneath the corrugation
flange are also suitable, however not necessary if the condition above is satisfied.
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Full penetration welding

[$7}

In order to avoid the stress concentration and minimize the risk of cracking at the lower end of
corrugated bulkheads, full penetration welding is been applied at the corner of the corrugation
instead of fillet penetration welding. The two welding types are shown in Figure 6.41.

(a) Fillet Welding

(b) Full Penetration Weldi

Figure 6.41 — Welding types
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The use of full penetration welding drastically decreases the stress concentration at the corner of
the corrugation toward the center of the corrugation flange and web. In addition, it almost
eliminates the risk of unexpected gaps existence which could lead to potential cracking and failure.

Figure 6.42 — Gaps in fillet welding

In the following pages transverse and longitudinal corrugated bulkheads drawings of a 16,500
DWT chemical tanker are displayed.
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Figure 6.43 — Typical transverse bulkhead
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Figure 6.44 (a) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.56
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Figure 6.44 (b) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.56
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Figure 6.44 (c) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.83
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Figure 6.44 (d) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.83
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Figure 6.44 (e) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.110
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Figure 6.44 (f) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.110
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Figure 6.44 (h) — Watertight transverse bulkhead of a 16,500 chemical tanker, fr.191
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6.8 Double hull

The main reasons that double bottom and double side constructions are applied to chemical tankers
are to avoid spill of the hazardous chemical cargo to the marine environment, and to increase the
safety of the vessel in case of collision. Sufficient water and oil tightness has to be provided in the
inner hull plate of a chemical tanker, so that, under no circumstances, may chemicals leak into the
double hull, or ballast water leak into the cargo tank. In the case of the double bottom of a chemical
tanker, a weak connection between the outer shell and the inner hull plate is preferable so that the
inner hull plate is not directly affected by a load applied to the outer shell plate.

In order to facilitate and accelerate the cargo tank cleaning procedures, it is optimum to retain the
cargo tanks free of structural elements. For that reason, all inner bottom and inner side shell
stiffeners, are placed in the double hull side.

The double side structure on a chemical tanker, is made up of horizontal stringers and side shell
and inner shell longitudinals. The double bottom structure is made up of longitudinal floors and
bottom shell and inner bottom shell longitudinals in the double bottom. The inner side shell joins
the inner bottom shell via a sloped hopper structure, which adds stiffness and strength to the
connection. A typical web frame can be seen in the web frame section of Figure 6.46. The web
frame is reinforced between each horizontal girder by vertical stiffeners and has access openings
between each horizontal girder. The horizontal stingers in the double side and the floors in the
double bottom also have access openings cut in them.®

As given by Okumoto?°, the main problem caused by the application of double hull side structure
on tankers, is the rigidity unbalance between the vertical webs on the side shell and the longitudinal
bulkhead

In the case of a single hull side structure, the rigidities of the vertical webs on the side and the
longitudinal bulkhead are well balanced and they are effectively connected by cross tie. However,
in the case of a double hull side structure the rigidity of the vertical web on the side shell is far
bigger than the rigidity of the vertical web on the longitudinal bulkhead.

As it is not efficient to connect two members with different rigidities by a cross tie, the cross tie is
placed in the center tank instead of the side tanks. In this arrangement, the vertical webs connect
two identical longitudinal frames, which are of the same scantling and rigidity.
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Figure 6.46 — Midship section of a chemical tanker
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Figure 6.47 (a) — Double bottom construction in several buttocks, profile view
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In the following pages, double bottom and double side construction drawings of a 16,500 DWT
chemical tanker are displayed:
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Figure 6.48 (a) — Double side construction in several waterlines, top view
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Figure 6.48 (b) — Double side construction in several frame sections, transverse view
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Figure 6.48 (c) — Double side construction in several frame sections
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Chapter 7
Cargo Systems

7.1 Introduction

What differentiates modern chemical tankers from product and crude oil tankers, is the amount of
sophisticated cargo systems that are installed on board, for the handling and monitoring of the
several cargoes. A vessel’s cargo system, together with its cargo tank arrangement and safety
systems determines the cargoes that a vessel can or cannot carry. The scope of this chapter is to
present these cargo systems, and the potential impact they may have on the vessel’s structural
design.

First, a review is been made to the cargo piping and cargo manifolds arrangements. The method
to calculate the piping scantlings is also provided, as per the IBC Code’s minimum thickness
requirements. Additionally, piping joining details are highlighted and the three types of flanges
which are most commonly used in chemical tankers are presented.

Subsequently, an analysis of the cargo pumps used in chemical tankers takes place. More
specifically, the analysis focuses on deepwell cargo tanks, as they are the most commonly used
type of pumps in chemical tankers. The two types of deepwell pumps, the hydraulically driven
ones and the electrically driven ones, are explained, together with their basic functions and
operational requirements. Their structural components, such as the deck trunk, the intermediate
and bottom supports, the section well, and the pipe stack are also presented, and some useful
information about their characteristics are given.

Finally, all other cargo systems that are used on board a chemical tanker, such as tank cleaning
systems, tank venting systems, cargo monitoring and control systems, and cargo environmental
control systems, are mentioned, and their basic functions are explained.
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7.2 Cargo piping
7.2.1 Cargo piping and manifolds arrangement

The main purpose of cargo pipes is to transfer the chemical cargoes from the cargo tanks to the
cargo manifolds during the loading/discharging operations. As through the cargo pipes the cargo
is transferred outside the area of cargo tanks, and passing through areas where human activity may
take place, the proper design of cargo piping is essential in order to avoid exposition of crew
members, or sensitive areas of the vessel, to the hazardous cargo.

The modern chemical tanker is based on the concept of the complete segregation of cargoes. For
that reason each cargo tank piping system is independent from the vessel’s other cargo tanks. This
practically means that for each cargo tank, an independent cargo line exists, connecting the pump’s
discharge line to the respective cargo manifold, through which the cargo is discharged to shore.
An additional benefit of this system is that many cargoes can be discharged/loaded simultaneously.
When it comes to loading, some cargo systems load the cargo tank by passing the cargo back
through the same cargo pipe to the pump outlet. Other systems however utilize a separate drop line
that bypasses the pump and delivers the cargo directly to the tank bottom. In that case, the drop
line must be connected to the cargo line running from the manifold to the cargo pump outlet. The
drop line is beneficial, as it can be used together with the cargo pump to create a loop and
recirculate the cargo within a single cargo tank. This could be very useful for cargoes containing
large amounts of particulate matter that may settle to the bottom of the tank if the cargo remains
stationary.!

