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FOREWORD'

In 1911, The American Society of Mechanical Engineers established the Boiler and Pressure Vessel Committee to
formulate standard rules for the construction of steam boilers and other pressure vessels.In 2009, the Boiler and Pressute
Vessel Committee was superseded by the following committees:

(a) Committee on Power Boilers (I)

(b) Committee on Materials (II)

(c) Committee on Construction of Nuclear Facility Components (III)

(d) Committee on Heating Boilers (IV)

(e) Committee on Nondestructive Examination (V)

(f) Committee on Pressure Vessels (VIII)

(9) Committee on Welding, Brazing, and Fusing (IX)

(h) Committee on Fiber-Reinforced Plastic Pressure Vessels (X)

(i) Committee on Nuclear Inservice Inspection (XI)

(j) Committee on Transport Tanks (XII)

(k) Committee on Overpressure Protection (XIII)

(1) Technical Oversight Management Committee (TOMC)

Where reference is made to “the Committee” in this Foreword, each of theSe,committees is included individually and
collectively.

The Committee’s function is to establish rules of safety relating to pressuré integrity, which govern the construction” of
boilers, pressure vessels, transport tanks, and nuclear components, and the inservice inspection of nuclear components
and transport tanks. The Committee also interprets these rules when{questions arise regarding their intent. The technical
consistency of the Sections of the Code and coordination of standards development activities of the Committees is
supported and guided by the Technical Oversight Management Committee. This Code does not address other
safety issues relating to the construction of boilers, pressure vessels, transport tanks, or nuclear components, or
the inservice inspection of nuclear components or transport tanks. Users of the Code should refer to the pertinent
codes, standards, laws, regulations, or other relevant documents for safety issues other than those relating to pressure
integrity. Except for Sections XI and XII, and with afew other exceptions, the rules do not, of practical necessity, reflect the
likelihood and consequences of deterioration in' service related to specific service fluids or external operating envi-
ronments. In formulating the rules, the Committee considers the needs of users, manufacturers, and inspectors of pres-
sure vessels. The objective of the rules is'to afford reasonably certain protection of life and property, and to provide a
margin for deterioration in service to give a reasonably long, safe period of usefulness. Advancements in design and
materials and evidence of experierice’ have been recognized.

This Code contains mandatory-tequirements, specific prohibitions, and nonmandatory guidance for construction
activities and inservice inspegction and testing activities. The Code does not address all aspects of these activities
and those aspects that are not specifically addressed should not be considered prohibited. The Code is not a handbook
and cannot replace education, experience, and the use of engineering judgment. The phrase engineering judgment refers
to technical judgments)made by knowledgeable engineers experienced in the application of the Code. Engineering judg-
ments must be consistent with Code philosophy, and such judgments must never be used to overrule mandatory re-
quirements or{spécific prohibitions of the Code.

The Committee recognizes that tools and techniques used for design and analysis change as technology progresses and
expects engineers to use good judgment in the application of these tools. The designer is responsible for complying with
Codesrules and demonstrating compliance with Code equations when such equations are mandatory. The Code neither
requires nor prohibits the use of computers for the design or analysis of components constructed to the requirements of
the.Code. However, designers and engineers using computer programs for design or analysis are cautioned that they are
responsible for all technical assumptions inherentin the programs they use and the application of these programs to their
design.

" The information contained in this Eareward is nat part of this American National Standard (ANS) and has not heen processed in accardance with

ANSI's requirements for an ANS. Therefore, this Foreword may contain material that has not been subjected to public review or a consensus process. In
addition, it does not contain requirements necessary for conformance to the Code.

- Construction, as used in this Foreword, is an all-inclusive term comprising materials, design, fabrication, examination, inspection, testing, certifica-
tion, and overpressure protection.
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The rules established by the Committee are not to be interpreted as approving, recommending, or endorsing any
proprietary or specific design, or as limiting in any way the manufacturer’s freedom to choose any method of design or any
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The Committee meets regularly to consider revisions of the rules, new rules as dictated by technological development,
Code Cases, and requests for interpretations. Only the Committee has the authority to provide official interpretations of
this Code. Requests for revisions, new rules, Code Cases, or interpretations shall be addressed to the Secretary in writing
and shall give full particulars in order to receive consideration and action (see Submittal of Technical Inquiries to the
Boiler and Pressure Vessel Standards Committees). Proposed revisions to the Code resulting from inquiries will be
presented to the Committee for appropriate action. The action of the Committee becomes effective only after confirmation
by ballot of the Committee and approval by ASME. Proposed revisions to the Code approved by the Compniittee are
submitted to the American National Standards Institute (ANSI) and published at http://go.asme.org/BPVCPublicReview
to invite comments from all interested persons. After public review and final approval by ASME, revisions are’published at
regular intervals in Editions of the Code.

The Committee does not rule on whether a component shall or shall not be constructed to the grovisions of the Code.
The scope of each Section has been established to identify the components and parameters considéred by the Committee
in formulating the Code rules.

Questions or issues regarding compliance of a specific component with the Code rules.are to be directed to the ASME
Certificate Holder (Manufacturer). Inquiries concerning the interpretation of the-Code are to be directed to the
Committee. ASME is to be notified should questions arise concerning improper use_of the ASME Single Certification
Mark.

When required by context in this Section, the singular shall be interpreted as the plural, and vice versa, and the feminine,
masculine, or neuter gender shall be treated as such other gender as appropriate.

The words “shall,” “should,” and “may” are used in this Standard as(follows:

- Shall is used to denote a requirement.

- Should is used to denote a recommendation.

- May is used to denote permission, neither a requirement nor a recommendation.
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STATEMENT OF POLICY ON THE USE OF THE ASME SINGLE
CERTIFICATION MARK AND CODE AUTHORIZATION IN
ADVERTISING

ASME has established procedures to authorize qualified organizations to perform various activities in accordasce with
the requirements of the ASME Boiler and Pressure Vessel Code. It is the aim of the Society to provide recognition of
organizations so authorized. An organization holding authorization to perform various activities in accordance with the
requirements of the Code may state this capability in its advertising literature.

Organizations that are authorized to use the ASME Single Certification Mark for marking items or‘¢onstructions that
have been constructed and inspected in compliance with the ASME Boiler and Pressure Vessel Code ate issued Certificates
of Authorization. Itis the aim of the Society to maintain the standing of the ASME Single Certification Mark for the benefit of
the users, the enforcement jurisdictions, and the holders of the ASME Single Certification”Mark who comply with all
requirements.

Based on these objectives, the following policy has been established on the usage in advertising of facsimiles of the
ASME Single Certification Mark, Certificates of Authorization, and reference to Code construction. The American Society of
Mechanical Engineers does not “approve,” “certify,” “rate,” or “endorse” any itefn{ construction, or activity and there shall
be no statements or implications that might so indicate. An organization holdihg the ASME Single Certification Mark and/
or a Certificate of Authorization may state in advertising literature thatiitems, constructions, or activities “are built
(produced or performed) or activities conducted in accordance with the.requirements of the ASME Boiler and Pressure
Vessel Code,” or “meet the requirements of the ASME Boiler and Pressite Vessel Code.” An ASME corporate logo shall not
be used by any organization other than ASME.

The ASME Single Certification Mark shall be used only for stamping and nameplates as specifically provided in the Code.
However, facsimiles may be used for the purpose of fostéring the use of such construction. Such usage may be by an
association or a society, or by a holder of the ASME Single'Certification Mark who may also use the facsimile in advertising
to show that clearly specified items will carry the ASME Single Certification Mark.

STATEMENT OF POLICY ON THE USE OF ASME MARKING TO
IDENTIFY MANUFACTURED ITEMS

The ASME Boiler and Pressure Vessel Code provides rules for the construction of boilers, pressure vessels, and nuclear
components. This inclades requirements for materials, design, fabrication, examination, inspection, and stamping. [tems
constructed in accerdance with all of the applicable rules of the Code are identified with the ASME Single Certification
Mark described.in-the governing Section of the Code.

Markings such/as “ASME,” “ASME Standard,” or any other marking including “ASME” or the ASME Single Certification
Mark shallmot’be used on any item that is not constructed in accordance with all of the applicable requirements of the
Code.

Itefms-shall not be described on ASME Data Report Forms nor on similar forms referring to ASME that tend to imply that
all\Code requirements have been met when, in fact, they have not been. Data Report Forms covering items not fully
complying with ASME requirements should not refer to ASME or they should clearly identify all exceptions to the ASME
requirements.
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CORRESPONDENCE WITH THE COMMITTEE

General

ASME codes and standards are developed and maintained by committees with the intent to represent the gonsensus of
concerned interests. Users of ASME codes and standards may correspond with the committees to proposérevisions or
cases, report errata, or request interpretations. Correspondence for this Section of the ASME Boiler and Pressure Vessel
Code (BPVC) should be sent to the staff secretary noted on the Section’s committee webypage, accessible at
https://go.asme.org/CSCommittees.

NOTE: See ASME BPVC Section II, Part D for guidelines on requesting approval of new materials. See Section II, Part C for guidelines on
requesting approval of new welding and brazing materials (“consumables”).

Revisions and Errata

The committee processes revisions to this Code on a continuous basis to incerporate changes that appear necessary or
desirable as demonstrated by the experience gained from the application of the Code. Approved revisions will be
published in the next edition of the Code.

In addition, the committee may post errata and Special Notices athittp://go.asme.org/BPVCerrata. Errata and Special
Notices become effective on the date posted. Users can register onrthe committee web page to receive e-mail notifications
of posted errata and Special Notices.

This Code is always open for comment, and the committe€ welcomes proposals for revisions. Such proposals should be
as specific as possible, citing the paragraph number(s),the proposed wording, and a detailed description of the reasons
for the proposal, including any pertinent background.information and supporting documentation.

Cases

(a) The most common applications for cases are
(1) to permit early implementation of a revision based on an urgent need
(2) to provide alternative requirements
(3) to allow users to gain ‘experience with alternative or potential additional requirements prior to incorporation
directly into the Code
(4) to permit use ©f a*new material or process
(b) Users are cautienéd that not all jurisdictions or owners automatically accept cases. Cases are not to be considered
as approving, recommending, certifying, or endorsing any proprietary or specific design, or as limiting in any way the
freedom of manufacturers, constructors, or owners to choose any method of design or any form of construction that
conforms to the Code.
(c) The'committee will consider proposed cases concerning the following topics only:
(D equipment to be marked with the ASME Single Certification Mark, or
(2) equipment to be constructed as a repair/replacement activity under the requirements of Section XI
(d)" Aproposed case shall be written as a question and reply in the same format as existing cases. The proposal shall also
include the following information:
(1) a statement of need and background information
(2) the urgency of the case (e.g.,, the case concerns a project that is underway or imminent)
(3) the Code Section and the paragraph, figure, or table number(s) to which the proposed case applies
(4) the edition(s) of the Code to which the proposed case applies

(23)

(e ATase s effective for use witerm the pubiic TEVIEW ProCess Tas Deel Compieted and itisapproved by the cogmizarnt
supervisory board. Cases that have been approved will appear in the next edition or supplement of the Code Cases books,
“Boilers and Pressure Vessels” or “Nuclear Components.” Each Code Cases book is updated with seven Supplements.
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Supplements will be sent or made available automatically to the purchasers of the Code Cases books until the next edition
of the Code. Annulments of Code Cases become effective six months after the first announcement of the annulment in a

Falgn | Val (el 1 . h IR £ 4] . Falign | ral 1 1 Tl et £ - lalal .
LUUT LdAdoST JUPPICIIICIIL Ul LUItivUIl Ul UIIT alJlJl UlJl IdlT UUUUT LdoST DUDUUN., 1T1IIT S5tatus Ul Cllly CadotUT 15 avdllduIT dtu
http://go.asme.org/BPVCCDatabase. An index of the complete list of Boiler and Pressure Vessel Code Cases and
Nuclear Code Cases is available at http://go.asme.org/BPVCC.

Interpretations

(a) Interpretations clarify existing Code requirements and are written as a question and reply. Interpretations do.not
introduce new requirements. If a revision to resolve conflicting or incorrect wording is required to supportthéjinter-
pretation, the committee will issue an intent interpretation in parallel with a revision to the Code.

(b) Uponrequest, the committee will render an interpretation of any requirement of the Code. An interpketation can be
rendered only in response to a request submitted through the online Interpretation Submittal Form at
http://go.asme.org/InterpretationRequest. Upon submitting the form, the inquirer will receive an automatic e-mail
confirming receipt.

(c) ASME does notactas a consultant for specific engineering problems or for the general applieation or understanding
of the Code requirements. If, based on the information submitted, it is the opinion of the.committee that the inquirer
should seek assistance, the request will be returned with the recommendation that such assistance be obtained. Inquirers
may track the status of their requests at http://go.asme.org/Interpretations.

(d) ASME procedures provide for reconsideration of any interpretation when orif’additional information that might
affect an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
committee or subcommittee. ASME does not “approve,” “
device, or activity.

(e) Interpretations are published in the ASME Interpretations Database at http://go.asme.org/Interpretations as they
are issued.

»u

certify,” “rate,” or “efidorse” any item, construction, proprietary

Committee Meetings

The ASME BPVC committees regularly hold meetingsthatare open to the public. Persons wishing to attend any meeting
should contact the secretary of the applicable committee. Information on future committee meetings can be found at
http://go.asme.org/BCW.
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INTRODUCTION

1 GENERAL

The use of fiber-reinforced plastics for the manufacture of pressure vessels presents unique materials considerations in
the design, fabrication, and testing of these vessels. Metallic vessels, being made from materials thatZare normally
isotropic and ductile, are designed by using well-established allowable stresses based on measured tensile and ductility
properties. In contrast, fiber-reinforced plastics are usually anisotropic and the physical propertiesjare dependent upon
the fabrication process, the placement and orientation of the reinforcement, and the resin matrig/It\is the purpose of this
Introduction to describe in a general way the criteria that were used in preparing SectiondX; Fiber-Reinforced Plastic
Pressure Vessels. A list of standards referenced in this Section is provided in Table 1.1;

2 MATERIALS

It is not possible to fabricate a reinforced plastic pressure vessel of a singte-basic material for which there is an ASTM
specification. The vessel parts are made up of various basic materials, such.as fiber reinforcement and resin, which are
joined in the presence of a catalyst to create a composite material thatis formed into a vessel or vessel part by a specified
process. The composite material will often have directional properties, which shall be considered in design. General
specifications for the basic materials (fiber reinforcement and resiny‘are stated, as are requirements for determination of
elastic properties for the composite material (laminate) produced. Elastic properties of specific laminates used in vessel
fabrication are required when mandatory rules are used forvessel design. Metallic materials, when used in conjunction
with reinforced fiber laminates, are required to meet ASME Boiler and Pressure Vessel Code specifications, Section VIII,
Division 1. That Section must be used for the designyfabrication, quality control, and inspection of such metallic parts.
However, for hydrostatic leakage testing, these metallic materials that complete the vessel are required to meet Section X
requirements.

3 DESIGN

3.1 GENERAL

3.1.1 Adequacy of specifié-designs shall be qualified by one of the following methods:*

(a) Class I Design — qualification of a vessel design through the pressure testing of a prototype.

(b) Class Il Design —-mandatory design rules and acceptable testing by nondestructive methods.

(c) ClassIlI Design—qualification of a vessel design through the pressure testing of a prototype, other specified tests of
prototypes, mandatory design rules and acceptance testing by nondestructive methods.

3.1.2 Class\Ldesigns based on the qualification of a prototype vessel require that the minimum qualification pressure
of the protetype be at least six” times the design pressure. The maximum design pressure is limited to 150 psi (1 MPa) for
bag-melded, centrifugally cast, and contact-molded vessels; 1,500 psi (10 MPa) for filament-wound vessels; and 3,000 psi
(20 MPa) for filament-wound vessels with polar boss openings.

3.1.3 Class II designs based on mandatory design rules and acceptance testing must comply with Article RD-11 and
Article RT-6. The maximum design pressure allowed under this procedure shall be as specified in RD-1120.

3.1.4 C(lass Il designs include the qualification of a prototype with the minimum qualification pressure of the proto-
type to be at 2.25 times the design pressure for carbon fiber vessels, and 3.5 times the design pressure for glass fiber
vessels. Hybrid designs using more than one type of fiber are covered in 8-400.7. The maximum design pressure is limited

(23)

to 15,000 pst (103 MPaj. The minimum design pressure shall be not less than 3,000 psi (20.7 MPa].