However, this complete segregation of cargo lines is not applied to all chemical tankers. Cargo
transfer systems that consist of a main piping system or several group main systems are also used.
This group main system is a piping system generally used in conventional oil tankers and it is
useful for chemical tankers if the ships are exclusive used or intended to load only a few non-
reactive cargoes.? The two types of cargo piping systems are shown in Figures 7.2 and 7.3.

A fully segregated ship has a manifold line for each cargo tank and each manifold line is accessible
from each side of the vessel. A ship with group piping systems though, is fitted with one or more
large cargo lines or manifolds known as common lines or collecting manifolds. These lines are
used to facilitate the loading and discharging of large parcels that are stowed in several cargo tanks.
Each cargo tank can be connected to the common line and either load or discharge the cargo
through the same large common line and manifold.
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Figure 7.1 — Fully segregated ship manifolds

The center of the cargo manifold arrangement should be located at the mid-length of the ship, or
as near as possible, but in no case should it be more than 3.0m forward or aft of the mid-length, as
given by OCIMF3, For these purposes, the ship's length should be taken as the length overall. The
centers of the manifold presentation flanges should be located at least 700mm above the horizontal
projection of the top of the hose support at the ship's side, but not exceeding 2.1m. The working
platform should be fitted to allow 900mm between the level of the platform and the centers of the
presentation flanges. Additionally, the distance of the presentation flanges inboard from the ship's
side should be 4.6m. The minimum spacing of the cargo manifolds as measured center to center
along the line of presentation flanges, varies between 1.5m and 3m and depends on the tonnage of
the vessel.

As stated in the IBC code?, cargo lines shall not be installed under deck between the outboard side
of the cargo-containment spaces and the skin of the ship unless specified clearances required for
damage protection are fulfilled. Cargo piping located below the main deck may run from the tank
it serves and penetrate tank bulkheads or boundaries common to longitudinally or transversally
adjacent cargo tanks, ballast tanks, empty tanks, pump-rooms or cargo pump-rooms provided that
inside the tank it serves it is fitted with a stop valve operable from the weather deck and provided
cargo compatibility is assured in the event of piping failure. As an exception, where a cargo tank
is adjacent to a cargo pump-room, the stop valve operable from the weather deck may be situated
on the tank bulkhead on the cargo pump-room side, provided an additional valve is fitted between
the bulkhead valve and the cargo pump. The above should also apply for cargo pipes which are
installed within pipe tunnels.
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Special attention should be given during the design of cargo pipes passing through bulkheads, as
they shall be arranged in such a way that they preclude excessive stresses derived from the
bulkhead’s contribution in the vessel’s strength. For the same reason, cargo pipes should not utilize
flanges bolted through the bulkhead.
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7.2.2 Cargo piping scantlings and material

The wall thickness of the pipes is defined in the IBC Code as follows:

tb+c,
—1 3 Lmimy}
100

I =

Where:

to = theoretical thickness equal to:
to= PD/(2Ke + P) (mm)
With:

P = design pressure (MPa), equals to the maximum gauge pressure to which the system may be
subjected in service, taking into account the highest set pressure on any relief valve on the system.

D = outside diameter

K = allowable stress, equals to the lower of the following values:

'r?m 'r?i.!
A B
Where:

Rm = specified minimum tensile strength at ambient temperature (N/mm?)

Re = specified minimum yield stress at ambient temperature (N/mm?). If the stress—strain curve
does not show a defined yield stress, the 0.2% proof stress applies.

A and B shall have values of at least A =2.7 and B =1.8.

e = efficiency factor equal to 1.0 for seamless pipes and for longitudinally or spirally welded pipes,
delivered by approved manufacturers of welded pipes, which are considered equivalent to seamless
pipes when non-destructive testing on welds is carried out in accordance with recognized
standards. In other cases, an efficiency factor of less than 1.0, in accordance with recognized
standards, may be required depending on the manufacturing process.

b = allowance for bending (mm). The value of b shall be chosen so that the calculated stress in the
bend, due to internal pressure only, does not exceed the allowable stress. Where such justification
is not given, b shall be not less than:
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b=

(rmm)

e

e
With:
r = mean radius of the bend (mm)

¢ = corrosion allowance (mm). If corrosion or erosion is expected, the wall thickness of piping
shall be increased over that required by the other design requirements

a = negative manufacturing tolerance for thickness (%).

The selection of the material for the cargo piping is not an issue for the designer. To protect against
corrosion, all of the cargo pipes and manifolds are made of solid stainless steel. This is true both
for mild steel — coated chemical tankers and stainless steel chemical tankers.*

7.2.3 Joining details

Pipes’ connection and joints in chemical tankers are of great importance, due to potential leaks of
hazardous cargo, and their design should follow the specific requirements stated in the IBC Code.
These requirements are valid for the entire cargo piping system of the vessel, regardless if the pipes
are inside or outside the tank region.

In general, all pipes in a chemical tanker are required to be joined by welding. This however does
not apply for shutoff valves and expansion joints, as well as for exceptional cases that have been
specifically approved.

The type of welded connection depends on the outside diameter of the connected pipes. Butt-
welded joints with complete penetration at the root may be used in all applications, when slip-on
welded joints with sleeves and related welding having dimensions in accordance with recognized
standards shall only be used for pipes with an external diameter of 50 mm or less. However, slip-
on welded joints should be avoided when crevice corrosion is expected to occur. Finally, screwed
connections may be used, only for accessory and instrumentation lines with external diameters of
25mm or less.

Flanges should be of the welded-neck type, the slip-on type, or the socket-welded type. Socket-
welded flanges however, should not be used in nominal size of more than 50mm. The three types
of flanges are shown in Figure 7.5 - 7.7.°
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Figure 7.5 — Weld-neck flange
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Figure 7.6 — Slip-on flange
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Figure 7.7 — Socket-weld flange
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7.2.4 Test requirements

The satisfying and safe operation of the piping systems of a chemical tanker is very important. For
that reason any defects of the system shall be spotted and rectified prior to the delivery of the
vessel. In order of this to happen testing procedures of the piping systems have become mandatory.

As defined in the IBC Code, after assembly, each cargo piping system shall be subject to a
hydrostatic test to at least 1.5 times the design pressure. When piping systems or parts of systems
are completely manufactured and equipped with all fittings, the hydrostatic test may be conducted
prior to installation aboard the ship. The same applies for joints welded on board and after on board
piping modifications take place.

7.3 Cargo pumps

The modern chemical tanker is based on the concept of the complete segregation of cargoes. Each
cargo tank is independent from the vessel’s other cargo tanks. Additionally, each cargo tank is
equipped with a separate cargo pump, designed for liquid cargo service. Such an idea of cargo
system allows for simultaneous transport of diverse liquid cargoes during one sea voyage. It also
allows for simultaneously loading — discharging operations in different tanks, and as a result
reduced residence time in port.

As stated by Werner®, at the heart of the complete segregation approach is the deepwell cargo
pump. As its name suggests, a deepwell pump is submerged in the fluid that it is pumping, with its
impeller placed in a well in the cargo tank bottom. Deepwell cargo pumps are of centrifugal type
and are driven by either a hydraulic motor located in the tank with the impeller, or by an electric
motor that drives a shaft that runs from the deck down to the impeller in the tank.

Hydraulically driven pumps of this type are more commonly used on chemical tankers than the
electrically driven ones mostly for two reasons: because the electrical motors is preferred to be
eliminated from the cargo tank region, and because hydraulic driven pumps offer variable speed
control. Submerged hydraulic pumps are available with cargo flow rates ranging from 50 m*/h to
2000 m*/h and discharge heads in excess of 160 mic.

One disadvantage of the deepwell cargo pumps is that they do not pump high viscosity cargoes
well. As the density and kinematic viscosity of the carried liquid cargoes vary from cargo to cargo,
some cargoes are easier to be pumped than others. In Figure 7.8, the values of density and viscosity
for the most common type of cargoes are presented’. In order to encounter this issue, chemical
tankers that frequently carry high viscosity cargoes, such as molasses, are typically outfitted with
a deck-mounted booster pump to assist in the discharge process. These booster pumps are of the
positive displacement type, with screw pumps being used most often.
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Name of liquid cargo ke ,.n?;ln??rsr C] Tfmlli??[uw Viscosity [c5r]
Crude Qil. Arabian Heavy, -
Ras Tannura, Saudi Arabia 881 ITH 8.3

Crude Oil, Wilmineton, .
Long Beach, CaliTurnTa USA 933 378 722
Crude 0il, Quiri,

Carpito, Wenezuela 959 378 164.0
SOR Heavy Fuel Oil (HFO) 940 15 40.0-70.0
SOR Light Fuel il (LFO) 830 15 1.0-2.0
Gasoline, Vehicle T10 15.6 0.7
Wepgetable Oil (Oliva) 910 25 89.0
Hydraulic Oil Mohil VI = 146 §59 40 15.0

DTEIIM 100 37
MobilVi=141 879 40 46.0
DTE15M 100 19
Gear Qil. Mobil Vi=140 £59 40 120.0
Delvac IMX2T | 75W90 100 15.9
Mobil Vi=139 g0 40 30
SOW 140 100 3.2
Engine 0il, Vehicle 8ol 40 62.0
Mohil | 10W-30 VI = 147 100 10.0
Glicering 1136 0 10.6
20 54
Residual Fuel Oil 970 40 120.0
Sorbo 110 100 12.0
Methanol 790 0 1.1
al 0.4
Toluene 870 20 0.67
70 0.41
Benzen 90K 20 0.72
50 0.49
Hydrochloric Acid 1161 0 27
(Liguid) 30 % 20 1.8
Sulphuric Acid (Liquid) 98% 1830 1] 26.6
20 13.9

Figure 7.8 — Density and kinematic viscosity coefficient of standard liquid cargoes on sea
transport market

In the electrically driven deepwell pumps, the motion is transferred from the electric motor that is
placed on deck to the impeller that is placed on the bottom of the tank, through a rotating driveshatft.
The pump is designed in such a way, so that the driving shaft is separate from the liquid cargo.
The pump stack consists of two pipes: one is for cargo discharge, and the other is an enclosure that
contains the intermediate driving shaft, the shaft bearing and the lubricating oil. The separation of
the shaft from the cargo gives the following advantages®®:
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The intermediate shaft can be made from a heat treatable steel, which is ideal for this
purpose. If the shaft was exposed to the cargo, it would be necessary to use a - not so
suitable -more corrosion resistant material.

Because the shaft is oil-lubricated, the pump bearings never runs ‘dry’ during stripping and
tank cleaning operations, so there is no danger of explosion as a result of overheating of
intermediate shaft bearings, and the service life of the shaft bearings is extended.

Because the intermediate shaft and bearings are oil-lubricated, the pump can run at
relatively high speeds. This results in a single stage deepwell pump.

Figure 7.9 — Separation of the shaft in the electrical deepwell pump
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Pumps with hydraulic drive are also of one stage. Their main elements are: the head of pump, the
concentric hydraulic lines with cargo discharge pipe and the deck trunk with a hydraulic control
block and connection ports to the cargo deck installation, and other (e.g. hydraulic) service
installations. The structure of a pump with hydraulic drive is shown in Figure 7.10.