! These three methods shall not be intermixed.
2 An exception to this six times factor is applicable to vessels per (Filament Winding — Polar Boss Openings Only).
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Table 1.1
Referenced Standards in This Section

Title

Number

Fitness-for-Service

Cast Iron Pipe Flanges and Flanged Fittings

Pipe Flanges and Flanged Fittings

Plain Washers

Conformity Assessment Requirements

Standard for Qualification and Certification of Nondestructive Testing Personnel

Standard Test Method for Kinematic Viscosity and Opaque Liquids (the Calculation of Dynamic Viscosity)
Standard Test Method for Tensile Properties of Plastics

Standard Test Method for Compressive Properties of Rigid Plastics

Standard Test Methods for Density and Specific Gravity (Relative Density) of Plastics by Displacement
Standard Test Methods for Sampling and Testing Plasticizers Used in Plastics

Method of Test for Bursting Strength of Round Rigid Plastic Tubing

Standard Test Methods for Epoxy Content of Epoxy Resins

Standard Test Methods for Rheological Properties of Non-Newtonian Materials by Rotational Viscometer
Standard Test Method for Apparent Hoop Tensile Strength of Plastic or Reinforced Plastic Pipe

Standard Test Method for Tensile Properties of Glass Strands, Yarns, and Rovings Used in Reinforced Plastics
Standard Test Method for Short-Beam Strength of Polymer Matrix Composite Materials and Théir\Laminates
Standard Test Method for Epoxy Resins and Related Components

Standard Test Method for Gel Time and Peak Exothermic Temperature of Reacting Thermosetting Resins
Standard Test Method for Indentation Hardness of Rigid Plastics by Means of Bareel\Impressor

Standard Test Method for Ignition Loss of Cured Reinforced Resins

Test Method for Preparation and Tension Testing of Filament-Wound Pressure Vessels

Standard Practice for Obtaining Hydrostatic or Pressure Design Basis for “Fiberglass” (Glass- Fiber-Reinforced
Thermosetting-Resin) Pipe and Fittings

Standard Test Method for Volatile Matter (Including Water) of Vihyl*Chloride Resins
Standard Test Method for Tensile Properties of Polymer Matrix\Composite Materials
Standard Test Method for Constituent Content of Composite Materials

Standard Test Method for Compressive Properties for Polymer Matrix Composite Materials With Unsupported
Gage Section by Shear Loading

Standard Test Methods for Constituent Content of €omposite Prepeg

Standard Test Method for Resin Flow of Carbon'Eiber-Epoxy Prepreg

Standard Test Method for In-Plane Shear Strength of Reinforced Plastics

Standard Test Methods for Properties of Gentinuous Filament Carbon and Graphite Fiber Tows

Standard Specification for Contact-M¢lded Glass-Fiber-Reinforced Thermoset Resin Corrosion- Resistant
Tanks

Standard Guide for Testing In-Plane Shear Properties of Polymer Matrix Composite Materials by the Rail Shear
Method

Standard Specification for\Automotive Spark-Ignition Engine Fuel
Standard Test Method for In-Plane Shear Properties of Hoop Wound Polymer Matrix Composite Cylinders

Standard Test Méthed for Transverse Compressive Properties of Hoop Wound Polymer Matrix Composite
Cylinders

Standard Tést Method for Transverse Tensile Properties of Hoop Wound Polymer Matrix Composite Cylinders
StandardTest Method for Shear Properties of Composite Materials by V-Notched Rail Shear Method

Standatd Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials

Standard Practice for Acoustic Emission Examination of Fiberglass Reinforced Plastic Resin (FRP) Tanks/
Vessels

Standard Terminology for Nondestructive Examinations
Standard Practice for Determining Damage-Based Design for Fiberglass Reinforced Plastic (FRP) Materials

API 579-1/ASME FFS-1, 2016
ASME B16.1-2020

ASME B16.5-2020

ASME B18.22.1-2009(R2016)
ASME CA-1-2020
ASNT-CP-189-2020

ASTM D445-21

ASTM D638-14

ASTM D695-15

ASTM D792:20

ASTM D1045-19
ASTM1180-57(1976)
ASTM D1652-11(2019)
ASTM D2196-20

ASTM D2290-19A

ASTM D2343-86

ASTM D2344/D2344M-16
ASTM D2393-86

ASTM D2471-99

ASTM D2583-13a

ASTM D2584-18

ASTM D2585-68(1990)
ASTM D2992-18

ASTM D3030-17

ASTM D3039/D3039M-17
ASTM D3171-15

ASTM D3410/D3410M-16el

ASTM D3529-16(2021)
ASTM D3531/D3531M-16e1
ASTM D3846-08(2015)
ASTM D4018-17

ASTM D4097-18a

ASTM D4255/D4255M-20

ASTM D4814-21a
ASTM D5448/D5448M-16
ASTM D5449/D5449M-16

ASTM D5450/D5450M-16
ASTM D7078/D7078M-20el
ASTM D790-17

ASTM E1067

ASTM E1316-21c
ASTM E2478-11(2016)

Using Acoustic Emission
Standard Test Methods for Holiday Detection in Pipeline Coatings
Recommended Practice for Personnel Qualification and Certification in Nondestructive Testing

ASTM G62-14
SNT-TC-1A(2020)
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3.2 LOW MODULUS CHARACTERISTICS

Fiber-reinforced plastic laminates may have a modulus of elasticity aslow as 1.0 x 10° nsi (6 900 MPa), compared with

that of ferrous materials which may be of the order of 30 x 10° psi (2.1 x 105 MPa). This low modulus characteristic
requires careful consideration of vessel profile in order to minimize bending and avoid buckling. Spherical heads or
elliptical heads having an ellipse ratio not greater than 2:1 are suggested. Spherical heads are suggested when the material
has isotropic properties. Elliptical heads are preferred when the material has anisotropic properties.

3.3 FATIGUE

3.3.1 Like metallic materials, the composite material (laminate) of fiber-reinforced plastic vessels, when stressed at
sufficiently low levels, exhibits good fatigue life. However, its low modulus of elasticity provides a higher straitvper unit of
stress than metals used for metallic vessels.

3.3.2 Section X, therefore, requires that a Class I design that is qualified by testing of a prototype-vessel be pressure
cycled 100,000 times over a pressure range of atmospheric to the design pressure; after this,‘the test vessel must
withstand a hydrostatic qualification test not less than six times the design pressure. An/excéption to this 100,000
cycle requirement is applicable to vessels per RG-404.2 (Filament Winding — Polar Boss Openings Only). That classifica-
tion of vessels is designed for a 5:1 factor of safety which requires cycling from atmospheric to the design pressure for
33,000 cycles; after this, the test vessel must withstand a hydrostatic qualification test not less than five times the design
pressure.

3.3.3 ClassIIvessels qualified using mandatory design rules and acceptance testing are not required to be subjected to
the above cyclic and qualification pressure test criteria.

3.3.4 Section Xrequires thata Class Il design qualification include testing of a prototype vessel that is pressure cycled
for “N” cycles as prescribed in 8-700.5.4.1 over a pressure range of 10% of design pressure to 100% of design pressure
without leakage or rupture.

3.4 CREEP, STRESS-RUPTURE, AND TEMPERATURE:EFFECTS

Fiber-reinforced plastic composite material (laminatey. is not subject to creep or failure due to low stress-to-rupture
characteristics as are some other materials. The material does, however, lose ultimate strength as the temperature is
increased and gains strength but becomes more brittle as the temperature is lowered. Its low thermal conductivity and
ablative properties are other factors significantly.affecting the behavior of this material in the event of fire or other high-
temperature environment. The maximum degign, operating, and test temperatures of Class I vessels are set as follows:

(a) 150°F (65°C) for design temperatures less than or equal to 150°F (65°C);

(b) 250°F (120°C) or to within 35°F3(19°C) of the glass transition temperature (whichever is lower) for design
temperatures in excess of 150°F (65¢C).

The maximum design, operating, and test temperatures of Class Il vessels are limited to an inside wall temperature of
250°F (120°C) or to within 35°F (19°C) of the glass transition temperature of the resin (whichever is lower). The
maximum design temperature of Class III vessels shall be 35°F (19°C) below the maximum use temperature of the
resin as documented/insthe Manufacturing Specifications, but in no case shall it exceed 185°F (85°C). The
minimum design temperature of Class I, Class II, and Class III vessels shall be —-65°F (-54°C) (see RD-112).

3.5 FABRICATION

3.5.1 Manyprocesses are used in the fabrication of fiber-reinforced composite materials (laminates). Class I vessels
are limited*to four processes, namely, filament winding, bag molding, contact molding, and centrifugal casting. Class II
vessels are limited to two processes, namely, filament winding and contact molding.

3.5.2 The fabrication of more than one Class I vessel may be required to comply with the requirements for qualifying a
design using the prototype vessel® method. Once a specific design has been qualified, the quality of subsequent vessels of
the same dimension and design is to be ensured by carefully controlled fabrication procedures and rigid Quality Control
Programs.

3.5.3 Every Class Il vessel must be acceptance tested as specified in Article RT-6. Such tests must be documented as
having met the acceptance criteria of Article RT-6 and shall become part of the Fabricator’s Design Report.

3 Prototype vessels used to qualify a design shall not be stamped with the Certification Mark.
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3.5.4 C(lass III vessels are limited to filament-wound construction with polar loss openings.

— 3.6 INSPECTION

3.6.1 The general philosophy of Section VIII, Division 1, regarding inspection during fabrication is continued in this
Section. Familiarity with the laminate production processes and the nature of vessel imperfections is required of the
Inspector. Reliance is placed upon careful auditing of the Fabricator’s Quality Control Program, close visual inspection of
completed vessels by both Fabricator personnel and the Inspector, and acceptance testing where required by this Section.

3.6.2 This Section requires that all laminate and secondary bonding work be without use of pigments, fillers, or resin
putty mixtures except as permitted by the Procedure Specification used in fabricating the vessel or vessel part:

3.7 LINERS

Liners may be used in Section X vessels as a barrier between the laminate and the vessel contents. Such lin€rs shall not
be considered part of the structural component of the vessel.

3.8 UNITS

3.8.1 Either U.S. Customary, SI, or any local customary units may be used to demonstrate compliance with all re-
quirements of this Edition (e.g., materials, design, fabrication, examination, inspection, testing, certification, and over-
pressure protection).

3.8.2 In general, it is expected that a single system of units shall be used for.all aspects of design except where
unfeasible or impractical. When components are manufactured at differentJocations where local customary units
are different than those used for the general design, the local units may be used for the design and documentation
of that component. Similarly, for proprietary components or those uniquely,associated with a system of units different
than that used for the general design, the alternate units may be used forthe'design and documentation of that component.

3.8.3 Forany single equation, all variables shall be expressed in asingle system of units. When separate equations are
provided for U.S. Customary units and SI units, those equations must be executed using variables in the units associated
with the specific equation. Data expressed in other units shallbe converted to U.S. Customary units or SI units for use in
these equations. The result obtained from execution of-these equations may be converted to other units.

3.8.4 Production, measurement and test equipment;drawings, welding procedure specifications, welding procedure
and performance qualifications, and other fabricationi'documents may be in U.S. Customary, SI, or local customary units in
accordance with the fabricator’s practice. When(walues shown in calculations and analysis, fabrication documents, or
measurement and test equipment are in different units, any conversions necessary for verification of Code compliance
and to ensure that dimensional consisteneyis maintained, shall be in accordance with the following:

(a) Conversion factors shall be accurate to at least four significant figures.

(b) The results of conversions of units shall be expressed to a minimum of three significant figures.

3.8.5 Material that has been manufactured and certified to either the U.S. Customary or SI material specification (e.g.,
SA-516M) may be used regardless of the unit system used in design. Standard fittings (e.g., flanges, elbows, etc.) that have
been certified to either U,S.\Gustomary units or SI units may be used regardless of the units system used in design.

3.8.6 Conversion of-units, using the precision specified in para. 20, shall be performed to ensure that dimensional
consistency is maintained. Conversion factors between U.S. Customary units and SI units may be found in the Non-
mandatory Appendix, Guidance for the Use of U.S. Customary and SI units in the ASME Boiler and Pressure Vessel
Code. Whenever local customary units are used, the Manufacturer shall provide the source of the conversion
factors which-shall be subject to verification and acceptance by the Authorized Inspector or Certified Individual.

3.8.7All entries on a Manufacturer’s Data Report and data for Code required nameplate marking shall be in units
consiStent with the fabrication drawings for the component using U.S. Customary, SI, or local customary units. It is
aceeptable to show alternate units parenthetically. Users of this Code are cautioned that the receiving Jurisdiction
should be contacted to ensure the units are acceptable.
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——SUMMARY-OF €HANGES

Changes listed below are identified on the pages by a margin note, (23), placed next to the affected area.

Page

XV

Xix

xli

xliii
xlviii
60
78
104
104
125
126
134
136
135

135
137
139
141

212

266

Location
List of Sections

Personnel
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8-100.6

8-200

8-700.1

Table 8-700.2.1-1
8-700.2.1

8-700.2.2
8-700.5.3.1
8-700.5.8
8-1000

Nonmandatory Appendix AJ

Nonmandatory Appendix‘AM
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(1) Under Section IlI, Division 4 added
(2) Title of Section XI and subtitle of Section XI, Division 2 revised

(3) Information on interpretations and Code cases moved to “Corréspondence
With the Committee”
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Added (replaces “Submittal of Technical Inquiries to‘the Boiler and Pressure
Vessel Standards Committees”)

Table 1.1 updated
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Top-right callout editorially revised
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Fourth entry from top editorially, révised
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Last sentence revised and¥in-text Note added
8-200.4 deleted

Revised

Notes (10) and”(11) added

(1) Subparagraph (c) revised

(2) Subparagraph (e) added

Inrsubparas. (a) and (c), first sentence revised
Second paragraph added

Revised in its entirety

Forms CPV-1 and CPV-2 and Table 8-900.3.1 revised and moved to
Nonmandatory Appendix A]
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(2) Forms CPV-1 and CPV-2 and Table AJ-7 added
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(23) ROSS-REFERENCING IN THE ASME BPV

Paragraphs within the ASME BPVC may include subparagraph breakdowns, i.e., nested lists. The following is a guide to
the designation and cross-referencing of subparagraph breakdowns:

(a) Hierarchy of Subparagraph Breakdowns

(1) First-level breakdowns are designated as (a), (b), (c), etc.

(2) Second-level breakdowns are designated as (1), (2), (3), etc.
(3) Third-level breakdowns are designated as (-a), (-b), (-c), etc.
(4) Fourth-level breakdowns are designated as (-1), (-2), (-3), etc.
(5) Fifth-level breakdowns are designated as (+a), (+b), (+c), etc.
(6) Sixth-level breakdowns are designated as (+1), (+2), etc.

(b) Cross-References to Subparagraph Breakdowns. Cross-references within an alphanumerically designated para-
graph (e.g.,, PG-1, UIG-56.1, NCD-3223) do not include the alphanumerical designator of that paragraph. The crossrefer-
ences to subparagraph breakdowns follow the hierarchy of the designators under which the breakdown appears. The
following examples show the format:

(1) 1If X.1(c)(1)(-a) is referenced in X.1(c)(1), it will be referenced as (-a).

(2) 1f X.1(c)(1)(-a) is referenced in X.1(c)(2), it will be referenced as (1){=a).

(3) 1If X.1(c)(1)(-a) is referenced in X.1(e)(1), it will be referenced as¢(e)(1)(-a).
(4) 1f X.1(c)(1)(-a) is referenced in X.2(c)(2), it will be referenced<as X-1(c)(1)(-a).
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ASME BPVC.X-2023

PART RG

GENERAL REQUIREMENTS

ARTICLE RG-1
SCOPE AND JURISDICTION

RG-100 SCOPE

(a) Section X establishes the requirements for the fabri-
cation of fiber-reinforced thermosetting plastic pressure
vessels for general service, sets limitations on the permis-
sible service conditions, and defines the types of vessels to
which these rules are not applicable.

(b) Toensure thatvessels fabricated according to these
rules will be capable of safely withstanding the operating
conditions specified by the Design Specification, this
Section:

(1) gives minimum requirements for the materials of
fabrication;

(2) specifies test procedures for determining lami-
nate mechanical properties;

(3) Defines three methods of design qualification:

(-a) Class I Design — nondestructive qualification
test

(-b) Class Il Design — mandatory désign rules and
acceptance testing by nondestructive €valuation (NDE)
methods

(-c) Class III Design — qualification of a vessel
design through the destructive test of a prototype

(4) suggests nonmandatoery design procedures for
Class I vessels;

(5) provides mandatory design procedures and
acceptance testing for ‘Class II vessels;

(6) definesthe general methods of fabrication which
may be usedj

(7) limits the types of end closures, connections, and
attachments which may be employed and the means used
to join them to the vessels;

(8) stipulates the procedures to be used in proving
that prototype vessels will withstand specified operating
and test conditions;

(9) establishes rules under which fabricating proce-
dures used for fabricating Class I and Class III prototype
and production vessels are qualified, and defines what

(10) sets forth requirements to ensure that no essen-
tial variation in qualifiedsfabrication procedures has
occurred;

(11) establishes rules for acceptance testing, inspec-
tion, and reporting;

(12) gives tequirements for stamping and marking.

(c) For vessels fabricated in accordance with these
rules, the{provisions of Section X shall apply over any
other sections of the Code. When metallic components
are part of fiber-reinforced plastic vessels, they shall
meeb the provisions of Section VIII, Division 1.

(d) The Fabricator shall establish the effective Code
edition, addenda and Code Cases for pressure vessels
and replacement parts in accordance with Mandatory
Appendix 9.

RG-110 APPLICATION LIMITATIONS
RG-111 DESIGN PRESSURE

The internal design pressure of vessels fabricated under
this Section shall be limited as follows:

(a) Class I vessels shall not exceed 150 psi (1 MPa) for
bag-molded, centrifugally cast, and contact-molded
vessels; 2,000 psi (14 MPa) for filament-wound vessels
and 3,000 psi (20 MPa) for filament-wound vessels
with polar boss openings only.

(b) Class Il vessels shall not exceed the limits specified
in RD-1120.

(c) Class III vessels shall not exceed 15,000 psi (103.4
MPa) for filament-wound vessels with polar boss openings
only.

RG-112 DESIGN TEMPERATURE

The design temperature of vessels fabricated under this
Section shall not exceed the lower of (a) or (b).

(a) 250°F (120°C) for Class I and Class II, and 185°F
(85°C) for Class III

ToEeauTr eSS eCeSSTateTreqtiaits

tion;

(b1—35°F{19°C betow the maximmunT use temperature
(see RM-121) of the resin, nor be less than -65°F (-54°C)
(see RD-112)
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RG-113 POTABLE WATER — SECTION IV
APPLICATIONS ONLY

RG-121 CLASSES OF VESSELS OUTSIDE THE
JURISDICTION OF THIS SECTION

Vessels fabricated under Section X intended for Section
IV use are limited to applications permitted therein. The
vessels are limited to internal pressure only with a
maximum allowable working pressure of 160 psig
[1.1 MPa (gage)]. The maximum allowable temperature
used shall be 210°F (99°C). The provisions of this para-
graph only apply to vessels that are intended for use under
Section [V.

RG-114 LETHAL FLUIDS'

Vessels fabricated under this Section shall not be used to
store, handle, transport, or process lethal fluids.

RG-120 JURISDICTION OF SECTION X

The jurisdiction of this Section is intended to include
only the vessel and integral communicating chambers
and to terminate at the points defined in the following
subparagraphs (a) and (b).

(a) Where external piping is connected to the vessel,
the jurisdiction shall terminate at:

(1) the face of the first flange in bolted flange connec-
tions;

(2) thefirst threaded jointin that type of connection;

(3) thefirstcircumferential adhesive-bonded jointin
that type of connection.

(b) Where lugs, skirts, or other supporting structures
are joined directly to a vessel, the jurisdiction shall termi-*
nate at the first joint or connection beyond the vessel, but
shallinclude the attachment of such supporting structures
to the vessel.

The following classes of fiber-reinforced plastic pres-
sure vessels are exempted from the Scope of this
Section; however, any pressure vessel within these
classes which meets all applicable requirements of this
Section may be stamped with the Certification Mark
and RP Designator:

(a) pressure containers which are integral parts:-of
components of rotating or reciprocating mechanical
devices, such as pumps, compressors, turbinés;)genera-
tors, engines, and hydraulic or pneumatic)cylinders,
where the primary design considerations,and/or stresses
are derived from the functional requirements of the
device;

(b) piping systems whose primary function is the trans-
port of fluids from one locationto another within a system
of which it is an integral part;

(c) piping components,.such as pipe, flanges, bolting,
gaskets, valves, expansion joints, fittings, and pressure
containing parts,of-other components, such as strainers,
and devices which serve such purposes as mixing, separ-
ating, snubbingdistributing and metering, or controlling
flow, provided that the pressure containing parts of such
compohents are generally recognized as piping compo-
nentsfor accessories;

{d) vessels which have any part of the shell, heads,
nozzles, fittings, or support laminates heated above the
temperature limits of RG-112;

(e) vessels having neither an internal nor an external
operating pressure exceeding 15 psi (100 kPa) with no
limitation on size;

(f) vessels having an inside diameter, or maximum
internal cross-sectional dimension, not exceeding 6 in.
(152 mm) with no limitation on the length of vessel or
pressure;

(g) pressure vessels for human occupancy.?
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ARTICLE RG-2
ORGANIZATION

RG-200 ORGANIZATION OF THIS SECTION
RG-201 PARTS

This Section is divided into nine major parts:

(a) Part RG, General Requirements, applying to duties
and responsibilities and methods of fabrication;

(b) PartRM, Material Requirements, setting forth rules
governing materials applicable to all methods of fabrica-
tion;

(c) PartRD, Design Requirements, providing design re-
quirements for all methods of fabrication;

(d) Part RF, Fabrication Requirements, giving rules for
permissible methods of fabrication;

(e) Part RQ, Qualification Requirements, used in
carrying out the methods of fabrication;

(f) Part ROP, Overpressure Protection, giving rules for
protection against overpresure;

(g) Part RT, Rules Governing Testing, establishing the
following:

(1) methods for qualifying designs and procedure
specifications, for quality control testing, and forproduc-
tion testing;

(2) methods for determining lamina-strength and
elastic properties for design criteriasand acceptance
testing of Class II vessels;

(h) Part RI, Inspection Requirements, setting forth
minimum inspection requirements;

(i) Part RS, Marking, Stamping, and Reports, setting
forth marking, stamping, and reporting requirements.

RG-202 ARTICLES, PARAGRAPHS; AND
SUBPARAGRAPHS

(a) The Parts of this Sectionvare divided into Articles.
Each Article is given a number and a title, (e.g, Part RG,
Article RG-3, Responsibilities and Duties).

(b) Articles are divided into paragraphs, which are a
three- or occasionally a four-digit number, the first of
which corresponds to the Article number; thus under
Article RG:3we find paragraph RG-310, User’s Responsi-
bilities.

(c) WParagraphs are divided into subparagraphs. Major
subdivisions of paragraphs are designated by suffixing to
theabove-mentioned three- or four-digit numbers a
decimal point followed by a digit or digits. Where neces-
sary, divisions of subparagraphs are indicated by letters
and further subdivisions by numbers in parentheses.

(d) Minor subdivisions of paragraphs are indicated by
letters instead of decimals followed by digits.

(e) Areference in one of the paragraphs of this Section
to another such paragraph includes all of the applicable
rules in the referenced paragraph and its subdivisions,
unless otherwise stipulated.
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ARTICLE RG-3
RESPONSIBILITIES AND DUTIES

RG-300 RESPONSIBILITIES AND DUTIES

The various parties involved in specifying, fabricating,
and inspecting vessels under this Section have definite
responsibilities or duties in meeting Code requirements.
The responsibilities and duties set forth hereinafter relate
only to Code compliance and are not to be construed as
involving contractual relationships or legal liabilities.

RG-310 USER’S RESPONSIBILITIES — DESIGN
SPECIFICATION

The User, or an agent® acting in his behalf, requiring that
avessel be designed, fabricated, tested, and certified to be
avessel complying with this Section, shall provide or cause
to be provided for such a vessel information as to oper-
ating conditions, including intended use and material
compatibility with the contents, in such detail as will
provide the basis for design, material selection, fabrica-
tion, and inspection in accordance with this Section. This
information shall be designated hereinafter as the Design
Specification.

RG-320 FABRICATOR’S RESPONSIBILITIES

The structural integrity of a vessel or-part thereof,
including the capability to contain pressure, and its
compliance with the Design Reponty(see RG-321), are
the responsibility of the Fabricator. The Fabricator,
completing any vessel to be marked with the Certification
Mark with RP Designatot, has the responsibility of
complying with all the requirements of this Section
and, through proper-€ertification, of assuring that any
work done by others-also complies with all the require-
ments of this Section.

When suchparts are fabricated by an organization other
than the Eabricator responsible for the completed vessel,
they shall be fabricated by an organization having a valid
Certificate of Authorization from ASME and be reported to
the Eabricator of the completed vessel on Partial Data
Report Form RP-2, which shall be certified by both the
parts fabricator and the Inspector.

RG-321 FABRICATOR’S DESIGN REPORT

(a) As a part of the Fabricator's responsibility for the
structural integrity of a Class I vessel, and _veSsel parts
fabricated by others as permitted in (g)(5).and RS-301,
and its capability to contain pressure,she Fabricator or
the design agent responsible to hint,shall make Design
Calculations of the type suggested. in Nonmandatory
Appendix AA. Such Design Caleulations shall constitute
only a tentative determination that the design, as
shown on the drawings, complies with the requirements
of this Section for the design conditions set forth in the
Design Specification!

(b) For vesselsyused for potable water, as described in
RG-113 (Section}V application), the Fabricator’s Design
Report shallindicate suitability for potable water use.

(c) It shall be the Fabricator’s responsibility to prove
that a vessel will safely withstand the service conditions
set forth in the Design Specification. The proof shall
consist of subjecting one or more prototype vessels to
tests, as required by the rules of this Section (see
RT-223), and using the procedures established therein.
A report of such tests, designated as the Qualification
Test Report, shall be prepared and certified by the Fabri-
cator and the Inspector.

Prototype vessels used to qualify a design shall not be
stamped with the Certification Mark.

(d) Itshall be the Fabricator’s responsibility to prepare
and qualify a Procedure Specification that shall specify the
materials and the procedure employed to fabricate a
prototype vessel or vessels used to verify the capability
of such vessel or vessels to safely withstand the test and
service conditions set forth in the Design Specification.
The Procedure Specification shall provide, as a
minimum, all the information concerning the fabricating
procedure, recorded on the applicable Form Q-106, Form
Q-107, Form Q-108, or Form Q-115.

(e) Itshall be the Fabricator’s responsibility to conduct
Quality Control Tests in accordance with the requirements
of Article RT-3 and to record the results thereof to permit
verification that all other vessels, fabricated in accordance
with the qualified Procedure Specification, comply with
this Section.

(f) Itshall be the Fabricator’s responsibility to conduct
Production Tests as stipulated in Article RT-4 and to

RG-321.1 Class | Vessel Designs. Class I vessel designs
shall comply as follows:

TecoTd the Tesutts to permit verification thatsuctr
vessels are in compliance with this Section and are accept-
able for marking with the Certification Mark.
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(g) It shall be the responsibility of the Fabricator to
prepare a Fabricator’s Design Report consisting of the

the same as the lamina or laminas from which elastic
and strength constants were determined and which

foltowingdoctments:

(1) the Design Specification setting forth the service
conditions;

(2) the Design Drawings;

(3) the tentative Design Calculations;

(4) the material manufacturer’s specification sheets
for resin, fiber reinforcement, promoters, catalyst, and
other components used in laminate construction;

(5) a properly certified Form RP-2 for parts of the
vessel fabricated by other Fabricators;

(6) the Procedure Specification, providing the fabri-
cation procedures used to fabricate both the prototype
vessel(s) and all production vessels to be certified as
complying with this Section;

(7) the Qualification Test Report, which provides
data that the prototype vessel(s) conforming to the
Design Drawings will safely withstand the specified
test conditions;

(8) the records of the Quality Control Tests Report,
providing the results of the in-process tests used to ensure
that no essential variations from the requirements of the
Procedure Specification occurred;

(9) the Production Test Report of inspections, exam-
inations, and tests performed on each vessel to be marked
with the Certification Mark.

The preceding nine documents shall constitute the
Fabricator’s Design Report. It shall be certified by the
Fabricator. It shall be kept on file at the Fabricator’s
place of business or at a safe depository acceptable to
the User and shall be made available to thekInspector
for at least 5 yr. When fabrication of spécific mass-
produced vessels occurs over an indefinite period of
time, the Fabricator’s Design Reportion each specific
design shall be kept on file for atleast5-yr after production
of such vessels has ceased. Copies,of the Design Drawings
and Design Calculations shall be-furnished to the User or
his agent and, when requested, a copy of the Test Report
shall also be furnished

RG-321.2 Class:ll Vessel Designs. Class II vessel
designs shall comply as follows:

(a) As partof-the Fabricator's responsibility for the
structural integrity of the vessel, and vessel parts fabri-
cated by others as permitted in (e)(5) and RS-301, and its
ability to contain pressure, the Fabricator of the vessel
shall\be responsible for Design Calculations as specified
in Article RD-11. Such calculations shall constitute the
basis for thickness of parts subject to pressure,
number of plies, ply orientation, and other fabrication
details specified on drawings and other fabrication docu-
ments. Such calculations shall be part of the Design Report.

(b) 1t shall be the Fabricator’s responsibility to docu-

served-as—abasisforPesignEateutationsandtaminate
analysis. The number of laminas, stacking sequence,
and orientation of each lamina shall be the same as
used on the laminate analysis for design purposes. Deter-
mination of laminate stiffness coefficients shall be in
accordance with Article RD-12. The determination of
lamina elastic and strength properties shall be in-accor-
dance with Article RT-7. As an alternative, thelamina
elastic properties may be determined in @ccordance
with Nonmandatory Appendix AK. A.report of such
test, designated as the Material Property Test Report,
shall be part of the Fabricator’s_’Design Report and
shall be made available to the Ihspector.

(c) Itshall be the Fabricatef’s responsibility to prepare
and certify a Procedure Spetification that shall specify the
materials and fabrication.procedures used to fabricate the
specified vessel. The Procedure Specification shall
provide, as a minimtim, all the information required by
Form Q-120, which shall verify that the vessel was fabri-
cated according'to that specification.

(d) It shall'be the Fabricator’s responsibility to subject
each véssel fabricated under this method to acceptance
testing as specified in Article RT-6. A report of such
test,designated as the Acceptance Test Report, shall be
part of the Fabricator’s Design Report and shall be
made available to the Inspector.

(e) Itshall be the Fabricator’s responsibility to prepare
and certify a Fabricator’s Design Report consisting of the
following documents:

(1) the Design Specification setting forth the design
conditions;

(2) the Design Drawings including Procedure Spec-
ification number;

(3) the Design Calculations;

(4) the material manufacturer’s specification sheets
for all materials used in lamina testing and laminate fabri-
cation;

(5) a properly certified Form RP-4 for vessel parts
fabricated by other Fabricators;

(6) the Procedure Specification to which the vessel
was fabricated;

(7) the Acceptance Test results including the
acoustic emission report, to be designated as the Accep-
tance Test Report;

(8) the documentation of the elastic and strength
properties of the lamina(s) as specified and determined
in Article RT-7 or Nonmandatory Appendix AK, as appli-
cable, to be designated as the Material Property Test
Report.

The preceding eight documents shall constitute the
Fabricator’s Design Report. It shall be certified by the

ment the elastic and strength constants of the laminate or
laminates used for Design Calculations. The lamina or
laminas used for vessel laminate construction shall be

Fabricator. It shall be Kept on file at the Fabricators
place of business or at a safe depository acceptable to
the User and shall be made available to the Inspector
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for at least 10 yr. A copy of the Design Report shall be
furnished to the User or his agent.

tion contract or agreement is a written agreement
between the Fabricator and the inspection agency in

RG-322 CERTIFICATION OF COMPLIANCE

It is the responsibility of the Fabricator to certify
compliance with the rules of this Section by execution
of the appropriate Fabricator’s Data Report (see
Forms RP-1, RP-2, RP-3, and RP-4). (The vessel may be
registered and the Data Report filed with the National
Board of Boiler and Pressure Vessel Inspectors, 1055
Crupper Avenue, Columbus, Ohio 43229.) See Article RS-3.

RG-323 REQUIREMENTS FOR QUALITY CONTROL

Any Fabricator applying for an official Certification
Mark with RP Designator of The American Society of
Mechanical Engineers and the Certificate of Authorization
shall have, and demonstrate, a Quality Control System
which ensures thatall Code requirements, including mate-
rial, design, fabrication, examination by the Fabricator,
and inspection by the Inspector, will be met. The
Quality Control System shall be in accordance with the
requirements of Mandatory Appendix 1.

Before issuance or renewal of a Certificate of Author-
ization for use of the Certification Mark with RP Desig-
nator, the Fabricator’s facilities and organization are
subject to a joint review by a representative of his inspec-
tion agency and an individual certified as an ASME
designee who is selected by the concerned legal jurisdic-
tion. A written description or checklist of the Quality
Control System which explains what documents and
what procedures the Fabricator will use to fabricate a
Code item shall be available for review. A gyritten
report to the Society shall be made jointly by the
ASME designee and the inspection agency under contract
to the Fabricator to provide inspection services provided
by this Section.

The Fabricator may at any time*make changes to the
Quality Control System concerning the methods of
achieving results, subject to-acceptance by the Inspector.

The Fabricator shall have-in force at all times a valid
inspection contract Ox agreement with an agency
employing Inspectorsas defined in RI-110. A valid inspec-

loa-alail 4 | Aot £.L ralas 4L -
whieh-the-terms-and-conditions-of furnishing-the-inspee
tion service are specified and in which the mutual duties of
the Fabricator and the Inspector are stated.

Forthose areas where there isno jurisdiction or where a
jurisdiction does not choose to select an ASME designee to
review a vessel or vessel parts Manufacturer’s facility, that
function shall be performed by an ASME designee selected
by ASME.

Where the jurisdiction is the Fabricator’s inspection
agency, the joint review and joint report shall-be made
by the jurisdiction and another representative/designated
by an ASME designee.

RG-330 INSPECTOR’S DUTIES

(a) 1t is the duty of the Inspector to make the inspec-
tions required by the rules ‘ofithis Section and, in addition,
such other inspections and-investigations as are necessary
in his judgment to yerify that:

(1) the User’s-Design Specification is available;

(2) the Fabricator’s Design Report is on file and has
been propefly €xecuted;

(3) thefabrication conforms to the Design Drawings;

(4)7the material and fabrication procedures being
used comply with the requirements of the specified Proce-
dune Specification;

(5) the tests stipulated in Part RT substantiate that
the Procedure Specification(s) was followed.

(b) Itisnot the duty of the Inspector to verify the accu-
racy or completeness of the Design Calculations, but he
shall verify that the completed Design Report is on file.
He shall certify compliance with the Procedure Specifica-
tion used for qualifying the design and fabrication of the
vessel.

(c) The Inspector shall certify on the Fabricator’s Data
Report that the requirements of this Section have been
met.
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ARTICLE RG-4
FABRICATION METHODS

RG-400 FABRICATION METHODS*

For purposes of this Section, fiber-reinforced plastic
pressure vessels are divided into four methods of fabrica-
tion. Class I vessels may be fabricated by any combination
of these methods. Class Il vessels are restricted to the
contact-molding and filament-wound methods of fabrica-
tion or a combination of the two.

RG-401 BAG MOLDINGS5®

In this method a pressurized bag is used to compress
pre-rolled fiber cylinders and head preforms, which are
impregnated with the specified resin system, against an
outer heated mold.

RG-402 CENTRIFUGAL CASTING

In this method the sections of the vessel are formed
from chopped fiber strands and a resin system ina
mandrel, which is spun to produce a laminate, and
heated to effect a cure of the resin system.

RG-403 CONTACT MOLDING

In this method cylindrical sections,heads, and/or
attachments are fabricated by applying reinforcement
fiber and resin to a mandrel or m@ld. System cure is

either at room temperature or elevated.temperature
using a catalyst-promoter system.

RG-404 FILAMENT WINDING

RG-404.1 General. In this,méthod, continuous fila-
ments of fiber with the specified resin applied are
wound in a systematic.manner under controlled
tension and cured on amandrel or other supporting struc-
ture. Heads and fittings. fabricated by contact-molding
methods may be-attached with suitable adhesive resins
and secondary\reinforcement with cutting of filaments
as required{ Opening(s) may be integral wound or with
cutting of filaments as required and need not be centered
on thelaxis of rotation.

RG-404.2 Polar Boss Openings Only. In this special
case which qualifies for reduced cycle and burst test re-
quirements per RT-223.5, heads shall be integrally wound
and satisfy the following criteria:

(a) opening(s) shall be centered on the axis of rotation:

(b) opening(s) shall be a polar boss type, wound in
place at the center of revolution;

(c) boss diameter shall not exceed one-half vessel 1.D.;

(d) no cutting of filaments is permitted to form the
polar boss opening.
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PART RM

MATERIAL REQUIREMENTS

ARTICLE RM-1
GENERAL REQUIREMENTS

RM-100 LAMINATE MATERIALS

Fiber-reinforced plastic materials shall hereinafter be
designated as laminates.

(a) Laminates, as herein considered, are composite
structures consisting of one or more of the following re-
inforcements embedded in a resin matrix:

(1) glass
(2) carbon or graphite
(3) aramid

(b) The Fabricator shall keep on file the published
specifications for all laminate materials used in each
vessel fabrication, the material manufacturer’s recom-
mendations for storage conditions and shelf life for all
laminate materials, and the material manufacturer’s certi-
fication that each shipment conforms to said specification
requirements. This certification shall be part of the Proce-
dure Specification.

RM-110 FIBER SYSTEM
RM-111 GLASS FIBERS

The glass fibers used in any of the fabrication processes
permitted by this Section shalllbe one or more of the
following glass compositions:

(a) Type A

(b) Type E

(c) Type S

(d) Type E-CR

(e) Type €

The glass;manufacturer shall certify that the fibers
conform\t0" the manufacturer’s specifications for the
product-and that the minimum strength and modulus,
measured in accordance with ASTM D2343, are not
l'ess than 90% of the manufacturer’s published
minimum values for resin-impregnated strands.

RM-112 CARBON OR GRAPHITE FIBERS

modulus, measured in accordancewith ASTM D2343, are
not less than 90% of the manufacturer’s published
minimum values for resin-impregnated strands.

RM-113 ARAMID FIBERS

The fiber manufacturer shall certify that the aramid
fibers conform_to’ the manufacturer’s specifications for
the product™dnd that the minimum strength and
modulus, an€asured in accordance with ASTM D2343,
are not-less than 90% of the manufacturer’s published
minimum values for resin-impregnated strands.

RM-114 FIBER SURFACE TREATMENT

The surface of glass, carbon, and graphite fiber shall be
treated to provide a bond between the fiber and resin
matrix. Aramid fibers do not normally require surface
treatment.

RM-120 RESIN SYSTEM

The resin system shall consist of an epoxy or polyester/
vinyl ester, phenolic, or furan resin plus the resin manu-
facturer’s recommended promoters and curing agents. No
filler, pigment, thixotrope, or dye which will interfere with
the natural color of the resin shall be used except as
permitted by the Procedure Specification. If required
by the User, the vessel may be painted following all
required inspections and certifications by the Inspector.