HYDRAULIC GARCO
BLOCK [! VALVE
ﬁ OPEN
DECK DECK
Z TRUNK LIQUID CARGO
- FLOW
HYDRAULIC
PIPES CARGO
) FIPE
TS e
) - CARGO
> LEVEL
S
= N I
o = —
&
3 HYDRAULIC
MOTOR
SHAFT
R_ IMPELLER
- L s TANK BOTTOM

Figure 7.10 — Structure of hydraulic driven deepwell pump

In the head, situated in the lower part of the pump, there is an impeller driven by the hydraulic
motor. The hydraulic motor is supplied by means of a concentric pipe system, in which hydraulic
oil flows from the control block mounted on the deck trunk. The liquid cargo, pumped by the
impeller, flows through the separate cargo pipe mounted in the pump structure to the deck trunk
connection port.1°

Power for the hydraulic pumps is provided by electrically driven hydraulic power packs that are
typically located in an enclosed space aft or forward of the cargo area. It is preferred though to be
located aft, so that is it closer to the machinery spaces. As hydraulic power packs tend to be very
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loud, with noise output in the higher frequency range, they should not be located very close to
accommodation, and proper insulation should be provided. These power packs are made up of at
least three electric motor / hydraulic pump combinations to provide redundancy in the system and
efficiency at reduced loads. The hydraulic fluid is delivered from the power packs to the cargo
pumps via high-pressure hydraulic piping. Once at the pump, the fluid enters a flow control valve,
which determined how much hydraulic fluid is delivered to the hydraulic motor. After passing
through the hydraulic motor, the hydraulic fluid returns to the power packs via lower pressure
hydraulic lines.

(Forward location

HPU room Incatiunﬁ‘
! Hecurnmended} )

Main deck

Location in accommodation area
(Not recommended)

Figure 7.11 — Location of hydraulic power unit

As stated by DNV, hydraulically powered pumps, submerged in cargo tanks, shall be arranged
with double barriers, preventing the hydraulic system serving the pumps from being directly
exposed to the cargo. The double barrier shall be arranged for detection and drainage of possible
cargo leakage.

Cargo pipe
—— Cofferdam pipe

'lIIT_ Hydraulic return pipe
— Hydraulic pressure pipe
f~— Cargo siripping pipe
Cofferdam check pipe

Figure 7.12 — Hydraulic pump pipe stack section
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Submerged cargo pumps should be installed at the aft end or in the lowest part of each tank, located
either to port or starboard, so that optimal tank emptying is feasible. The arrangement and
installation of a cargo pump should be very precise, and for that reason the recommendations*?
from the manufacturers should be followed.

It is very likely, that during its service life a cargo pump will need to be removed and landed to
shore for repairs. For that reason, appropriate precautions shall be taken in order to facilitate this
removal. An obstruction-free zone on the deck, above the pump, makes it possible to lift the
complete pump if necessary.

The cargo pump is supported by a deck trunk welded on the deck. A special gasket and a resilient
bolt arrangement are required, in order to prevent noise and eliminate potential cargo leakage on
the deck. The arrangement should also provide sufficient access to the pump for operation and
maintenance. It is very important that the area close to the trunk is rigid enough to withstand the
weight of the pump without any failure or deformations. For that reason, reinforcement of the area
by the use of additional stiffeners may be required.

When the pump is long enough, additional support should be provided. This is obtained by brackets
which are part of the ship’s design and are attached to the bulkheads. During the design of these
brackets, all forces that act in the tank area, such as sloshing, structural deflection etc., as well as
the forces that are expected to be applied at the bracket by the pump, should be taken into account.
When the pump is, under all circumstances, made of stainless steel, the intermediate supports may
be of the same material as the cargo tank.

As corrugated bulkheads are the most commonly used bulkheads in chemical tankers, special
attention should be given to the transverse position of the supporting brackets. In order of the
supports not to affect or be affected by the geometry of the corrugations, the guidelines shown in
Figure 7.13 should be followed.

Minimum distance from the bending
radius to the welding seam on bracket )

Mir.

100 mm ".".I rHi-',;|h stress concentration | | High stress concentration
A\ \ / / / '
\ \ \ Min. \ J,a'r ,.-’{f
e g Y
- -
o) an
1/ \N
Acceptable solutions Not acceptable solutions

Figure 7.13 — Intermediate support transverse location
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The vertical location of the brackets depends on the length of the pump. For very long pumps,
applications with two supporting brackets may be required. To find the length of the pump and the
location of the brackets, calculations as per Figure 7.14 need to be done.

Pump length: Lower edge &4
of top plate o
L=TB+S-C ] | Sy ol
+ ks
Deck u "
One intermediate support M/ E
Height [mm] Factor k, g8
Al=k;xL | 035<k=04 <3

Two intermediate supports

Height [nm] | Factors k; ks
Al=kx L D25 <k,=03
A2=lax L D55 =k:=06
Lower edge of
_, — 7 intermediate support
L = Pump length [mm] |Intermediate support| 5,
5 = (Gasket, approx. 2 mm. ' ¥ -
=
C = Pump clearance,

see dimensional drawing
Bottom support height [mm] 2
(See dimensional drawing)

Al = Intermediate support height [mim]
A2 = Intermediate support height [mm]
H = Deck trunk height [mm] *

TB = Height from bottom of suction well
to top of deck trunk [mm]

T
1

* Standard deck trunk height, 500 mm.
(High deck trunks complicates the
cleaning work.)

Suction well
J bottom

¥

O

Figure 7.14 — Intermediate support vertical location
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The bottom arrangement of the pump also plays a significant role in the pump’s correct operation,
and should be designed accordingly. The implementation of suction well at the tank bottom
construction beneath the pump is important, as it offers optimal cargo pumping, stripping, and
service access. It is important that the bottom arrangement is designed to ensure that all the cargo
flows into the suction well at the end of discharging. The condition of trim/list of the vessel during
discharging operation should also be taken into consideration during the design of the bottom
arrangement. Additionally, the bottom arrangement must ensure necessary space for service of
pump and removal of pump head.

The location of the brackets of bottom support and the minimum distance to heating coils, should
be designed in such a way as not to affect the flow of the liquid cargo to the pump’s suction (Figure
7.15). The purpose of the bottom supports is, primary to eliminate the free movement and vibration
of the pump, and secondary to support the pumps weight. Two typical arrangements of bottom
supports are shown in Figure 7.16.

( Bottom support brackets |

miahy
i
) Y,
/E )
3

Figure 7.15 — Suction well arrangement

Figure 7.16 — Typical arrangements of bottom supports
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The surface of the suction well is an area exposed to mechanical wear and corrosion to a greater
extent than the other internal surfaces of the cargo tank. The reason is that during operation of the
pump the relative motion between particles in the cargo tank and the tank surface will cause erosive
wear. Additionally, residual water which usually accumulates at the bottom surface of the suction
well, is likely to be acidic and induce corrosion.