RM-121 RESIN SPECIFICATION

The resin materials used in the fabrication of vessels
shall be the same as those specified in the Procedure Spec-
ification. Each resin shall be traceable by the name of its
manufacturer and the trade name or number of that manu-
facturer.

The resin manufacturer shall supply to the Fabricator a
Certificate of Analysis for each resin used. It shall include

£l £o11 3

The fiber manufacturer shall certify that the carbon or
graphite fibers conform to the manufacturer’s specifica-
tions for the product and that the minimum strength and

LI lUllUVVlllS ;llfUl lllﬂt;ull-
(a) resin identification
(b) batch number(s)



https://asmenormdoc.com/api2/?name=ASME BPVC.X (ASME BPVC Section 10) 2023.pdf

ASME BPVC.X-2023

Table RM-120.1
Resin Systems Required Certification

Resin System Required Certification [Note (1)]

Polyester/Vinyl Ester
ASTM D445 or ASTM D2393
Wt. per gallon cup or ASTM D4052

1. Viscosity
2. Specific gravity

Epoxy
1. Viscosity
2. Epoxide equivalent

ASTM D445 or ASTM D2393
ASTM D1652

3. Specific gravity Wt. per gallon cup or ASTM D4052

Furan/Phenolic
1. Viscosity ASTM D445 or ASTM D2393
2. pH Glass electrode method

Similar to ASTM D3030
Wt. per gallon cup or ASTM D4052

3. Total volatiles

4. Specific gravity

NOTE: (1) Alternate documented method may be used.

Table RM-120.2
Resin Systems Required Test by Vessel Fabricator

Resin System Required Test [Note (1)]

Polyester/Vinyl Ester

1. Viscosity ASTM D445 or ASTM D2393
2. Gel time and peak ASTM D2471

exotherm

temperature

3. Specific gravity Mandatory Appendix 5 or ASTM D4052

Epoxy
1. Viscosity ASTM D445 or ASTM\D2393
2. Gel time ASTM D2471

3. Specific gravity Mandatory Appendix 5 or ASTM D4052

Furan/Phenolic
1. Viscosity ASTM ;D445 or ASTM D2393
2. Gel time Nat Applicable

3. Specific gravity Mandatory Appendix 5 or ASTM D4052

NOTE: (1) Alternate\documented method may be used.

(c) date of‘manufacture

In additien, the resin manufacturer shall certify for each
batchsshipped, the value (and the limits stipulated in his
specification) of the properties identified in Table
RM-120.1.

The Fabricator shall test each batch of resin in accor-
dance with Table RM-120.2 for the appropriate resin to
ensure that the material characteristics of the resin have
not changed from specified values listed in the Procedure
Specification.

Procedure Specification. The resin testing shall be done
at first usage.

temperature shall be for a particular resin/curing
system test formulation and temperature, and shall be
within the limits listed in the Procedure Specification.
The test formulation and temperature shall be represen-~
tative of the formulations used during vessel fabrication.
The tolerance limits for the test formulation (as listed in
the Procedure Specification) may be establishedby either
the resin manufacturer or the Fabricator., The tolerance
limits shall be established using formulation‘components
having manufacturer-specified material-characteristics.
The tolerance limits established shall'be within a suffi-
ciently narrow range such that test results outside this
range would reflect deviatigns,in component material
characteristics and alert the:Eabricator of possible mate-
rial irregularities. Material-tested and found to be inside
the established tolerance limit range shall be deemed fit
for use.

In addition, the Fabricator shall establish and document
a maximumyuse' temperature for the resin/cure system
used. Thisihay be in conjunction with the resin manufac-
turer otvindependent laboratory, and may be based on
heatsdistortion temperature or glass transition tempera-
turé.)The Fabricator shall redocument the maximum use
témperature at least every twelve months using current
batches of resin and curing agent.

A record of these determinations shall become part of
the Fabricator’s Quality Control Tests Report and shall be
made available to the Inspector.

The data for each batch of resin which is used to fabri-
cate a Class II vessel shall be recorded on the Procedure
Specification (see Form Q-120) and become part of the
Fabricator’s Design Report for that vessel.

RM-122 CURING AGENTS

The curing agents used, and curing procedure followed,
in the vessel fabrication shall be as specified in the Proce-
dure Specification. Each such curing agent shall be trace-
able by the manufacturer’s name, the manufacturer’s
designation, and the generic name.

The curing agent and the resin-to-curing-agent ratio
used to fabricate vessels shall be recorded and become
part of the Quality Control Tests Report specification.

RM-123 LAMINATE CURE

The Fabricator shall determine and document as part of
the Procedure Specification and the Quality Control Tests
Report that the laminate of each vessel and vessel part is
properly cured.

This shall normally be done using the Barcol Test in
£l ACTNM NDNIO2OLCOD [ RO _141

The values obtained for viscosity and specific gravity for
the resin alone shall be within the limits of the manufac-
turer’s specification for that resin and as listed in the

4 H 4
adailulTuaIlIrco vwWiIitltll MNoril U4oaJ0J LJ\/\/ l\\{ LT L a1ry
RT-221). Barcol readings shall be within the tolerance
specified by the resin manufacturer as listed in the Proce-
dure Specification. If the resin manufacturer does not
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provide Barcol specifications (for the resin/curing system
used), the Fabricator shall establish Barcol specifications

RM-150 MECHANICAL PROPERTIES OF
LAMINA FOR CLASS Il VESSELS

ffor-theresinfeuring-systemused-that-have beendoet
mented by independent third party testing that such
Barcol readings are indicative of complete resin cure.
These shall become part of the Procedure Specification.

If the Fabricator elects not to use the Barcol Test as a
measure of proper laminate cure, he shall define and docu-
ment the method used to ensure that proper laminate cure
is attained. Such method(s) shall be acceptable to the
Inspector. The results thereof shall be part of the Proce-
dure Specification and Quality Control Tests Report
recorded in lieu of Barcol Test results on the various
forms.

RM-140 USE OF TWO OR MORE MATERIALS
SPECIFICATIONS OR PROCESSES IN
FABRICATING A CLASS | VESSEL

Two or more Procedure Specifications may be used in
fabricating a pressure vessel, provided each Procedure
Specification is used in its entirety for the part of the
vessel fabricated with that procedure.

RM-151 EXAMPLES OF LAMINA

For the purposes of this Section, a lamina is defined as a
layer or multiple layers of the same material and same
orientation. An example of alamina is a layer of thermoset
resin reinforced with chopped strand mat, unidirectional
reinforcement, or woven roving.

As a single exception and in the absence of thermal
stress, due to existing fabrication methods,-alternate
layers of chopped strand mat and woven roving may
be considered as a lamina.

RM-152 LAMINA SPECIFICATION

The lamina, lamina stacking-sequence, and orientation
shall be specified in the Preeedure Specification.

RM-153 LAMINA PROPERTIES

The lamina strength properties shall be determined in
accordance with'Article RT-7. The lamina elastic proper-
ties shall be.determined in accordance with either Article
RT-7 or Nofmandatory Appendix AK.

RM-154" LAMINATE ANALYSIS

The lamina properties shall be used to analyze the lami-
nate and determine effective laminate elastic constants in
accordance with Article RD-12.

10
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ARTICLE RM-2
MISCELLANEOUS PRESSURE PARTS

RM-200 GENERAL REQUIREMENTS

All portions of the vessel which are under the jurisdic-
tion of this Section and which are fabricated of laminate
materials by the Fabricator responsible for the completed
vessel, or by other parties, shall conform to all applicable
requirements of this Section, including inspection in the
shop of the Fabricator. In addition, parts fabricated by
parties other than the Fabricator responsible for the
completed vessel shall require inspection in the shop
of the part fabricator and preparation of a Partial Data
Report, Forms RP-2 and RP-4, as applicable.

RM-210 MISCELLANEOUS METALLIC/PARTS
RM-211 FOR CLASS | VESSELS

Metallic parts for Class I vessels shall comply with the
design, fabrication, quality centrdl, and inspection re-
quirements of Section VII], Division 1. For hydrostatic
leakage testing, metallic parts shall comply with the re-
quirements of RT-450.

RM-212 FOR CLASS Il VESSELS

The only metallic parts permitted for Class II vessels
shall be £emovable parts such as multibolted flat
flange€oveérs and fasteners. Such parts shall comply
with.all fequirements of Section VIII, Division 1.

11
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PART RD

DESIGN REQUIREMENTS

ARTICLE RD-1
GENERAL

RD-100 SCOPE

Section X provides two methods by which the thickness
ofvessel parts subject to internal or external pressure may
be determined:

(a) ClassIDesign — qualification and testing of a proto-
type vessel;

(b) Class Il Design — mandatory design rules and
acceptance testing.

For Class I vessels, tentative thickness of vessel parts
may be determined by the suggested design procedures
given in Nonmandatory Appendix AA or by other proce-
dures at the Fabricator’s option. Regardless of how the
thicknesses of vessel parts are determined, the adequacy
of the design of a vessel or vessels to be certified for speci-
fied service conditions shall be determined by testing one
or more prototype vessels in accordance with the require-
ments of Article RT-2; all vessels to be so certified.shall be
constructed in strict accordance with the Procedure Spec-
ification used in fabricating the prototype vessel or vessels
(see Article RQ-1).

For Class II vessels, thickness of vessel parts and other
fabrication details shall be determined by procedures
specified in Article RD-11. The nhumber of plies and ply
orientation shall be as specifiéd-in the Procedure Speci-
fication, Form Q-120.

RD-101 DESIGN BASIS

(a) The pressureofthe fluid at the top of the vessel iniits
normal operatingposition, with the laminate temperature
for Class I~vessels taken at 150°F (65°C) for design
temperatures less than or equal to 150°F (65°C) or at
the specified design temperature when the design
temperature exceeds 150°F (65°C), shall be that on
Which the design is based. The pressure of the fluid at
the top of the vessel in its normal operating position
with the laminate temperature as specified in the
Design Specification for Class II vessels, shall be that

for the pressure setting of the ptessure relief devices
protecting the vessel.

(b) The design shall take.into account the maximum
difference in fluid pressure ‘which can occur under the
conditions of operation specified in the Design Specifica-
tion (which may include pressure due to static head)
between the inside and outside of the vessel at any
point or betwéen two chambers of a combination unit.

(c) The design shall take into account all combinations
of loadings ether than pressure (see RD-120) which may
occur, ‘edincident with the specified operating pressure
and temperature. For Class I vessels, any additional thick-
néss required to withstand such supplementary loadings
shall be added to that required to withstand pressure
loading as determined by the requirements of Article
RT-2. For Class II vessels, such supplementary loadings
shall be included in the Design Calculations.

(d) When liners, whether metallic or nonmetallic, are
installed in vessels covered by this Section, no credit shall
be given to the strength of the liner in establishing the
design pressure. However, the weight of the liner shall
be taken into account when determining loadings
other than pressure.

Applications that require a liner for corrosion resis-
tance purposes shall be so identified in the Design Spec-
ification. Any part of the laminate, such as an inner surface
and interior layer composition as described in ASTM
D4097, that is intended for corrosion resistance shall
be so designated in the Procedure Specification. The thick-
ness of this part of the laminate shall be in addition to that
required for pressure and other loading considerations.

RD-110 DEFINITIONS

The terms relating to design used throughout this
Section, together with limiting values, are defined in
RD-111 through RD-116.

on which the design 1s based. When applicable, static
head shall be included in establishing the design basis.
The pressure at the top of the vessel is also the basis

12
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RD-111 DESIGN PRESSURE

The design pressure is the pressure used in the design of

ture. The MAWP for a vessel part is the maximum internal
or external pressure including static head thereon.

the vessel for the purposes of establishing minimum thick-
ness or minimum laminate requirements of the different
zones of the vessel. Static head shall be included in the
design pressure to determine the minimum thickness
or minimum laminate requirements of any specific
zone of the vessel.

For Class I vessels, the design pressure at any point
under consideration shall not exceed the lower of 150
psi (1 MPa) for bag-molded, centrifugally cast, and
contact-molded vessels, and 2,000 psi (14 MPa) for fila-
ment-wound vessels, or one-sixth of the bursting pressure
determined in accordance with the rules of Article RT-2.
The same design pressure at any point under considera-
tion shall not exceed the lower of 3,000 psi (20 MPa) for
filament-wound vessels with polar boss openings only or
one-fifth of the bursting pressure determined in accor-
dance with the rules of Article RT-2.

For Class Il vessels, the design pressure shall not exceed
the limits specified in RD-1120.

RD-112 DESIGN TEMPERATURE®

RD-112.1 Maximum Design Temperature. For Class I
vessels, the maximum design temperature, even though a
lower operating temperature is specified in the Design
Specification, shall be taken as 150°F (65°C) for design
temperatures less than or equal to 150°F (65°C), or-at
the specified design temperature when the d€sigh
temperature exceeds 150°F (65°C). When theldesign
temperature exceeds 150°F (65°C) on Class<kvessels,
the specified design temperature shall(@ot exceed
250°F or 35°F (120°C or 19°C) below+<the maximum
use temperature (see RM-121) of thetresin, whichever
is lower. The hydrostatic qualification pressure tests
used to establish the permissible design pressure shall
be conducted at that temperature (see Article RT-2).
For Class II vessels, the.design temperature shall not
be less than the interior‘laminate wall temperature
expected under operating conditions for the part consid-
ered and shall notexeeed, 250°F or 35°F (120°C or 19°C)
below the maximum use temperature (see RM-121) of the
resin, whichever is lower.

RD-112.2 Minimum Design Temperature. The
minjimum permissible temperature to which a vessel
constructed under this Section may be subjected is
=65°F (-54°C) (see RG-112).

RD-113 MAXIMUM ALLOWABLE WORKING
PRESSURE

The Maximum Allowable Working Pressure (MAWP) is

RD-114 QUALIFICATION PRESSURE

The qualification pressure of a Class I vessel is the
maximum hydrostatic pressure that has been attained
by a prototype vessel and an optional internal bladder
(see Mandatory Appendix 4). This pressure seryes as
proofoftheadequacy of the vessel’s design and fabfication
for the specified service conditions (see RT-223).

RD-115 TEST PRESSURE

The test pressure is that pressureyapplied at the top of
the vessel. For Class I vessels see@rticle RT-4. For Class II
vessels see Article RT-6 on acceptance testing.

RD-116 PRESSURE RELIEF DEVICE SETTINGS

The pressure for which pressure relief devices shall be
set to open is established in ROP-160.

RD-120 LOADINGS

The {oadings to be included in designing a vessel shall
includerany expected combination of loads listed below
and stipulated in the Design Specification:

(a) internal and/or external design pressure as defined
in RD-111;

(b) impact loads;

(c) weight of the vessel and normal contents under
operating and test conditions (this includes additional
pressure due to static head of liquids);

(d) superimposed loads, such as other vessels, oper-
ating equipment, insulation, corrosion-resistant or
erosion-resistant linings, and piping;

(e) live loads due to personnel, which shall be a
minimum of 250 Ib (1100 N) in a 4 in. (100 mm)
circle on the top of the vessel;

(f) snow and ice loads;

(g9) wind loads, and earthquake loads where required;

(h) reactions of supporting lugs, rings, saddles, and
other types of supports;

(i) loads due to thermal expansion and thermal gradi-
ents.

RD-121 STRESS DUE TO COMBINED LOADINGS

The geometry and wall thickness of a vessel designed
under this Section shall be such that:

(a) forClassIvessels,the maximum direct (membrane)
stress due to all combinations ofloadings listed in RD-120
that are expected to occur simultaneously during normal
operation of the vessel shall not exceed one-sixth’ of the
maximum membrane stress value, as determined from the

The axITMum pressure at the top of the vessel imitsnormat
operating position at the coincident laminate tempera-

13

qualification pressure test, and considering any additional
membrane stresses caused by other test loadings in addi-
tion to the pressure loading (see RD-130 and RQ-132);
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(b) for Class Il vessels, the stress or strain distributions
shall be computed for all combinations of loadings listed in

RN 120 h 2400

provided the applicable rules and restrictions for each
material and joining are followed (see RM-140,

RM._ 210 d_A L7

RP-1+26-and—inthePesigmSpecification{seeR6-3+63
which are expected to occur simultaneously during
normal operation, and for other combinations of loads
that could occur during operation or testing of the vessel.

RD-130 DESIGN RESTRICTIONS

Insofar as is reasonably attainable, pressure vessels
constructed under the rules of this Section shall be
designed to be free of bending and shearing stresses, espe-
cially if the vessel is to be subjected to cyclic conditions of
loading. Particular care shall be used in selecting the kind
of end closure, whether formed head or flat head type, and
of nozzle connections for attachment of piping, etc., to
avoid or minimize bending and shearing stresses likely
to be imposed on the structure by such design details.
Class I and Class Il methods of design shall not be inter-
mixed.

RD-140 DESIGN ALLOWANCES FOR
DEGRADATION

When specified in the Design Specification, the design
shall make provision for, but not be limited to, the
following:

(a) selection of resin, fiber, fiber surface treatment, and
liner materials that are chemically resistant to the speci-
fied vessel contents;

(b) fire protection, fire proofing, or fire retardancy;

(c) degradation from ultraviolet exposure;

(d) abrasive conditions.

RD-150 METHODS OF FABRICATION IN
COMBINATION

A vessel may be fabricated by a combination of the ap-
plicable methods covered by this-Section (see RG-400).

RD-151 MATERIALS IN COMBINATION

A vessel may be designed and fabricated of any combi-
nation of materials (permitted by this Section, including
metallic materials_covered in Section VIII, Division 1,

ol
NIV Z TU;, diTad XL OICTC INT 7 %

NOTE: Because of different moduli of elasticity and thermal coef-
ficients of expansion of plastic and metallic materials, caution
shall be exercised in design and fabrication under the provisions
of this paragraph in order to avoid difficulties in service under
extreme temperature conditions or with unusual restraint of
parts such as may occur at points of stress concentration.

RD-152 COMBINATION UNITS

When a vessel unit consists of more than(one indepen-
dent pressure chamber, operating at the same or different
pressures or temperatures, each suchptessure chamber
(vessel) shall be designed and fabricated to withstand the
most severe conditions of pressure’expected in normal
service and as specified inthe Design Specification.
Only the parts of the chambérs which come within the
scope of this Section (see RG-100) shall be fabricated
in compliance with this.Section.

RD-160 PROOF OF DESIGN ADEQUACY

For Class_F vessels, a design shall be considered
adequate-for the specified service conditions when one
or more’full-scale prototype vessels (see RG-321.1),
after having been subjected to 100,000 cycles of pressure
ranging from atmospheric to the design pressure (see
RD-111 and Article RT-2), shall withstand a pressure
notless than six times the specified maximum design pres-
sure. The test fluid shall have a temperature as specified in
RT-223.

Alesser number of cycles at a higher pressure is allow-
able for vessels fabricated per RG-404.2 (Filament
Winding — Polar Boss Openings Only). See RT-223.5.

For Class II vessels, a design shall be considered
adequate for the specified service when the design provi-
sions of Article RD-11 and the Acceptance Test provisions
of Article RT-6 have been met.

14
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ARTICLE RD-2
SHELLS OF REVOLUTION UNDER INTERNAL PRESSURE

RD-200 GENERAL

As indicated in RD-100, there are two methods
permitted in this Section for the design of shells of revolu-
tion under internal pressure. In Nonmandatory Appendix
AA suggested procedures are given by which tentative
thicknesses of Class I vessel parts may be determined
for use in fabricating prototype vessels for qualification
ofthe design. The designer is free to use other equations to
arrive at such tentative thicknesses.

Design qualification of shells of revolutio,of Class II
vessels shall be in accordance with the design criteria
of Article RD-11 and the Acceptance.Test criteria of
Article RT-6. Materials and laminate Construction used
in vessel fabrication shall be in ac€éopdance with the Proce-
dure Specification (see Form/Q-120) for the specified
vessel and fabrication procedure(s) that meet the require-
ments of Mandatory Appendix 1 which have been properly
qualified by the Fabricator.

15
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ARTICLE RD-3
SHELLS OF REVOLUTION UNDER EXTERNAL PRESSURE

RD-300 GENERAL

(a) Asindicated in RD-100, this Section addresses two
methods by which shells of revolution under external
pressure may be designed.

(b) Vessels with heat transfer jackets are outside the
scope of this Section.

(c) Regardless of the design method used, the following
factors shall be included in establishing the design:

(1) the low modulus of elasticity of the material;

(2) the anisotropic character of the material;

(3) the lack of uniformity in centrifugal castings;

(4) the orientation of filaments in filament-wound
vessels.

(d) While there are no mandatory equations for design
of Class I vessels, there are mandatory rules for testing the
prototype vessel thus constructed, as set forth in RD-311
or RD-312.

(e) Class II vessels shall comply with Articles RD-11,
RD-12, and RT-6 and the requirements set forth in
RD-313 and RD-314.

RD-310 QUALIFICATION OF VESSELS FOR
EXTERNAL PRESSURE SERVICE

(a) Class I vessels may be designed fdreither:
(1) external pressure only; or
(2) acombination of both internal and external pres-
sure service.

(b) Class II vessels may only~be designed for external
pressure when the Design“Specification includes both
internal and external ptessure design conditions. Class
II vessels designed(for external pressure only are not
permitted.

Vessels for eéxternal pressure service shall be qualified
as required by RD-311, RD-312, or RD-313.

RD-311:CLASS | VESSELS FOR BOTH EXTERNAL
AND INTERNAL PRESSURE SERVICE

Class I vessels designed for both external and internal
pressure shall have their designs qualified as required
below.

(a) Prototype vessels shall be subjected to. 100,000
cycles of pressure ranging from the maximum.external
design pressure, psi (kPa), to the maximum internal
design pressure, psi (kPa), without failure. These external
and internal pressure tests may be cartied out in two steps
(see RT-223).

(b) Prototype vessels shall then withstand an external
pressure, psi (kPa), of twice themaximum external design
pressure, or 29 in. of mereury (98.2 kPa), whichever is
larger, without buckling,

(c) Prototype vessels shall then withstand a hydro-
static qualificationipressure of at least six times the
maximum intefnal design pressure.

RD-312.CLASS | VESSELS FOR EXTERNAL
PRESSURE SERVICE ONLY

Class I vessels designed for external pressure only shall
be-designed for a minimum of 15 psi (100 kPa) internal
pressure in addition to the design requirement for
external pressure. The design shall be qualified by:

(a) subjecting a prototype vessel to an external pres-
sure of twice the maximum external design pressure, or 29
in. of mercury (98.2 kPa), whichever is larger, without
buckling; and

(b) cyclic pressure and hydrostatic qualification pres-
sure tests in accordance with RD-160 based on 15 psi (100
kPa) internal design pressure.

RD-313 CLASS Il VESSELS FOR BOTH EXTERNAL
AND INTERNAL PRESSURE SERVICE

Class Il vessels designed for both external and internal
pressure shall have Design Calculations made for both
conditions in accordance with Articles RD-11 and
RD-12. The most severe condition shall govern and be
the basis for design. The vessel shall then be acceptance
tested for both internal and external pressure in accor-
dance with Article RT-6 for both design conditions.

RD-314 CLASS Il VESSELS FOR EXTERNAL
PRESSURE ONLY

Class Il vessels designed for external pressure only are
not permitted.

16
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ARTICLE RD-4
SECONDARY BONDING

RD-400 DESIGN OF SECONDARY BONDED
JOINTS

(a) Secondary bonded joints for Class I vessels may be
made by adhesive bonding or laminate overlay. Secondary
bonded joints for Class Il vessels shall be made by laminate
overlay only.

(b) Secondary bonded joints of Class I vessels shall be
designed to withstand a minimum of six times the design
pressure of the vessel without leakage. The adequacy of

bonded joints shall be determined in accordafice with the
requirements of RD-160.

(c) Secondary bonded joints of ClassI vessels shall
employ laminate overlays that are)calculated in accor-
dance with Articles RD-11 and RB/b2 and pass the Accep-
tance Test criteria of Article RT;6.

(d) Parts to be joined bysécondary bonding shall be
surface prepared as specified in the Procedure Specifica-
tion to enhance bond strength and reduce stress intensi-
fications caused by structural discontinuities.

17
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ARTICLE RD-5
OPENINGS AND THEIR REINFORCEMENT

RD-500 GENERAL

As indicated in RD-100, there are two methods in this
Section for determining the design adequacy of openings
and their reinforcement.

Suggested procedures are given in Article AA-4 for
determining how to reinforce openings in Class I
vessels. The designer is free to use other procedures.

Reinforcement of openings in Class II vessels shall
comply with the procedures of Articles RD-11 and RD-12.

RD-510 QUALIFICATION
RD-511 QUALIFICATION OF CLASS | VESSELS

(a) The prototype vessel, complete with all openings
and their reinforcement as specified in the Design
Drawing, shall be qualified by cyclic pressure and hydro-
static qualification pressure tests at the design tempera-
ture and pressure in accordance with RT-223.

(b) Changes outside the scope of the Design Report in
the design of openings and their reinforcement/shall be
considered as changes in the vessel design,\and the vessel
shall be requalified, if required, as specified in RT-201 and
RT-202.

RD-512 QUALIFICATION OF.CLASS Il VESSELS

(a) Vessels built in accordance with Design Calcula-
tions as set forth in Articles RD-11 and RD-12 and as speci-
fied in the Design- Drawing and the Procedure
Specification, shall ‘be“pressure tested and nondestruc-
tively monitored as specified in Article RT-6.

(b) Repairs¢and modifications to the vessel shall
require it ¢o{be retested per Article RT-6.

RD-520 RESTRICTIONS FOR CLASS Il VESSELS

{a) Openings in Class Il vessels shall be flanged nozzles
having a minimum diameter of 2 in. (50 mm).

(b) Screwed connections, or metal insert threaded
connections, in the vessel shell or head are not allowed.

18
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ARTICLE RD-6
NOZZLES AND OTHER CONNECTIONS

RD-600 GENERAL

As indicated in RD-100, there are two methods in this
Section for determining the design adequacy of nozzles
and other openings. The designer is referred to the
Articles AA-2 and AA-4 for general guidance for Class I
vessels. For Class II vessels the designer shall comply
with Articles RD-11 and RD-12.

RD-610 QUALIFICATIONS

RD-611 QUALIFICATION OF CLASS | VESSELS

(a) The prototype vessel shall be qualified by cyclic
pressure and hydrostatic qualification pressure tests at
the design temperature and pressure in accordance
with RT-223, with nozzles and other connections as speci-
fied on the Design Drawings.

(b) Any change inthe design of nozzles or other conneg-
tions shall be considered a change in the vessel design,and
the combinations shall be requalified, if required, asspeci-
fied in RT-201 and RT-202.

RD-612 QUALIFICATION OF CLASS Il VESSELS

(a) Each specified vessel, including nozzles and other
connections, shall be pressure testéd and nondestruc-
tively monitored as specified in Article RT-6.

(b) Repairs and modifications will require that the
complete vessel be retested\per Article RT-6.

RD-613 RESTRICTIONS FOR CLASS Il VESSELS

(a) Nozzles for-Class II vessels shall be limited to
flanged nozzles_that conform to the requirements of
RD-620 and have a minimum diameter of 2 in. (50 mm).

(b) Nozzles and other protrusions shall be capable of
supporting a 250 1b (1 000 N) vertical load.

RD-620 INTEGRAL FLANGED NOZZLES FOR
CLASS Il VESSELS
RD-620.1 Integral Flange Physical Dimensions. All

integral flanged nozzles shall have full-face flanges and
be fabricated by the contact-molding process. The

tion. For pressures greater than 150 psi (1IoMPa) and/
or nozzles greater than 12 in. (DN 300),’see RD-1176
for nozzle design. The flange physical dimensions
(except thickness) shall be in accordance with ASME
B16.5 (Class 150 flanges) for NPS%'2 to NPS 24 (DN 50
to DN 600) and in accordance’with ASME B16.1 (Class
125) for NPS over 24 (DN%600) unless otherwise noted
and specified in the Design Report. The nozzle shall
extend at least 6 in.\(150 mm) from the shell outer
surface to the nozzle flange face unless otherwise
permitted in the Brocedure Specification and specified
in the DesignyReport.

RD-620:2’' Flange Bolt Holes. All bolt holes shall be
spot faced for ASME B18.22.1, Type A washers as
showir'in Table RD-620.1, unless another size is permitted
itpthe Procedure Specification and specified in the Design
Report. Overall machine facing of the back of flanges is not
permitted.

RD-620.3 Flange Faces. Flange face drawback and
waviness shall not exceed %j in. (0.8 mm) as measured
at or inside the bolt circle. No reverse drawback is
permitted. See Figure RD-620.3 sketches (a), (b), and (c).

RD-620.4 Gussets. All nozzles of 6 in. nominal
diameter (DN 150) and smaller shall be provided with
gussets. Gussets shall be plate type [see Figure
RD-620.4(a)] or conical [see Figure RD-620.4(b)]. Plate
gussets, if used, shall be evenly spaced around the
nozzle. Gussets shall be added after complete assembly
of the nozzle on the shell and shall not interfere with
bolting or seating of the washer into the spot face.

RD-620.5 Nozzle Installation. Nozzles shall be
installed per Figure RD-620.5 or Figure RD-620.6 as speci-
fied in the Procedure Specification. Nozzle opening rein-
forcement (reinforcing pad) and secondary bonding to
secure the nozzle to the vessel shall be calculated per
RD-1174.2. If specified in the Procedure Specification,
the secondary overlay necessary to bond nozzles to
the shell may be evenly divided inside and outside the
vessel as shown in Figures RD-620.5 and RD-620.6. An
inside overlay consisting only of a corrosion-resistant
liner per RD-101 shall not be considered as part of the

tlanges and nozzles shall be of integral construction as
shown in Table RD-620.1, whereby the nozzle and
flange are fabricated in a single contact-molding opera-

19
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RD-621 FLANGE DESIGN FOR CLASS Il VESSELS

Flange design shall be in accordance with RD-1176. The

Flange thicknesses based on an allowable stress of
2,500 psi (17 MPa) are precalculated for nozzles sizes

Al A WIPRER n. ¥ N A Bie YaYaR W iaads h I PR | o
TOTTITCCTIIar ny arostatic

allowable stress shall be 0.001 times the lower of the lon-
gitudinal or transverse modulus of the flange laminate as
determined by Article RT-7.

2 ill. ‘I—.U 48 ill. (DIKV JU LU UINV 1 4UU
pressures of 25 psito 150 psi (170 kPa to 1 MPa) and are
listed in Table RD-620.1.
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Figure RD-620.3
Flange Tolerances
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\ Flange waviness /

{a) Flange Waviness
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{b) Reverse Drawback (c) Flange Drawback
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Figure RD-620.4(a)
Plate-Type Gussets

Reinforced
plastic
gusset —, Size No. of
B, Plies, No. of Y,
in. mm X Gussets in. mm
60 deg
2 50 3 4 12 300
\ 3 75 3 4 131/, 340
1, in | 10 ; 4 100 3 4 15 375
2! 1/2in. 6 150 3 4 18(_) 450
(38 mm)- (38 mm)
I Y \— 1
o ) X ply of 11/, oz (450 gr)
Fill voids with mat overlay
resin putty

GENERAL NOTE: Gussets shall be evenly spaced around nozzle. Gussets shall be added after complete assembly.ofhozzle on shell. Gussets are not
required on nozzles over 6 in. (150 mm).

Figure RD-620.4(b)
Typical Cone-Type Gusset

316 in.
(5 mm) ~
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Figure RD-620.5

Flush Nozzle Installation

l«———— d ——>
r4tp
4»‘ tp } Lb
\ t X
T | Lo,
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inside diameter of nozzle

= inside shear bond length

= shear length

= length of pad

= overlay thickness on nozzle
= inside overlay thickness

= thickness of reinforcing pad
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Figure RD-620.6
Penetrating Nozzle Installation
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Legend:
d = inside diameter of nozzle
h; = inside shear bond length
L, = shear length
L, = length of pad
t, = overlay thickness on nozzle

t; =

t =

inside overlay thickness
thickness of reinforcing pad
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ARTICLE RD-7
BOLTED CONNECTIONS

RD-700 FLAT HEADS, COVERS, AND BLIND
FLANGES

Flat heads, covers, and blind flanges shall be made of
either

(a) laminate materials covered in Article RM-1; or

(b) one ofthe metalslisted in Section VIII, Division 1, for
plates, forgings, or castings.

RD-700.1 ForClass|Vessels. Some acceptable types of
flatheads for Class I vessels are shown in Figure RD-700.1.

RD-700.2 For Class Il Vessels. The only acceptable
types of bolted connection for Class II vessels shall be
the types listed in RD-620.

RD-700.3 Nomenclature. The symbols used in this
Article and Figure RD-700.1 are defined as follows:

C = factor depending upon the method of attachment of,
head, cover, or flange, dimensionless (§ege
Figure RD-700.1)
diameter as shown in Figure RD-700.1, inxfmm)
design pressure (see RD-111), psi (MPa)
allowable stress, psi (MPa). For metalflat heads, use
applicable table of maximum allowable stress
valuesin Section VIII, Division 1-Fer flat heads fabri-
cated from laminated materials covered in
Article RM-1, use allowable stress of the specified

”n T

laminate as specified in the Procedure Specification
and which will satisfy the specified design condi-
tions in accordance with RD-160.

t = minimum required thickness’of flat head, cover, or
flange, exclusive of corrosien ‘allowance, in. (mm)

RD-701 MINIMUM REQUIRED THICKNESS

The minimum required thickness of flat, unstayed,
circular heads, covers;and blind flanges shall be calculated
by the following equation:

t = d\/(CP/9) (1)

RD-710"BOLTED FLANGED CONNECTIONS

RD-711 FLANGES AND FLANGED FITTINGS
CONFORMING TO ANSI B16.5 AND B16.1

The dimensional requirements of flanges (except thick-
ness) used in bolted flange connections to external piping
shall conform to ANSI B16.5-1981, Steel Pipe Flanges and
Flanged Fittings, or ANSIB16.1, CastIron Pipe Flanges and
Flanged Fittings, for nozzles over NPS 24, unless otherwise
specified in the Design Report. Thickness of flanges shall
be determined in accordance with RD-100 and RD-160.

Figure RD-700.1
Acceptable Types of Flat Heads for Class | Vessels
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RD-712 FLANGES NOT CONFORMING TO ANSI
B16.5-1981

RD-721 REINFORCEMENT REQUIREMENTS

(a) Flat heads that have an opening with a diameter

RD-712.1 For Class | Vessels. Flanges used for joining
sections of shells or for similar purposes shall be designed
using full-face gaskets or self-energizing types, such as o-
rings. Such flange designs may be used provided they are
proven adequate for the specified design conditions in
accordance with RD-160.

RD-712.2 For Class Il Vessels. Flanges used for joining
sections of shells or for similar purposes shall be designed
using full-face gaskets or self-energizing types, such as o-
rings.

RD-720 OPENINGSIN FLAT METALLIC HEADS,
METALLIC COVERS, AND METALLIC
BLIND FLANGES

Openings in flat heads, covers, and blind flanges shall
conform to the requirements of RD-721 for reinforcement
for all openings, except that single openings in flat heads,
covers, and blind flanges do not require reinforcement
other than that inherent in the construction under the
following conditions:

(a) welded or brazed connections to metal heads
attached in accordance with the applicable rules of
Section VIII, Division 1, and not larger than

(1) NPS 3 (DN 80) heads ¥ in. (10 mm) thick or less;
(2) NPS 2 (DN 50) heads over % in. (10 mm) thick;

(b) threaded, studded, or expanded connections in
Class I vessels only in which the hole cut in the head
is not greater than NPS 2 (DN 50).

that does not exceed one-half of the head diameter d
shall have a total cross-sectional area of reinforcement
not less than that given by the equation

A 0.5Bt

where B is the diameter of the finished opening in its
corroded condition and t is as defined in RD-700.3«

(b) Flat heads that have an opening with a diameter
that exceeds one-half of the head diameter, as)defined
in RD-700.3, shall be restricted to a metal{material and
shall be designed in accordance with~the rules for
bolted flange connections in Section VIH, Division 1, Man-
datory Appendix 2.

(c) As an alternative to (b) above, the thickness of flat
heads may be increased to provide the necessary opening
reinforcement by using 2C\in{place of C in eq. RD-701(1).

RD-730 WELDED_OR BRAZED CONNECTIONS
TO METAL FLAT HEADS, COVERS, OR
BLIND FLANGES

(a) Connections to metallic flat heads, covers, or blind
flanges-attached by welding shall meet the requirements
of Section VIII, Division 1, Part UW.

(b) Connections to metallic flat heads, covers, or blind
flanges attached by brazing shall meet the requirements of
Section VIII, Division 1, Part UB.
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ARTICLE RD-8
QUICK-ACTUATING CLOSURES (FOR CLASS | VESSELS ONLY)

RD-800 GENERAL DESIGN REQUIREMENTS

Closures other than the multibolted type designed to
provide access to the contents space of a pressure
vessel shall have the locking mechanism or locking
device so designed that failure of any one locking
element or component in the locking mechanism
cannot result in the failure of all other locking elements
and the release of the closure. Quick-actuating closures
shall be designed and installed so that it may be deter-
mined by visual external observation that the holding
elements are in good condition and that their locking
elements, when the closure is in the closed position,
are in full engagement. Such closures shall be limited
to Class I vessels and shall meet the requirements of
RD-100 and RD-160.