= e -

Area exposed to mechanical /
wear and corrosion

Figure 7.17 — Suction well

For that reason, special attention must be paid to the coating of the pump suction well. The selected
coating must be resistant to mechanical (erosive and abrasive) wear. Additionally, the film
thickness of the coating must be sufficient and discontinuities of the coating like pinholes must be
avoided. For suction wells made of stainless steel, a sweep blasting of the suction well with a
chloride free non-metallic abrasive could lead to optimal results.

Due to the importance of the coating in suction well to maintain its initial thickness and properties,
inspection shall take place in regular intervals, so that the coating system is examined for
discontinuities such as porosity. A low-voltage wet sponge tester is commonly used for this
purpose. The film-thickness of the coating shall be also measured with a non-destructive dry-film
thickness gauge.
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7.4 Tank cleaning systems

As defined by MARPOL??, ships carrying category A substances and high viscosity / solidifying
B and C substances should be fitted with tank washing machines, in order to wash the surface of
the tank structure and reduce cargo residues as much as possible. The machines should be of a
rotary water jet type, operating at sufficiently high water pressure.

In the past chemical tankers and, to a certain extent, product tankers relied on sea water or fresh
water cleaning using portable tank cleaning machines fixed to the end of flexible rubber hoses.
Today, tank cleaning on such ships is carried out using fixed machines, operated from the cargo
control room, an arrangement which is much less labor-intensive and ensures a fully enclosed
procedure.**

Werner®® explains how fixed tank cleaning machines perform the actual tank-cleaning by spraying
the tank-cleaning media at high velocity from spinning nozzles on the machine’s cleaning head.
The number of fixed machines per tank varies, as the number installed in a particular tank is
determined by the tank’s size, shape, and structural arrangement. The number of machines
installed in a tank must be sufficient to ensure that the combined spray patterns reach all areas of
the cargo tank structure. A typical tank cleaning machine, while in operation, is shown in Figure
7.18.
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Figure 7.18 — Tank cleaning machine

Some fixed tank machines are set at a fixed distance below the underside of the deck, while others
can telescope and automatically extend and retract in the tank while the cleaning head turns and
the nozzles spin.

The tank cleaning machines are connected to tank cleaning pumps and tank cleaning heaters. The
pumps supply fresh water or sea water to the tank cleaning machine, while the heaters raise the
temperature of the water that will be used in order to facilitate the cleaning procedure. The
temperature at which the water should be heated is defined by MARPOL and depends on the cargo.

Fixed tank cleaning machines — as well as portable, whenever they are used — must be always
constructed of stainless steel to prevent them from being corroded by hot seawater, aggressive
cargo residues, and cleaning solvents.
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Figure 7.19 — Pre-wash arrangement

7.5 Cargo tank venting systems

As defined in the IBC Code?8, all cargo tanks of a chemical tanker shall be provided with a venting
system appropriate to the cargo being carried. These systems shall be independent of the air pipes
and venting systems of all other compartments of the ship. Tank venting systems shall be designed
so as to minimize the possibility of cargo vapour accumulating about the decks, entering
accommodation, service and machinery spaces and control stations and, in the case of flammable
vapors, entering or collecting in spaces or areas containing sources of ignition. Additionally, tank
venting systems shall be arranged to prevent entrance of water into the cargo tanks and, at the same
time, vent outlets shall direct the vapour discharge upwards in the form of unimpeded jets.

The cargo tank venting system of a chemical tanker must be designed in such a way, so that it
prevents the development of high pressures or a vacuum in the in a cargo tank during loading,
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discharging, or sailing. There are two types of cargo tank venting systems; the open tank venting
systems and the controlled tank venting systems, as described by class NK./

Open tank venting offers no restriction — except for friction loses and flame screens, if fitted — to
the free flow of cargo vapors to and from the cargo tanks during normal operation, and should only
be used for cargoes having a flash point above 60°C and not offering a significant inhalation health
hazard. An open venting may consist of individual vents from each tank, or such individual vents
may be combined into a common header or headers, with due regard to cargo segregation.
However, under no circumstances should shut off valves be fitted neither to the individual vents
nor to the header.

Controlled tank venting is a venting type in which pressure/vacuum valves are fitted to each tank
to limit the pressure or vacuum in the tank. Controlled venting systems are used for cargoes other
than those for which open venting system is permitted. They may consist of individual vents from
each tank or such individual vents on the pressure side only as may be combined into a common
header or headers with due regard to cargo segregation. In no case should shut off valves be fitted
neither above nor below pressure/vacuum valves. Provision however may be made for bypassing
a pressure/vacuum valve under certain operating conditions, provided that flame arrester is fitted
and that there is suitable indication to show whether or not the valve is bypassed. The vent piping
and pressure/vacuum valves should be made of corrosion resistant materials such as stainless steel
in order to prevent damage from cargo vapors.

A typical operation of a pressure/vacuum valve is shown in Figure 7.20. As the pressure in the
storage tank increases, the vacuum pallet is held shut. When the set pressure is reached, the
pressure pallet lifts and relieves tank pressure to the atmosphere (or to a header if it is a pipe away
valve) (Figure 7.20 a). On the other hand. As a vacuum is drawn in the storage tank (for example,
when fluid is being pumped out), the pressure pallet is held shut. When the vacuum setting is
reached, the vacuum pallet lifts and air is drawn into the tank from the atmosphere (Figure 7.20
b).18

V\ ] 1 rﬁ_

Figure 7.20 a — Pressure relief Figure 7.20 b — Vacuum relief
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Class NK provides also guidelines regarding the vent outlets arrangement of a controlled tank
venting system. The vertical position of the outlets should be at a height of not less than 6m above
the weather deck or above a raised walkway. If high velocity venting valve of an approved type
directing the vapor/air mixture upward in an unimpeded jet with an exit velocity of at least 30 m/s
is fitted, the vent outlet height may be reduced to 3m above the deck or a raided walkway (Figure
7.21).