RD-801 SPECIFIC DESIGN REQUIREMENTS

Quick-actuating closures that are held in position-by.
positive locking devices, and that are fully released by
partial rotation or limited movement of the«closure
itself or the locking mechanism, and any closure that is
other than manually operated, shall be designated so
that when the vessel is installed, the following conditions
are met:

(a) the closure and its holding.élements are fully
engaged in their intended operating position before pres-
sure can be built up in the vessel;

(b) pressure tending to force the closure clear of the
vessel will be released before the closure can be fully
opened for access;

In the event that compliance with (a) and (b) above is
not inherent in(the design of the closure and its holding
elements, prevision shall be made so that devices to
accomplish this can be added when the vessel is installed.

It is recognized that it is impractical to write¢detailed re-
quirements to cover the multiplicity of devices used for
quick access or to prevent negligent'‘operation or the
circumventing of safety devices. Ay device or devices
that will provide the safeguards'broadly described in
(), (b), and this paragraph will meet the intent of the
Code. The design of the €losure shall be verified as
part of the prototype qualification.

RD-801.1 Permissible Design Deviations for Manu-
ally Operated Ctosures. Quick-actuating closures that
are held in position by a locking device or mechanism
that requirés' manual operation and are designated so
that there“will be leakage of the contents of the vessel
priorite,disengagement of the locking elements and
release of closure need not satisfy RD-801(a) and
RP:801(b). However, such closures shall be equipped
with an audible and/or visible warning device that will
serve to warn the operator if pressure is applied to
the vessel before the closure and its holding elements
are fully engaged in their intended position and,
further, will serve to warn the operator if an attempt
is made to operate the locking mechanism or device
before the pressure within the vessel is released.

RD-802 REQUIRED PRESSURE-INDICATING
DEVICES

All vessels having quick-actuating closures shall be
provided with a pressure-indicating device visible from
the operating station.

RD-803 QUALIFICATION

Quick-actuating closures shall meet the proof of design
adequacy requirements of RD-160.
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ARTICLE RD-9
ATTACHMENTS AND SUPPORTS

RD-900 GENERAL

There are no mandatory rules in this Section governing
the design of attachments and supports for Class I vessels.
The designer is referred to Article AA-5 for suggested
procedures to be followed in establishing prototype
design.

Design of attachments and supports for Class II vessels
shall be in accordance with Article RD-11 and shall be
certified by a registered Professional Engineer in accor-
dance with RD-1111.

RD-910 QUALIFICATION

(a) ForClassIvessels, aprototype vessel,complete with
attachments and supports designed for itshall be qualified
by cyclic pressure and hydrostatic qualification pressure
tests at the design pressure and femperature in accor-
dance with RT-223.

(b) Class II vessels, complete with attachments and
supports, shall be tested ds'Specified in Article RT-6.

(c) Any change in the-design of the attachments and
supports shall be donsidered a change in the vessel
design, and the combination shall be requalified.
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ARTICLE RD-10
ACCESS AND INSPECTION OPENINGS

RD-1000 GENERAL REQUIREMENTS

All pressure vessels subject to internal corrosion or
having parts subject to erosion or mechanical abrasion
shall be provided with suitable manhole, handhole, or
other inspection openings for examination and cleaning.

RD-1001 REQUIREMENTS FOR VESSELS 12 in. (300
mm) IN DIAMETER® AND SMALLER

For Class I vessels 12 in. (300 mm) or less in diameter,
openings for inspection only may be omitted ifthere are at
least two removable pipe connections not less than NPS %,
(DN 20) that can be used for adequate internal inspection.
Inspection openings for Class II vessels shall comply with
RD-520.

RD-1002 REQUIREMENTS FOR VESSELS OVER 12
in. (300 mm) BUT NOT OVER 16 in. (400
mm) IN INSIDE DIAMETER

Class I vessels over 12 in. (300 mm) but not over 16 in.
(400 mm) in diameter, that are to be installed so that they
must be disconnected from an assembly to permit inspec-
tion, need not be provided with additional‘epenings for
inspection only, if there are at least twid, removable pipe
connections not less than NPS 1% (DN'40), provided such
openings are so located that adequate internal inspections
can be made. Inspection openingsfor Class II vessels shall
comply with RD-520.

RD-1010 EQUIPMENT OF VESSELS
REQUIRING ACCESS OR INSPECTION
OPENINGS

Vessels that require access or inspection openings shall
be equipped as follows:’

(a).\ClassIvesselsless than 18in. (450 mm) and over 16
imy (400 mm) inside diameter shall have at least two hand-
holes or two plugged, threaded inspection openings of not
Tess than NPS 1% (DN 40).

(b) Class Ivessels 18 in. (450 mm) to 36 in. (920 mm),
inclusive, inside diameter shall have a manhole or at least
two handholes or two threaded pipe-plug inspection

INC 2 (NN A

(c) ClassIvesselsover 36in. (900 mm) insidediameter
shall have a manhole [see RD-1020(a)],“except those
vessels whose shape or use makes one' impracticable
shall have at least two handholées %4 in. x 6 in. (100
mm x 150 mm) or two equal opehings of equivalent area.

(d) When handholes or<pipe-plug openings are
permitted for Class I vessels inspection openings in
place of a manhole, one_handhole or one pipe-plug
opening shallbe in eachhead or in the shell near each head.

(e) Openings with-removable heads or cover plates
intended for other purposes may be used in place of
the requiredyinspection openings, provided they are
equal to atleast the size of the required inspection open-
ings and provided they are located so that adequate
internal inspection can be made.

f) Asingle opening with removable head or cover plate
niay be used in place of all the smaller inspection openings,
provided it is of such size and location to afford at least an
equal view of the interior.

(g) Accesses or inspection openings for Class I vessels
shall comply with RD-520 and RD-1174.

RD-1020 SIZE OF MANHOLE OPENINGS FOR
CLASS | VESSELS

When inspection or access openings are required, they
shall comply with at least the following requirements:

(a) Type and Minimum Size of Manhole. An elliptical or
obround manhole shall be notless than 12 in. x 16 in. (300
mm x 400 mm). A circular manhole shall be not less than
16 in. (400 mm) in inside diameter.

(b) Minimum Size of Handholes. A handhole opening
shall be not less than 2 in. x 3 in. (50 mm x 75 mm),
but should be as large as is consistent with the size of
the vessel and the location of the opening.

RD-1030 SIZE OF MANHOLE OPENINGS FOR
CLASS Il VESSELS
When inspection or access openings are required for

Class II vessels, they shall comply with RD-520 and
RD-1174.

:+ £ 4] +la N
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RD-1031 DESIGN OF ACCESS AND INSPECTION
OPENINGS IN SHELLS AND HEADS

between the moduli of elasticity of the materials of the
vessel and the plug and between the thermal coefficients

All access and inspection openings in a shell or unstayed
head of a Class I vessel shall be designed in accordance
with the suggested procedures of Nonmandatory
Appendix AA or their equivalent and shall be fabricated
into the prototype vessel or vessels used to qualify the
design in accordance with RD-160.

All access and inspection openings in Class II vessels
shall comply with the procedures of Article RD-11.

RD-1040 MINIMUM GASKET BEARING
WIDTHS FOR MANHOLE COVER
PLATES

Manholes of the type in which the internal pressure
forces the cover plate against a flat gasket shall have a
minimum gasket bearing width of % in. (17 mm).

RD-1050 THREADED OPENINGS IN CLASS |
VESSELS

RD-1051 MATERIALS FOR THREADED PLUGS AND
CAPS

(a) When a threaded opening is to be used for inspec-
tion or cleaning purposes, the closing plug shall be
designed with due consideration of the relationships

of-expanstomrof-thosemateriats:

(b) A Class I vessel, with the threaded opening and
closure in place, shall be qualified by cyclic pressure
and hydrostatic qualification pressure tests in accordance
with RT-223.

(c) Any change in the design of openings shall be
considered a change in the design of the vessel, and
the vessel with new opening or openings shall be requa-
lified.

RD-1052 PERMISSIBLE TYPES OF THREADS

The thread for threaded openings shdll be a standard
taper pipe thread, except a straight'thread of equal
strength may be used if additional sealing means to
prevent leakage are provided:

RD-1060 THREADED OPENINGS IN CLASS Il
VESSELS

Threaded opehings are not permitted in any pressure-
containing component of a Class Il vessel. The only excep-
tion is a threaded opening, not to exceed 2 NPT (DN 50), in
a metallic:flat cover for a flanged manway or nozzle.
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ARTICLE RD-11
MANDATORY DESIGN RULES FOR CLASS Il VESSELS™®

RD-1100 GENERAL

Class Il vessels and vessel parts shall be designed using
the stress analysis methods given in this Article. Class II
vessels are those whose designs are qualified by adher-
ence to the mandatory design rules of this Article and are
acceptance tested individually as specified in Article RT-6.
The engineering constants for laminates used in the design
and fabrication of Class II vessels shall be determined in
accordance with Article RD-12.

RD-1110 DESIGN BASIS

Two methods of design are permitted under this Article:

(a) Method A — Design Rules: RD-1170

(b) Method B — Discontinuity Analysis: RD-1180

Specific design by either method shall be qualified by
acceptance testing as specified in Article RT-6. The
maximum strain theory of failure is used for Method A,
and the quadratic interaction criterion is used<for
Method B.

RD-1111 CERTIFICATION OF DESIGN

A Professional Engineer knowledgeable:in'the design of
reinforced plastics and registered in one or more of the
states of the United States or provinces of Canada shall
certify that the calculations contained in the Fabricator’s
Design Report are in compliange with the rules of this
Article and that the vessel\design complies with this
Section for Class II vessels:

RD-1120 DESIGN LIMITATIONS

The maximtim-design pressure and inside diameter of
Class II vessels shall be restricted as follows (see
Figure RDy1120.1).

(a){Vessels designed shall have pressure and diameter
restrictions as follows:

(1) thealgebraicproductoftheinternal pressure [psi
(kPa)] and the inside diameter [in. (mm)] shall not exceed
14,400 Ib/in. (for Customary units, PD = 14,400 lIb/in.; for
SI units, PD = 2 522 kPa-m);

(2) the maximum internal pressure shall not exceed
250 psi (1 724 kPa):

(b) Vessels with diameters greater than 144;in. may be
designed using a combination of Methods™A and B.

(c) Vessels designed by either Methed’A or Method B
shall be limited to an external pressube of 15 psi (100 kPa).

(d) Design temperature shall besas limited by RD-112.

(e) Vessels may be designedintheir entirety by Method
B (discontinuity analysis).

RD-1130 DESIGN ACCEPTABILITY

Design acceptability shall be demonstrated by
comparing design stress and strain values with calculated
buckling valies, allowable strain values, and the mechan-
ical properties obtained from the physical test defined in
Article\RT-7. The appropriate comparison will depend on
thé-governing criterion and is specified in RD-1170
through RD-1189.

RD-1140 LOADINGS

Loadings that shall be considered in the design of spe-
cific vessels under this Article are specified in RD-120.

RD-1150 VESSEL PARTS SUBJECT TO DESIGN
ANALYSIS

Design Calculations shall be provided for pressure-
containing components and support members to
include but not be limited to:

(a) vessel shell;

(b) vessel heads;

(c) openings and their reinforcement;

(d) secondary bonds joining two or more vessel parts;

(e) internal and external attachments (e.g., packing
supports, vessel skirts, hold-down lugs, support rings,
etc.).

RD-1160 LAMINATE COMPOSITION
RD-1161 SCOPE

Laminates acceptable under the Code for Class Il vessels
are limited to those made from resin and fiber specified in
RM-100 and RM-120 by either contact-molded or fila-

(3) the maximum inside diameter shall not exceed
192 in. (4.88 m).
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the fiber form, the ply sequence, or ply orientations.
However, laminates used in Class II vessels shall
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Figure RD-1120.1
Design Limitations for Class Il Vessels
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satisfy the above rules and the Fabricator’s Procedure
Specification regarding fabrication of both vessel parts
and test coupons for determination ef-engineering
constants.

RD-1162 FABRICATION METHODS

Class Il vessels using Method\A or B as the design criteria
shall be limited to contact-molded construction, filament-
wound construction, or\a combination of the two.

RD-1163 ENGINEERING CONSTANTS

Elastic constants for Class Il vessel design shall be deter-
mined forthe-specific laminate specified in the Procedure
Specification. Elastic constants for the laminate shall be
deterntined by means of laminate theory using the ortho-
tropi¢ properties of the individual lamina in accordance
with Article RD-12. The lamina strength constants shall be
determined in accordance with Article RT-7. The lamina
elastic constants shall be determined in accordance with
Article RT-7 or Nonmandatory Appendix AK.

RD-1163.1 Laminate Theory. Laminate theory is a
mathematical treatment of the mechanics governing
the behavior of a unidirectional orthotropic lamina,
and the interrelation of multiple lamina forming a multi-
directional laminate. Laminate theory requires that four
elastic constants and five strength constants for the ortho-
tropiclaminabe determined. The elastic constants are lon-
gitudinal, transverse, and shear modulus, and the major
Poisson’s ratio. The five strength constants are longitudi-
nal tension and compression, transverse tension and
compression, and the in-plane shear strength. Test
methods for elastic and strength constants of the unidir-
ectional lamina are specified in Article RT-7. Alternatively,
the elastic constants of the lamina may be determined in
accordance with Nonmandatory Appendix AK. The math-
ematical treatment to calculate the resulting stiffness coef-
ficients is specified in Article RD-12. An example of
laminate theory is given in Nonmandatory Appendix AD.

Method A requires that the laminate be treated as
homogeneous and, therefore, possessing effective lami-
nate engineering properties. For balanced, symmetric

Laminate theory (see Article RD-12) shall be used to
determine the elastic constants of both contact-molded
and filament-wound laminates.
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laminates, it is possible to express the effective engi-
neering properties as a function of the stiffness constants
Aj; and the laminate thickness. If the laminate is not
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symmetric, the determination of effective engineering
properties is more complex, requiring the inversion of

(b) Elastic constants shall be determined as specified in
RD-1163.

tllC at;ffucaa lllatl iA tU ﬂllUVV CAlJl CDD;UII Uf tllC lauliuatc
effective constants in terms of compliance (see
Nonmandatory Appendix AD).

RD-1164 THICKNESS OF VESSEL PARTS

The design thickness of vessel parts shall be expressed
both as a numerical value with appropriate units, and as a
specific number of plies of specified orientation as desig-
nated in the Procedure Specifications. The Fabricator shall
document as part of the Procedure Specification that the
vessel part contains the specified number of plies and ply
orientation.

RD-1165 RESIN-FIBER RATIO

The percent fiber for both vessel parts and test coupons
shall be within the range specified by the Procedure Spec-
ification. The fiber content, by weight, of the test coupon
shall be between 90% and 100% of the minimum fiber
content specified for the vessel part.

RD-1166 CHARACTERIZATION OF LAMINATES

Filament-wound laminates shall be defined in terms of
wind angle, number of plies, type of fiber with manufac-
turer’s designation, type of resin with manufacturer’s des-
ignation, and resin-fiber weight ratio as specified in the
Procedure Specification.

Contact-molded laminates shall be defined in terms*of
type of fiber with manufacturer’s designation, typeofresin
with manufacturer’s designation, fiber orientation of each
ply with respect to longitudinal axis of vessel or vessel
part, number and sequence of various fiber configura-
tions, and resin-fiber weight ratio as specified in the
Procedure Specification.

RD-1170 DESIGN RULES — METHOD A

RD-1170.1 Scope. Laminate strength is a function of the
loading combinations. The design equations specified in
Method A require.that the directional dependency of the
laminate be considered and used. In addition, the stresses
and strains of\any combination of loads listed in RD-120 or
the Design Specification shall be computed when such
loads are expected to occur simultaneously during opera-
tiontor/testing. Engineering constants used with the
various equations shall be consistent with the material
axis under consideration. The size or thickness of
vessel parts shall be such that the imposed strain does
not exceed the allowable strain for the laminate in that
axis.

RD-1170.2 Design Parameters

te}Pesignfactor-isSomattexternat-pressure—cateuta
tions.

(d) Design factor is 10 on internal pressure and rein-
forcement calculations. This factor is incorporated in the
0.001 strain limitation.

RD-1171 THICKNESS OF SHELLS

The thickness of vessel shells under internal pressure
shall notbe less than that computed by the following equa-
tions. In addition, all of the loads listed it RD-120 shall be
provided when such loads are specified inthe Design Spec-
ification. Rules for design of vessel shells under this
Section are limited to cylindrical/and spherical shells.
Any shell or nozzle designedvinder this Article shall
have a minimum structural thickness of %, in. (6 mm).

RD-1171.1 Cylindrical Shells Under Uniform Internal
Pressure. The minimum thickness of cylindrical shells
under internal, pressure shall be the greater of (a) or
(b) below, but-not less than %, in. (6 mm).

PR L
ty = —————— for longitudinal stress
2(0.001E;)
PR
ty = for circumferential stress
0.001E,
where
E; = tensile modulus in longitudinal direction
E, = tensile modulus in circumferential direction
P = internal pressure
R = inside radius
t; = structural wall thickness for longitudinal stress
t, = structural wall thickness for circumferential stress

RD-1171.2 Spherical Shells Under Internal Pressure.
The minimum structural thickness of spherical shells
under internal pressure shall be computed as follows:

PR
2(0.001E)

where

= lesser of E; or E,,

= modulus in meridional direction
modulus in circumferential direction
internal pressure

inside radius

thickness of structural laminate

(a) Elastic constants at design temperature shall be
used for calculations.
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RD-1172 VESSEL SHELLS UNDER EXTERNAL

() y=109,if Z, >100

PRESSURE where
Rules for design of shells under external pressure given Ehf3/2Eatl/2 1/2 12
in this section are limited to cylindrical shells, with or Zp = 2 (1 T ”y)

without stiffening rings and spherical shells.

RD-1172.1 Cylindrical Shells Under External Pres-
sure. The required minimum thickness of a cylindrical
shell under external pressure shall be determined by
the following procedure.

The maximum allowable external pressure between
stiffening elements shall be computed by the following:

KD 08531 y Ey®/* Byt /*15/2

Eaf

where E, is the axial flexural modulus, psi

NOTE: The use of lamination theory for the predigtieh of
vy and v, is acceptable.