The horizontal position of the outlets should be at a distance of at least 10 m measured horizontally
from the nearest air intake or opening to accommodation, service and machinery spaces and
ignition sources. In case of carriage of toxic products, the distance is increased to 15m.

Flame arrester
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Figure 7.21 — Controlled venting system outlets

212



Figure 7.22 — Controlled tank venting system Figure 7.23 — Vacuum valve

Figure 7.25 — High velocity valve
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The IBC Code also requires that a vapor return system is used when highly toxic cargoes are being
loaded, to prevent the toxic vapors from being discharged from the inside of the tank to the
atmosphere. A vapor return system is designed in such a way, so that during the loading of the
cargo, the vapor mix that is formed inside the tank is not released into the atmosphere, but is guided
through a collection line to the vapor recovery facilities of the port. There, the toxic vapor is
chemically treated before released in the air. Vapor return systems work together with the venting
systems, not in place of them.

Chemical tankers are also fitted with tank ventilation systems. These systems are used to gas-free
the cargo tank after a cargo has been discharged and dry cargo tanks after they have been washed.
Tank ventilation can be performed using portable tank fans or a fixed tank ventilation system.

7.6 Cargo monitoring and control systems

The importance of proper cargo monitoring to the operational safety and environmental protection
is highlighted by Werner'®. The type of a cargo monitoring system that is required on a particular
chemical tanker is based on the cargoes that it will carry. More hazardous cargoes require more
advanced monitoring systems, when requirements for less hazardous cargoes are not that strict.

For more hazardous cargoes, it is required that the contents of the tanks are not been released at
any point. For that reason, a closed gauging device, such as float-type systems and tank radar,
should be implemented. The information from this system are sent directly to the cargo control
room.

Additionally, cargo samples must be taken at regular intervals. For less hazardous cargoes this is
happening through open cargo hatches. However, for more hazardous cargoes this is not permitted,
so closed sampling systems must be installed on all vessels carrying hazardous cargos, or cargoes
laded under nitrogen blanket.

Finally, careful temperature monitoring is very important for most of the cargoes carried by a
chemical tanker. Closed temperature measuring systems and temperature alarms are required for
ships carrying the most hazardous cargoes, as they can become extremely dangerous if the
temperature is permitted increase above certain limits. For other products, careful control of their
temperature is crucial in order to preserve their quality.
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7.7 Cargo environmental control systems

Due to the sensitive and hazardous nature of chemical products, the maintenance of cargo
environments is very important both for safety and cargo care. Therefore, chemical tankers should
be equipped with cargo systems which moderate the cargo environment accordingly, such as
temperature control systems and inert gas systems.

7.7.1 Inert gas systems

Chemical tankers do not use combustion gases to inert cargo tanks and void spaces, as their
constituents may react with or contaminate the chemical cargoes. Nitrogen gas is used instead to
inert the cargo tanks. After the loading of the cargo, the tank and associated piping systems are
filled up with nitrogen, so that the cargo is blanketed by a nitrogen layer. This layer shall be
maintained for the whole length of the voyage.

There are two different nitrogen systems that can be used on chemical tankers. The simpler of the
two is a nitrogen bottle system that uses bottled nitrogen gas stored in the cargo area. The bottles
are connected through pipes to a manifold, and nitrogen gas is released inside the required tank to
maintain the blanket. This system provides only a small amount of gas, therefore it is only used to
maintain the nitrogen blanket and not in order to create it. The initial filling of the tank in that case
is been made from a shore source.

The alternative approach, which is most commonly used, is to outfit the vessel with a nitrogen
generator and a nitrogen accumulator. In this case, a nitrogen generator produces nitrogen gas from
compressed air. The purity of the generated gas can be a priori selected depending on the
transferred cargo. The greater the purity, the better the quality of the inner gas. This type of inert
systems can provide a greater quantity of nitrogen, enough to meet the demand without a shore-
side source.

The IBC Code provides three more types of control for cargo tanks, that may be used for specific
cargoes:

- Padding: by filling the cargo tank and associated piping systems with a liquid, gas or
vapour which separates the cargo from the air, and maintaining that condition.

- Drying: by filling the cargo tank and associated piping systems with moisture-free gas or
vapour with a dew point of -40°C or below at atmospheric pressure, and maintaining that
condition.

- Ventilation: forced or natural.
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7.7.2 Cargo temperature control

As defined in the IBC Code, some products require heating or cooling media to be provided inside
the cargo tank they will be carried. Regarding heating of the cargo, there are two common methods
used on chemical tankers.

The first involves the implementation of heating coils at the bottom of the cargo tank and is the
most commonly used system. Steam or thermal oil, which are introduced through pipe line from
above the upper deck, are circulated through the heating coils and raise the temperature of the
cargo. The heating systems should be provided with valves to isolate the system from each tank
and to allow manual regulation of flow. It should also have means of measuring the cargo
temperature. While the heating system is not in use, the heating coil is usually filled with
compressed air in order to keep inside pressure higher than cargo tank pressure.

Thermal oil may not be used to heat a cargo that will be directly used in a food product. To select
the proper heating medium the vessel’s planned trading pattern must be taken into account. Some
vessels are fitted with a certain number of tanks heated by thermal oil and the rest heated by steam
or hot water.

Where the heating system heats toxic cargoes, installation of sampling equipment is required, to
check a sample of steam/thermal oil for the presence of cargo. If non-toxic cargoes are loaded in
other tanks, heating system should be separated.

Finally, materials used in the construction of temperature-control systems shall be suitable for use
with the product intended to be carried.

Figure 7.26 — Heating coils in chemical tanker
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The second heating system, involves using the cargo pump to circulate the cargo through a deck
mounted heat exchanger. In order of this to happen, a separate drop line should be utilized, that
will be connected, via the heat exchanger, to the cargo pump line, as shown in Figure 7.27.

Figure 7.27 — Deck mounted heat exchanger

Cooling systems in chemical tankers are required less often than heating ones. Only a small variety
of cargoes require cooling systems to be implemented in the cargo tank during their carriage. These
cargoes typically have high vapor pressures at ambient temperatures and must be maintained at a
lower temperature to limit cargo evaporation and development of high internal pressures within
the cargo tanks.