For alternative rules, see Nonmandatory\Appendix Al

RD-1172.1.1 The required moment‘ef inertia I; of a

fa = 3/4 (D, 3/2 circumferential stiffener ring for“cylindrical shells
(1 T y)’) L(?) F under external pressure shall not\bedess than that deter-
mined by the following equation:
where I = <P0L5D03F) / (24E2)
D, = outside diameter of shell, in.
E,. = axial tensile modulus, psi where
Epr = hoop flexural modulus, psi
F = design factor = 5 D, = outsidé diameter
KD = a knockdown factor E, = hooprtensile modulus
= 1.0 for laminates consisting of all chopped strand F = design factor = 5
mat and for laminates consisting of chopped Ly =_one-half the distance from the center line of the
strand mat and woven roving stiffening ring to the next line of support on
= 0.84 for all other laminates one side, plus one-half the center line distance
L = design length of a vessel section, in., taken as the to the next line of support on the other side of
largest of the following: the stiffening ring, both measured parallel to
(a) the distance between head-tangent lines the axis of the cylinder. A line of support is:
plus one-third the depth of each formedhead, (a) a stiffening ring that meets the require-
if there are no stiffening rings (excluding ments of this paragraph;
conical heads and sections); (b) acircumferential line on a head at one-third
(b) the distance between coge-to-cylinder the depth of the head from the head tangent line.
junctions for vessels with.¢one or conical P, = external pressure
heads, if there are no stiffening rings;
(c) the greatest center-to-center distance RD-1172.2 Spherical Shells Under Uniform External
between any two adjdcent stiffening rings; Pressure. The minimum thickness of spherical shells
(d) the distance ffom the center of the first stif- under external pressure shall be computed as follows.
fening ring to the formed head tangent line plus Step 1. Assume a value of t for the structural wall thick-
one-third the-depth of the formed head (excluding ness and compute the allowable pressure:
conical heads-and sections), all measured parallel 0.41 (E/F)(t)z
to the axis-of the vessel; Py = 3
(e)the distance from the first stiffening ring in V3L = ) (Ro)
thé eylinder to the cone-to-cylinder junction.
P, =«allewable external pressure, psi where
t="wall thickness, in. (nominal)
= flexural Poisson’s ratio in the axial direction E = small(.er of £y -and Ez, ) . S
v, = flexural Poisson’s ratio in the hoop direction E; = effective tensile modulus in meridional direction
y = reduction factor developed to better correlate E, = effective tensile modulus in circumferential direc-
theoretical predictions and test results tion
(a) y=1 - 0.001Z,, if Z, < 100, F = design factor = 5
P, = allowable external pressure
R, = outside spherical radius
t = structural wall thickness
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Table RD-1173.2
Values of Spherical Radius Factor K, for Ellipsoidal

Major-to-Minor Axis Ratio K,
2.0 0.9
1.8 0.81
1.6 0.73
1.4 0.65
1.2 0.57
1.0 0.50

V1
V2

Poisson’s ratio in major direction
Poisson’s ratio in minor direction

Step 2. Assume successive values of t until P, equals or
exceeds the design external pressure.

RD-1173 THICKNESS OF HEADS

RD-1173.1 Thickness of Heads Under Internal Pres-
sure. The required thickness of vessel heads under
internal pressure shall be computed by the appropriate
equation below.

- for ellipsoidal head
2(0.001E;,)
PR, ) )
= ——————— for hemispherical head
2(0'001Ehd)
where
D = inside diameter
Enq = design modulus for the head
P = internal pressure
R = inside spherical radius
t = head wall thickness

RD-1173.2 Thickness-of'‘Heads Under External Pres-
sure. Rules for design of end closures with pressure on the
convex side givendn'this Section are limited to: hemisphe-
rical heads, or ellipsoidal heads with major-to-minor axis
ratios not to ‘exceed 2 to 1.

(a) Hemispherical Heads. The required thickness of a
hemispherical head having pressure on the convex side
shall\be’ determined in the same manner as outlined in
RD-1172.2 for determining the thickness of a spherical
shell.

(b) Ellipsoidal Heads. The procedure for determining
the required thickness of an ellipsoidal head under
external pressure is based on the analogy between the
maximum allowable compressive stress in the crown

an ellipsoidal head varies along the meridian, allowing
an average or equivalent radius based on the major-to-
ora atioto-be-used—Atable-offactorsHford

mining the equivalent spherical radius is given in
Table RD-1173.2.

The required thickness of an ellipsoidal head under
external pressure shall be determined in the same
manner as outlined in RD-1172.2 using the following

equation:
041 (E/F) (t)*

Py =
47 BA - o) (K,D,)°

where

D, = outside radius of crowmn portion of head
F = design factor = 5
K, = factor depending on’ellipsoidal head proportions

RD-1174 OPENINGS IN SHELLS AND HEADS

RD-1174.1-General. Openings in shells and heads of
Class I1vessels designed using Method A shall be restricted
to thosé formed by the intersection of the shell or head
with.a circular cylindrical nozzle neck. The ratio of the
lohgest chord length of the opening to the shortest
chord length shall not exceed 2.

(a) For vessel diameters 48 in. (1200 mm) and less,
openings shall not exceed 50% of the vessel diameter.

(b) For vessel diameters greater than 48 in. (1200
mm), openings shall not exceed 24 in. (600 mm).

RD-1174.2 Reinforcement of Openings and Nozzle
Attachments. Attachment of nozzles to vessel shell or
head requires that consideration be given to both (c)
the reinforcement of the opening and (d) the secondary
overlay that attaches the nozzle to the shell. The require-
ments for both these considerations may be incorporated
into the same overlay provided the laminate comprising
the cutoutreinforcement on the shell is projected onto and
becomes part of the secondary overlay attaching the
nozzle to the shell or head.

The reinforcing pad around a nozzle opening and the
projection of this overlay onto the nozzle serve two
purposes

(a) It provides a reinforcing pad of sufficient thickness
and length to reduce the stresses at the opening to an ac-
ceptable level.

(b) Itprovides sufficient shear areato secure the nozzle
to the vessel.

NOTE: The secondary bond strength in shear for design purposes
shall not exceed 1,000 psi (7 MPa).

Reference is made to Figure RD-1174.2. For the reinfor-

region of @ read-travingamequivatent crowr radius R;;
and the maximum allowable compressive stress in a
sphere of the same radius. The radius of curvature of
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(c) through (f) below shall be met.
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Figure RD-1174.2
Dimensions of Reinforcing Pad and Nozzle Overlays

l
I
\
|
|

4ty

/

4t

Interior laminate (see Figures
RD-620.5 and RD-620.6)

inside overlay thickness
t, = thickness of reinforcing pad

Legend:
d = inside diameter of nozzle
h; = inside shear bond length
L, = shear length
L, = length of pad
t, = overlay thickness on nozzle

(c) Length of Secondary Overlay.om,Nozzle. The
secondary bond length L, on the nozzle-shall be sufficient
to withstand the internal pressuxé_acting against the
cross-sectional area of the nozzlé.

p
L, = — _ or3in. (7S mm), whichever is greater
2(Ss/F)
where
F = design factor = 10

= shear\length
P = internal pressure

r =ninside radius of nozzle

S¢ 5 secondary bond strength in shear [1,000 psi (6.995
MPa) max.]

(d) Thickness of Secondary Overlay on Nozzle. The

secondary overlay thickness t;, on the nozzle shall be suffi-
cient to withstand the nozzle internal pressure.

= effective tensile modulus of secondary laminate
parallel to nozzle axis

E, = effective tensile modulus of secondary laminate
circumferential to nozzle
P = internal pressure
r = nozzle internal radius
S, = allowable stress of secondary overlay, defined as
the lower of 0.001E; or 0.001E,
t, = overlay thickness on nozzle

(e) Thickness of Reinforcement Pad on Shell or Head. The
thickness ¢, of the reinforcing pad shall be the greater of
(1) and (2) below:

(1) a thickness of secondary overlay with strength
equivalent to the tensile strength in the circumferential
direction of the shell thickness removed:

PR

or 0.25 in. (6 mm), whichever is greater

t, =
a

38
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Figure RD-1174.3
Stress Concentration Factors for a Circular Hole in a Pressurized Cylindrical Shell

ENTR/

CIRCULAR H
PRESSURIZED CYLI
(Based on data of

ION
OLE

Van

T
FACTORS

NDRICAL SHELL :
Dyke)

rane plus bending

% = B = vivy)

2

HH
2

GENERAL NOTE: This figure is republished with permission of John Wiley & Sons, Inc., from Stress Concentration Factors: Charts and Relations
Useful in Making Strength Calculations for Machine Parts and Structural Elements by R. E. Peterson, Copyright © 1974; permission conveyed

through Copyright Clearance Center, Inc.

E, = effective tensile\modulus of secondary overlay in
circumferential -direction

P = internal pressure

R = radiusrof-shell

t, = thickness of reinforcing pad

(2)\a’thickness of secondary overlay, which when
added\to the shell thickness, will reduce the bending
stress at the opening to an allowable level. The allowable
bending stress shall be defined as 0.1% of the flexural
modulus of the reinforcing laminate in its circumferential
direction. Compute as follows:

Step 1. Compute Beta factor

where
R = radius of shell
r = radius of nozzle
t = thickness of shell
B = Beta factor
v, = Poisson’s ratio in major direction
v, = Poisson’s ratio in minor direction

Step 2. From Figure RD-1174.3, determine the
stress concentration factor K, for membrane plus bending.
Step 3. Compute maximum stress at opening

Smax = S2 K¢

where

r

VRt

_ 1/3(1 - 1/11/2)

P 2

&)

39

E, = effective tensile modulus of the shell laminate in
the circumferential direction
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S, = allowable stress for the shell laminate in the
circumferential direction, defined as 0.001FE,

(-a) Fornozzles 6 in. (150 mm) diameter and less,
L, shall be at least as great as L..

Loda)

Step 4. Determine the moment M associated with
the stress Sp,ax being applied at the edge of the opening.
Assume a moment beam 1 in. (25 mm) wide and having a
thickness equal to the shell thickness, with the stress
decreasing away from the edge of the opening. These
assupmtions are not valid for SI units.

Spnax £

6

M_

where

t = vessel shell thickness

Step 5. Determine the thickness of reinforcement
that will reduce the stressimposed by the moment M to the
allowable S; defined as 0.001Ex Assume an effective
equivalent moment to be M/2.

|6(M/2)
t, = |—— —t
P \/ Sf
where
Ef = flexural modulus of reinforcing laminate in the

circumferential direction

allowable stress, defined as 0.001Ej
thickness of vessel shell

» = thickness of reinforcing pad

o~
~
I

The thickness of the reinforcing pad shall be.the
greater of the thicknesses computed for (1) and (2} above.
(f) Length of Reinforcing Pad. The reinforcitig\pad shall
project a distance L, from the edge of thelopening and
encompass a 360 degarcaround the opening. The distance
L, shall be at least as great as the greater of (1) and (2)
below. The pad shall terminate in a-taper over an addi-
tional distance six times the thickness of the pad.

(1) Asecondary bond drea’on the shell shall provide
sufficient shear area to resist the internal pressure force
on the nozzle. By convention this area will be expressed in
terms of a distance L, that the reinforcing pad will extend
out from the nozzle’and shall be computed as follows:

oy TrornozZZres greatcrthanr o i roo—mm;
diameter, but less than or equal to 12 in. (300 mm)
diameter, L, =6in. (150 mm) or Y L., whichever is greater.

(-¢) For nozzles greater than 12 in. (300 mm)
diameter, L, shall be at least as great as L. See
Figure RD-1174.2.

RD-1175 JOINING VESSEL PARTS

RD-1175.1 General. Joining of two or more véssel parts
by use of secondary overlay requires that the®overlay lami-
nate meet two criteria:

(a) the thickness of the overlay shall be sufficient to
withstand the stresses incurred by, thestronger part; and

(b) the length of the overlaynshall be sufficient to
provide a secondary bond shear-strength equal to the lon-
gitudinal tensile modulus of’the weaker part.

RD-1175.2 Head-to-Shell Joint Overlay Subject to
Internal Pressure (See' Figure RD-1175.2).

(a) Thicknessof Overlay. The thickness of the overlay ¢,
shall be sufficient to withstand the circumferential stress
imposed, on. the shell due to internal pressure and speci-
fied hydrostatic loading.

PR + t)
® " 0.001E,
where
E, = effective tensile modulus of secondary laminate in

circumferential direction

R = radius of shell
t = thickness of shell
t, = thickness of overlay

(b) Length of Overlay. The length of the secondary
overlay L, shall be at least that given below. The total
length of the overlay extending on both sides of the
joint shall be at least 2L,. The overlay shall terminate
as a taper over an additional distance at least four
times the thickness of the pad.

Sufficient secondary shear bond strength to resist
internal and hydrostatic pressure is given by:

nL.P
P o4s /F - PR
s °  28/F
h
WS where
F = design factor = 10
_ es'gn factor . F = design factor = 10
L. = longest chord length of opening . .
L =1 L, = length of overlay on each side of joint
» = length of pad : i
. P = internal pressure at joint
P = internal pressure R = radius of Vessel at joint
S = dary bond sh t th -
s = secondary bond shear streng Ss = secondary bond strength in shear

(2) Minimum Reinforcing Pad Requirements

40

1,000 psi (7 MPa) max.
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Figure RD-1175.2
Head/Shell or Shell/Shell Overlay Dimensions

RD-1176 DESIGN OF FLANGES

RD-1176.1 Nomenclature. The following symbols are

used in the equations for the design of flat nozzle flanges

3o employing a full-face gasket:
A = outside diameter of flange, in. (mm)
Ap = total cross-sectional area of bolts at root
diameter of thread or section of least diafiteter
under stress, in. (mm)
A, = total required cross-sectional area ef-bolts, the
greater of W,,1/S, or W,,2/S,, irf? (mmz)
B = inside diameter of flange, in, (mm)
b = effective gasket width or,joint-contact-surface
seating width, in. (mm)
C = diameter of bolt cirele, in. (mm)
d = shape factor for integral type flanges
th N = (U/V)hogo’
I : : | d; = bolt hole diameter
tgap : 1! e = shape factor
v B = F/h,
— K :: F = shapefactor (see Figure RD-1176.3)
4tp 'I :|| f = hub stress correction factor (see Figure
LA i Y RD-1176.4)
T at, A : : : A =V1 for calculated values less than 1
“I il G* = diameter of gasket load reaction
A W o 1 1 go = thickness of hub at small end
sl g1 = thickness of hub at back of flange
Eofiset | 1%— Le H = hydrostatic end force
: : : | h = length of hub, in.
11! Hp = hydrostatic end force on area inside of flange
R hp = radial distance from bolt circle to circle on which
I : : : Y Hp acts
Shell Al A H; = difference between bolt load and hydrostatic
1R at, end force
| y Y h; = radial distance from bolt circle to circle on which
: — Hg acts
ol i e h'c = radial distance from bolt circle to gasket load
| reaction
I h" = flange lever arm
Hg, = bolt load for gasket yielding
Legend: = bnG
L, = overlay length , Y . .
tyap = <0.376 in. (10 mm) H’g, = compression load required to seat gasket
t, = structural head or shell thickness outside G diameter
t, =(overlay thickness H, = total joint-contact-surface compression load
boftsed| =)= ts/3 = 2bnGmp
k)= structural shell thickness H,’ = total adjusted joint-contact-surface compres-
P
GENERAL NOTE: The interior of the joint shall be sealed to prevent sion for full-face gasketed flange, Ib
infusion of the vessel contents into the joint. In the case of a vessel with = (hG/h/G)Hp
an RTP liner and where possible, itis recommended that a seal bond of . X
a minimum of 3 in. (75 mm) (not including the taper) be used of the Hr = difference between total hydrostatic end force
same construction as the RTP liner in the vessel components. In those and the hydrostatic end force area inside of
cases where it is not possible to install a seal bond on the interior of an flange
RTP lined vessel, the joint shall be sealed. = H- Hp
7 = radial disStance from bOIT CITCIE To CITCle on which

41

Hr acts
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K = ratio of inside flange diameter to outside flange y= (seating load)
diameter m = (gasket factor)
1"v{ = IL\;ut l/ugd, optt atius, llu (d) DCtCl e luada
= Mmax, 2
m = gasket factor H = Gp/4
M, = moment under bolt-up conditions
Mp = component of moment due to Hj H, = 2bzGmp
M; = component of moment due to Hg
M, = total moment ;o /
M7 = component of moment due to Hr Hp h <hG / hp)Hp
N = number of bolts
p = design pressure W = Hp + H + HI’[J
S, = allowable bolt stress at ambient temperature
Sp = allowable bolt stress at design temperature Hg, = baGy
Sra = allowable flange stress at ambient temperature 4
Sro = allowable flange stress at design temperature , .
Sy = longitudinal hub stress Hgy = (hg [4)Hgy
Sg = radial flange stress
Srap = radial stress at bolt circle W = HGy + Héy
St = tangential flange stress
T = shape factor (see Figure RD-1176.5) (e) Determine the\bolting requirements
t = flange thickness _
U = shape factor (see Figure RD-1176.5) A = Wt/ Sp
V = shape factor (see Figure RD-1176.2)
W, = flange design bolt load Ay = Wi /S
W,,1 = minimum bolt loading for design conditions
W2 = minimum bolt loading for bolt-up conditions Am\(= greater of 4, and 4,

= shape factor (see Figure RD-1176.5)
gasket unit seating load
= shape factor (see Figure RD-1176.5)

N< <N
1

RD-1176.2 Allowable Flange Stress. The flange‘thick-
ness shall be designed such that the allowable stréss does
not exceed 0.001 times the modulus of the laminate used
to fabricate the flange. The design modulu$-shall be the
lower of the longitudinal and transversé“moduli of the
flange laminate as determined by Article RT-7.

RD-1176.3 Calculation Procedure. See Figures
RD-1176.1 through RD-1176:5:

(a) Determine design conditions, material properties,
and dimensions of flange, bolts, and gasket.

(b) Determine the-lever arms of the inner and outer
parts of the gasket.