A typical cargo cooling system is shown in Figure 7.28. As these systems are used occasionally,

the in-tank cooling lines are usually possible to be removed from the tank when they are not in
use. 16,17,19
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1 Water clycol mixture “d Condenser
1 Refrigerant

3 Cargo Cooling unit
1 Void space

)} Water clycol pump

) Cooling compressor

A Evaporator Liquid chiller @ Cooling water

Figure 7.28 — Cargo cooling system
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Chapter 8

Alternative Designs

8.1 Introduction

Due to the nature of the cargoes they carry, which may be extremely hazardous and require special
care during their transportation, modern chemical tankers are characterized by increased
technological sophistication. They are complex and expensive ships, and a lot of experience and
know-how has been gathered over recent decades and used for their further technological
development. This have led the present generation of double hull chemical tankers, equipped with
several cargo systems, to be regarded as state-of-the-art vessels in matters of design and safety.

Therefore, future design philosophy is more focused on how to further improve the current design,
rather than to develop new alternative design models. Improved coatings for cargo tanks, advanced
steels for cargo tanks manufacturing, and several improvements of the cargo systems are some of
the areas of development.

As described in Shipping Innovation!, the design of chemical tankers in the future, will be
influenced by the following two factors: Elimination of pollution from slops, by trying to reduce
the amount of water used for the washing of cargo tanks via innovative tank design, and obtainment
of high quality standards equal to those used in the food industry. It is also highlighted, that a
general revolution that takes place in the design principles of all kind of vessels, which focuses
more on the engineering part rather than on the rules-based part of the design, will also affect the
design of chemical tankers in the future.

In this chapter, two already existing designs; the combination of duplex stainless steel and clad
stainless steel for the construction of cargo tanks, and the development of a 75,000 DWT chemical
tanker, are presented. In addition, an alternative design of a chemical tanker with cylindrical tanks
which has not yet though been applied, is reviewed.
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8.2 Duplex/clad stainless steel combination in cargo tanks

In November 2014, the world’s first chemical tanker to use a combination of duplex stainless steel
and stainless clad steel in the construction of its cargo tanks was delivered. The vessel, named
Sunrise Hope, isa 12,500 DWT chemical tanker equipped with 14 cargo tanks, all of which employ
duplex stainless steel technology.

This was the first time that a combination of both duplex and stainless clad steels have been used
in the construction of a chemical tanker’s cargo tanks. Lean duplex stainless steel, which contains
lower nickel compared to duplex stainless steel that is used in most of the cases, was used for the
construction of the bulkheads inside the cargo tanks, while the bulkheads adjacent to the cargo
tanks were constructed using stainless clad steel, in which stainless steel and carbon manganese
steels have been compression bonded together into a single plate. The ballast tanks were also
constructed from stainless clad steel.?

The duplex/clad stainless steel combination in cargo tanks may become a common practice in the
future, as it combines the advanced strength and corrosive resistance characteristics of duplex
stainless steel, with the most economical clad stainless steel, reducing in that way the cost of the
construction to the minimum.

8.3 The 75,000 DWT chemical tanker

The number of the liquid chemical cargoes has increased enormously since the early days, when
the tanker market was expressing only for carriage of petroleum products. However, the chemical
tanker market has lost acceleration in last few years, and — as a result of the global economic crisis
- demand has failed to comply with supply, leading to lower freight rates and a slowdown in the
order of new chemical tankers. Due to this decline of the fleet growth and the shrinking of the
tonnage growth though, the market gives positive forecast for its short and near future.® As a result,
new chemical tankers have been ordered, as the shipowners try to increase their chemical fleet
capacity. In this respect, the size and capacity of new built chemical tankers is increasing, resulting
to the construction of the first 75,000 DWT chemical tanker delivered in 2013.

The vessel, named Bow Pioneer, designed with two longitudinal corrugated bulkheads with lower
stools and transverse corrugated bulkheads with lower stools, which form 10 sets (Port, Starboard
and Center) of cargo tanks, and 11 water ballast tanks consisting of four pairs of wing and double
bottom tanks, one U-type tank and two water ballast heeling tanks.
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The ship is equipped with a cargo handling system for the loading, storage and discharging of the
intended cargos of IBC ship type 2 & 3 with typical cargoes such as Methanol, Vegetable Oils,
MEG (Mono Ethylene Glycol), EDC (Ethylene DiChloride), MTBE (Methyl Tert-Butyl Ether),
Xylene, Toluene, Cyclohexane, etc., as well as refined petroleum products (products with flash
point below 60 deg-C).

The ship is constructed with a continuous upper deck with forecastle, a raked stem with a bulbous
bow, and a transom stern with open water type stern frame. A raised catwalk is arranged from the
front of the accommodation to manifold platform area and to forecastle deck on the upper deck.
Double side and double bottom are provided in cargo area and the volume of each cargo tank does
not exceed 3,000 cu. m.

The cargo tanks, as well as the slop tanks, are coated with inorganic zinc silicate coating, and all
cargo piping and related cargo systems are made of stainless steel. Complete segregation of tanks
is applied, resulting to 31 cargo manifolds, which are arranged on the port and starboard sides with
two tiers at the middle length of the ship.*

Bow Pioneer is the largest chemical tanker yet constructed. However, as the use of chemical
products is spreading across the world, and the demand for their transportation is increasing, even
bigger chemical tankers is likely to be constructed in the future.

The case of Bow Pioneer indicates that despite the increase in the size and the capacity of chemical
tankers, their structural configuration and basic structural arrangements remain unaffected.

Figure 8.1 — Bow Pioneer, 75,000 DWT chemical tanker
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8.4 The cylindrical chemical tanker

One of the major problems of the seaborne chemical trade is the fact that the time that chemical
tankers spend in port is very long in relation to the time they spend at sea. A major chemical tanker
owner and operator, faces a port time of around 40 percent. This causes a tremendous loss of
charter revenues; therefore many efforts have been made for this problem to be reduced.

One of the potential reasons behind the large port time is the current design of the chemical tankers,
based on the integral rectangular tanks, often with stiffeners inside, corrugated bulkheads and
heating coils, which incommode the discharging and washing procedures of the tank.

Therefore, efforts have been made to redesign and innovate the chemical tanker in a fundamental
way. One of these efforts, as described by Wijnolst and Wergeland®, is focused on the design of
chemical tanker with stainless steel cylinder type tanks. These tanks are easy to manufacture under
factory conditions and through their ideal form can withstand enormous pressures and are easy to
clean, because the heating coils are placed outside the tank and no internal stiffeners are used.

This alternative design concerns the naval society for the last two decades, however not such a
vessel has been constructed yet. Many studies have been made though, revealing some positive
conclusions. For that reason it is possible that the cylindrical chemical tanker will become reality
in the near future.

A case-study that took place in the early 1990s described the design of a 44,300 cbm cylindrical
chemical tanker, compared to a standard chemical tanker design of the same capacity. The main
particulars of the two vessels are shown in Figure 8.2.

Dimensions Standard design Cylinder tanker
Deadweight (tons) 35,400 35497
Tank capacity (cbm) 38,021 44 300
Length aver all {m) 182.3 218.5
Length between pp (m) 176.1 209.5
Breadth (m) 32.0 32.24
Depth (m) 14.0 21.5
Draught (m) 10.6 10.7
Lightship weight (tons) 12,600 18,043
Displacement (tons) 48,00 53,500
Block coefficient 0.78 0.722
Service speed (knots) 135 17.75

Figure 8.2 — Main particulars of a standard design and a cylindrical tanker design
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The cylindrical tanker consists of 43 cylindrical tanks and 10 small slop tanks, with a total volume
of 44,300 cbm as shown in Figure 8.3. For a draught of 10.6 meters, equal to the draught of the
equivalent standard chemical tanker, the displacement of the cylindrical tanker is 53,497 tons, and
its deadweight is 35,497 tons. However, the draught of the cylindrical tanker can be increased to
11.6 meters due to its large volume and high freeboard. This leads to an increased cargo capacity
of 38,292 tons.

In addition, because of the form of the tanks, the block coefficient of the vessel is reduced from
0.78 to 0.722, and the length of the ship is increased, resulting to a speed of 17.5 knots, which is
at least 2.5 knots faster than the standard design.
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Figure 8.3 — Cylindrical chemical tanker design

A cross section of the cylindrical tanker is shown in Figure 8.4. The width of each tank is 8.5
meters and the height 20 meters. The capacity per tank is approximately 1,100 cbm. As the tanks
are extremely protected, all tanks should be allowed by 1.M.O. to carry type | cargoes. An
advantage of the completely independent cylinder tanks is that the problem of cargo
incompatibility is fully eliminated.
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Figure 8.4 — Cross section of the cylinder chemical tanker

All tanks are from stainless steel and are easy to clean, because of their ideal cylinder form, their
small diameter (large impact of water jet), and the absence of cargo coils within the tanks. The
cylindrical form of the vertically placed tanks allows the installation of automated washing
machines in the tanks. According to calculations of a specialist in tank wash installations, the tank
can be cleaned in less than 15 minutes (pre-wash), which represents a time saving of 75%
compared to a conventional, integral tank of similar capacity. In addition, it is estimated that a

reduction of 75 percent of the water use can also be achieved.

The lower slops production saves time in port for washing and reduces the cost of delivery of slops
to shore reception facilities. Loading and discharging operations are also accelerated by the shape
of the tanks. The cylindrical tanks can be filled at any rate, as the relatively small diameter of the
tanks limits the free surface effect, creating again more flexibility. In addition, the fact that the
cylinder tanks have practically all the same capacity, in combination with the absence of

compatibility problems, makes commercial and operational planning of cargoes easy and fast.
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Figure 8.5 — The inside of a vertical cylindrical tank

All the tanks of a cylindrical chemical tanker are made of stainless steel and are independent. In
the standard design, the ratio of tank surface to tank capacity is 0.8 m?/m3, when in the independent
cylinder chemical tanker this ratio is reduced to 0.6 m?/md. This is a 25 percent reduction in tank
surface for the same capacity, which reduces the amount of stainless steel and leads to a more cost-

effective design.

On the other hand, the fact that the independent tanks do not form part of the double hull structure
increases the lightship weight of the cylinder tanker. It is estimated that the extra steel weight
increases the building cost up to 5 percent. It should be borne in mind though, that the tanks in the
standard design are not all made of stainless steel, but are partly coated, in particular the wing
tanks. Therefore the quality of the designs is not really comparable.

The stainless steel cylinder tanks are built under factory conditions to the highest quality standards,
independent of the workmanship at the yard and the weather conditions. As the steel hull and the
stainless steel tanks are built in parallel, the construction period is reduced by 3 to 4 months. The
fact that the hull is relative simple to build, resembling to a double-hull oil tanker or an open
containership, and the absence of difficult stainless steel work at the yard, also contribute to the

reduction of the construction period.
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A significant advantage of the cylindrical chemical tanker is the fact that the stainless steel tanks
can be taken out of the hull at the end of the commercial life of the tanker and even be reused in a
new tanker. In that way, the residual value of the stainless steel weight, which is normally lost
when scrapping standard chemical tankers, will increase with the value of the stainless steel weight
of the tanks. Consequently, the annual depreciation can be reduced.

The cylindrical tanker is suitable for the carriage of a wide variety of cargoes. The fact that it has
atriple barrier (double hull and tank shell) makes it suitable for the carriage of IMO type I products
in all its tanks. In addition, the cylindrical tanks can be designed to transport super-phosphoric acid
(specific weight 2.15). They can therefore also become pressure vessels, and transport certain
chemical gases, in combination with cooling of the tanks. Some tanks in the ship can also be
designed to transport high heat products, while others may transport refrigerated cargoes at little
extra cost.

It becomes clear that a cylindrical chemical tanker may be a very advantageous option for the
transportation of chemical products in the future, as it combines fast harbor operations, capability
of carriage of almost all chemical products with complete segregation of cargoes, and very good
quality, as the cargo tanks are made inclusively of stainless steel. In financial terms, the cylindrical
chemical tanker has a slightly increased construction and operational cost, which is though offset
by the option to take out and reuse the cylindrical tanks, and the increased deadweight respectively.
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