(C — B)(2B + 0)
6(B + C)

hG =

(A-—C@A+ 0
6(C + A)

’

hg

(c) Determine the gasket dimensions

Ap = sum of cross-sectional areas of bolts
W, = 0.5(A,, + Ap)S,

(f) Determine flange load, moments, and lever arms

Hp = nB*p/4
Hr = H — Hp
hp = R + 05g

hy = 05(R + g + hg)
Hp hp
Hr hr
M, = Mp + Mg
(g) Determine flange moment at gasket seating condi-

tion
H; =W - H

b - _hGhe
G = C — 2hg G = m
b = (C~ B)/4 Mg = Hght

42
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Figure RD-1176.1

Design of Full-Face Nozzle Flanges

Design Conditions Gasket and Bolting Calculations
Design pressure, p psi (kPa) | Gasket details G C—2hg
Design temp. F(C) b (C-B) /4
Atmospheric temp. ‘F (°C) | Facing details y
Flange material m
Bolting material p _(C-BQB+ 0 _ pr o A-0QA+ O
A = B = c = T 6B+ 0O é 6(C + A)
Allowable| Oper. temp. Sy psi (kPa) | H, = 2bmGmp = Hgy = bmGy =
bolt
stress Atm. temp. Sa psi (kPa) G* mp h
=7 = o = | gdH =
Y h’G Y
Allowable| Oper. temp. Sro psi (kPa)| he
flange Hyp = 2 Hp = Wpp =Hg, + Hl, =
stress | Atm. temp Ska psi (kPa) € & &
Wopi = Ho+ H+ H', =
An = t f% d%— Ag = W, = 0.5(A Ap)S, =
Bolting requirement |7 — greater 0 Sp an S, A a = 0oUim + Agloa =

Flange Moment at Operating Conditions

Flange Loads (Operating Condition) Lever Arms Flange Moments (Operating Condition)
Hp = wB%/4 = hp = R+ 0.59, = Mp = Hp X hp =
Hr = H-Hp = hr = 0.5(R + g, + hgr.= My = Hr X hy =
M, = Mp+ My =
Flange Moment at Gasket®Seating Conditions
Flange Load (Bolting-up Condition) LeVer Arm Flange Moment (Bolting-up Condition)
He = Wo-H = h'e = hgh'§ilhg + h'g) = Mg = Hg X h'"g =

Mpax = greater of M, or M, X

Sk
SFa

(Equivalent, to\ehecking for M, at allowable flange
stress of Sgp.and separately for M, at allowable

flange_stk€ss of Sr,)

Mmax

M 5 =

43
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Figure RD-1176.1
Design of Full-Face Nozzle Flanges (Cont’d)

Stress Calculation Shape Constants
Longitudinal hub stress Sy = f/W)\gl2 K = AIB = h, = |Bg, =
Radial flange stress Sp = BM/\E? T = = Wh, =
Tangential flange stress S; = (MVY/t?) ZSg = = F =
Greater of 0.5 (Sy + Sg) or 0.5(S4 + Sp y = = vV =
Radial stress at bolt circle Sgap = —
t°(wC — Nd,) /g, = e = F/h,
»r—|<—go= d:lvjhog;:
t (assumed)
~— A= L~ 91 = _
g A j ~ a = te+1
h B B = Yste + 1
w vy = o/T
1 5 = tId
t ~T1 hp - A=y+3d
{ >—c-
' A <—hr-—4 Hr
h G—> | hG-><—G=
H'g Hg
N = _No. bolts =
¢, = Dia. bolt holes =
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Figure RD-1176.2
Values of V
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Figure RD-1176.3

Values of F
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Figure RD-1176.5
Values of T, Z, Y, and U
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(h) Assume a flange thickness t.

(i) Calculate stress and compare to-allowable stress

SRAD =

SH

SR

St
where

M = Mmax/B

6Mg

- & < allowable
t (JTC - Ndl)

{M/2g] < allowable

pM //11‘2 < allowable

(MY /1) - ZSg < allowable

RD-1180 DISCONTINUITY ANALYSIS —
METHOD B

RD-1180.1 Scope. Design to Method Brequires detailed
stress analysis and evaluation of the results of this analysis
against the quadratic interaction strength criterion or the
quadratic interaction damage criterion. The stress
analysis and evaluation shall include the directional prop-
erties of the laminate and individual lamina and shall take
into account primary and secondary stresses caused by
gross structural discontinuities.

RD-1180.2 Design Parameters.

(a) Elastic constants at design temperature(s) shall be
used for calculations.

(b) Elastic constants of the laminate for use in Method B
shall be determined as specified in RD-1163.

(c) The lamina strength constants shall be determined

7

3 | sale A ar: ol n Tl 1 H 1 43
T attoOTUdITCC—WITIT 711 CICTC IV TIIC IdllIird crastItc

constants shall be determined in accordance with
Article RT-7 or Nonmandatory Appendix AK.
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RD-1181 DEFINITIONS

(a) Gross structural discontinuity is defined as a source

general are not equal at the adjoining edges. The deforma-
tions at an element’s edge are defined as:

L1 daal

of stress or strain intensification which affects a relatively
large portion of a structure and has a significant effect on
the overall stress or strain pattern or on the structure as a
whole.

Examples of gross structural discontinuities are head-
to-shell and flange-to-shell junctions, nozzles, and junc-
tions between shells of different diameters or thickness.

(b) Local structural discontinuity is defined as a source
of stress or strain intensification which affects a relatively
small volume of material and does not have a significant
effect on the overall stress or strain pattern or on the struc-
ture as a whole.

Examples are small fillet radii and small attachments.

RD-1182 STRESS ANALYSIS

A detailed stress analysis is required for all vessels
designed to Method B. The linear elastic stress analysis
shall include the effect of gross structural discontinuities.
Primary and secondary, normal and shear, and general
and local thermal stress shall be calculated for all
lamina. The effect of local structural discontinuities
need not be considered provided that all fillet radii are
%, in. (13 mm) or greater.

Analysis of the vessel under internal pressure is
required. In addition, the stresses and strains caused
by any combination of the loads listed in RD-120 and
in the Design Specification shall be computed @when
such loads are expected to occur simultaneously
during normal operation or testing of the ¥essel. All
possible load combinations shall be considefed. Stresses
and strains shall be determined from an<analysis of the
vessel under combined loads or by-superposition of
results from analyses of specificilléad combinations.
Stress analysis of pressure vessels is complex and will
normally require the use of a general-purpose computer
program. Such programs will‘typically be based on finite
element, finite differencg, or stiffness analysis techniques.
Such programs shall-take into account the anisotropic
properties of thedaminate.

RD-1182.1 Discontinuity Analysis.

(a) The\analysis of pressure vessels containing discon-
tinuity~areas shall be performed in a standard manner
similar/to the analysis of any statically indeterminate
structure. The analysis is initiated by separating the
vessel into shell elements of simple geometry (such as
rings, cylinders, etc.) of which the structural behavior
is known. The pressure, mechanical, and thermal loads
acting on the structure shall be applied to the shell
elements with a system of forces required to maintain

i 1 4
(17 Tadm@ararspracenent
(2) rotation of meridian tangent

A redundant moment and shear force must exist on the
edges of the elements in order to have compatibility of
deformations and restore continuity in the structure,

(b) At each juncture discontinuity, two equations shall
be written which express the equality of the combined
deformations due to all the applied loads and the'redun-
dant forces and moments.

One equation expresses the equality. of-rotation; the
other equation expresses the equality~of displacement
of the adjacent elements. The resulting system of simul-
taneous equations shall be solved\to obtain the redundant
moment and shear force at each juncture.

RD-1182.2 Procedure for Discontinuity Analysis. The
following are the basiostéps to follow for determining the
redundant shear and moment that may exist at a pressure
vessel discontinuity.

(a) Separate tlie vessel into individual shell elements at
locations of‘\discontinuity.

(b) Calculate the edge deformations of each element
caused by a unity shear force and a unit moment at
each edge. These values are known as influence coeffi-
cients.

The deformations due to local discontinuity shall be
included in the calculation of these coefficients as follows:

(c) Calculate the edge deformations of each element
caused by loads other than redundant loads.

(d) Calculate the edge deformations of each element
caused by the temperature distributions.

(e) At each juncture of two elements, equate the total
radial displacements and the total rotations of each
element.

(f) Solve the final system of simultaneous equations for
the redundant shears and moments.

RD-1182.3 Examples of Discontinuity Analysis.
Examples of discontinuity stress analysis for general
and specific geometries are contained in Articles AC-1
through AC-4. These examples are for vessels without
openings and fabricated from a single lamina of isotropic
material. For vessels with openings, complex geometries,
or anisotropic materials of construction, hand calculations
become extremely difficult and computer-based analysis
methods are normally used.

RD-1183 EXTERNAL PRESSURE AND BUCKLING

The stress distributions resulting from external pres-
sure or from loads which cause compressive stresses
shall satisfy the criteria of RD-1187 through RD-1189.
In _addition, the calculated minimum buckling pressure

the static equittbriumm of eacit etfement. T hese toads and
forces cause individual element deformations, which in

49

or load of the vessel shall be at least five times the
design external pressure or design load. The buckling
pressure shall be calculated using elastic properties at
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the maximum specified operating temperature which may
occur when the external pressure is applied. For domed

£

(a) the design shall be such that the stress at any point
in the vessel shall not exceed the limits stated in RD-1189;

L) £ £

heads—and-—eylindricatand-sphericat-sheltsfabricated-of
isotropic laminates, the minimum buckling requirement
shall be met by using the rules of RD-1172 and RD-1173.

Many vessels are fabricated with anisotropic laminates.
Anisotropy has a strong influence on elastic stability and
shall be considered in Design Calculations.

RD-1184 OPENINGS AND JOINTS OF VESSEL
PARTS

Method B requires stress analysis of openings, nozzles,
and joints of vessel parts. Overlaps and reinforcing pads
shall be included in such analysis. Particular care shall be
taken to accurately determine shear stresses between the
vessel and overlaps, and between the vessel and reinfor-
cing pads.

Reinforcement and overlays for nozzles and openings
may be designed according to the rules given in RD-1174,
provided that the openings meet the requirements of
RD-1174.1 and the design strain criteria requirements
of Method A. In this case the provisions of RD-1120(b)
shall apply.

RD-1185 THERMAL STRESSES

(a) Thermal stresses occur in a vessel, or part of a
vessel, when thermal displacements (expansions or
contractions) which would otherwise freely occur are
partially or completely restrained.

(b) Thermal displacements may be induced by
temperature distributions caused by heat transfer.and
internal heat generation.

The modulus of elasticity and the coefficient.of thermal
expansion for each lamina may be taken as\constant at
their instantaneous values for the averageé temperature
range under consideration.

If the lower limit of the temperature range is ambient,
the instantaneous value of the coefficient of thermal
expansion for the average temiperature coincides with
the mean coefficient of thermal expansion.

During transient conditions, the temperature distribu-
tion and thermal stresses vary with time. The analysis,
therefore, requires_donsideration of the thermal stresses
as a function_of time during the transient conditions.

RD-1186 ATTACHMENTS

Internal and external attachments [see RD-1150(e)]
shalllbe designed by stress analysis. The effect of local
structural discontinuities due to small attachments
heed not be included in the stress analysis of the
vessel if in the opinion of the registered Professional Engi-
neer they are not significant.

4 1 H 4

b}—for—configurations—where—compressivestress
occurs, design shall meet the requirements of RD-1183;

(c) the average shear stress between the vessel and
overlays (reinforcing pads, nozzle overlays, overlays
joining vessel parts, etc.) shall not exceed 200 psi (1.5
MPa);

(d) interlaminar shear between shell lamina need not
be considered.

RD-1188 BASIS FOR DETERMINING STRESSES

RD-1188.1 Quadratic Interaction Strength Criterion
and Quadratic Interaction Damage Critéerion. The quad-
ratic interaction criteria are used with‘the stiffness coeffi-
cients calculated according to ArticleRD-12 and the stress
resultants calculated according to RD-1180 through
RD-1186. The criteria determine whether the stress inten-
sities at a point are within the permissible range.

Details of the quadratic interaction strength criterion
are given in RD-1188:2 through RD-1188.5, and details
of the quadratic¢.interaction damage criterion are given
in RD-1188,6 through RD-1188.8.

RD-1188.2" Mathematical Statement of the Quadratic
Interaction Strength Criterion. In general, a lamina has
five independent uniaxial ultimate strengths: tensile and
compressive strengths in the principal direction of greater
strength, tensile and compressive strengths in the direc-
tion oflesser strength, and shear strength with respectto a
pure shear stress in the principal directions. All mat
lamina are treated as isotropic and the strengths in all
directions are the same. In laminates containing unidir-
ectional continuous roving, the principal direction of
greater strength is aligned with the continuous roving,
and the principal direction of lesser strength is perpen-
dicular to the roving. Further, the five strength values may
be unequal.

The quadratic interaction criterion defines the interac-
tions between the five strengths in cases when more than
one component of stress is applied to the lamina, and it
defines allowable stress states in terms of the strengths.

The criterion is applied to each lamina separately, and if
one or more lamina fail the criterion, the corresponding
load on the vessel is not allowed. The criterion is applied
separately to each combination of stress or stresses and
moment resultants calculated by the rules of RD-1182. In
the following paragraphs it is assumed that the laminate
stiffness coefficients and stress and moment resultants
have already been calculated for all sections and load
combinations under consideration.

RD-1188.3 Nomenclature. In addition to the nomen-
clature defined in Article RD-12, the following symbols

RD-1187 DESIGN ACCEPTABILITY

The requirements for an acceptable design are:
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Wty
(61)k = € + Zk + ? I<1 (7)
ped ny/
Fyyl ‘FSSI
F,, F, = strength parameters defined in terms of the ° Wty
o five strengths (e2) E= et (&t 2 & ®
R = strength criterion stress ratio = 6
S = ultimate shear strength with respect to shear
: =+ (7 + 2k ©)
stress in the x-y plane (&) =& + (% + - )%6

S;; = the ij component of the compliance matrix
(the compliance matrix is the inverse of
the stiffness matrix)

w = parameter which equals 1 for the upper
surface of a lamina and -1 for the lower

X = ultimate tensile strength of a lamina in the x
(strong) direction

X. = ultimate compressive strength of a lamina in
the x direction

Y = ultimate tensile strength of a lamina in the y
(weak) direction

Y. = ultimate compressive strength of a lamina in

the y direction

RD-1188.4 Lamina Stresses and Strains. The first step
in using the quadratic interaction criterion is to compute
the upper and lower surface strains in each lamina. The
strains are computed from the reference surface strains
and curvatures, which are obtained from the force and
moment resultants by egs. (1) through (6).

o

Equations (7), (8), and (9) give strains atthe upper
surface of the lamina when w = 1, and Jower surface
strains when w = -1. The corresponding-stresses are
then calculated from the strains and\the reduced stiff-
nesses in the vessel coordinates, as/follows:

(al)k = Qll(el)k + le(ez)k + Qlé(eé)k (10)
(Gz)k = le(el)k v, Q22(€2)k + Q26(€6)k (11

(Ué)k = Q16(€1)k + Q26(€2)k + Q66(€6)k (12)

The final-Step in calculating the stresses is to express the
vessel coordinate lamina stress components in terms of
the priricipal material coordinate, in each of the lamina.
The.so-called on-axis components of stress are given by
the-usual transformation equations:

(G = (o)mf + (o)t — 2cg)emm (13

a = SuN + SNy + Si3Ng % 5 5
+ SiuMp + SiMy + SieMg (Uy)k = (gl)kmk + (HZ)k”k + 2(66)kmk”k a4
&= SN+ SNy + Sy3Ng G [— (o) + (Gz)k]mk"k
(2) k k (15)
+ Sp4M; + S +.8 2 2
24M 25Mp 26M6 " (Gé)k(mk _ ”k)
€ = S13N + SNy S33Ng 3) RD-1188.5 The Quadratic Interaction Strength
+ S3uMy +S3sMy 4+ S36Mg Criterion. The quadratic interaction criterion required
by this Section is:
K= SpalNp + SNy + S3yNg ) RZ(Fxxa,% + 2Ey00, + Fyy(;)% + Fsstrs2 (16)
+H)SyqM; + S, + S
44y + S4sMy 4 Sa6Ms +R(Eo, + Foy) — 1 =0
K= SisNi + S5Ny + S3sNe (59  where
+ S4sMp + SssMy + SseMe X
Fes = 1/S
F, = 1/X - 1/X,
Kg= S + S + S X ¢
6 16N1 26N> 36N6 ©) Fo. = 1/XX.
+ S46My + SseMp + SecMs Fyy = Fy [y, with Fy, taken to be -7
The upper and lower surface strains in the vessel coor- Fy f 17y - 1/Ye
dinate system are then obtained from: Fyy — 1/YYC
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If the applied stress components lead to R = 1, then the
lamina will fail. If R > 1, the lamina will not fail. In the case

is not the same as, and is not related to, the stress at
first cracking of the laminate.

h d H 4 A H 1 1Ll 1 lotodd 4 .
AT a STresSSTsarra Stranrs-Ssirarroctarcaratctas Sttout

of-ataminate-isotropte-inrbothstrengthand-stiffnress; R
reduces to the “safety factor” or the “design factor.”

The terms in the parentheses in eq. (16) contain the five
strength properties and the on-axis stress components ofa
lamina, which are known, and thus eq. (16) can be solved
for R. Let

F, 62 + Fssas2

2
E + 2F 0y

G xx0x Xy +

040y
H = Ego, + Fyay
Then the solution for R is the positive of the two values

given by
—H + VH® + 4G

2G

R = (17)

For each stress state under consideration, R shall be
equal to or greater than the value required by RD-1189.

As a special case for laminates which are isotropic in
both stiffness and strength, the quadratic interaction
criterion reduces to

X
R =
1/2 (18)
(6,% — 00y T 6}% + XZ/SZUSZ)

Equation (18) computes R as a function of the stresses at
the point under consideration and the ultimate tensile
strength of the laminate. It will be recognized that R is
the safety factor. The stress ratio is a generalization of
the safety factor when the lamina has orthotropic strength
properties.

RD-1188.6 Description of the Quadratic'Interaction
Damage Criterion. The mathematical basis of the quad-
raticinteraction damage criterion is the same as that given
in RD-1188.2 for the quadratic interaction strength
criterion.

The damage criterion uses the stress values determined
by Article RT-8 in place, of the ultimate tensile, compres-
sive, and shear stress\values used for the strength
criterion. For contact-molded and filament-wound
lamina, the stress\wvalues shall be obtained according to
Article RT-8~For contact-molded lamina, flexural and
shear tests\are required. The stress values for a fila-
ment-would lamina are obtained from tests of a fila-
ment-wound cylinder. Tensile and compressive values
aré_assumed to have the same value for both contact-
mpolded and filament-wound laminae.

The damage based design criterion corresponds to the
onset of significant structural damage in the laminate.
Tests have shown that onset of significant emission

in RD-1188.4.

RD-1188.7 Nomenclature. The following additional
symbols are used for the quadratic interaction damage
criterion.

R; = damage criterion stress ratio = 1.25

Sq; = damage-based design value with respect to'shear
stress in the x-y plane

X; = tensile and compressive damage:-based design
value in the x (strong) direction

Y, = tensile and compressive damage-based design
value in the y (weak) diregtion

¥ = damage criterion design. factor

RD-1188.8 The Quadratic Interaction Damage
Criterion. The quadrati¢_interaction criterion required
by this Section is

2 o . 2 2
Ox 2 Y + 2 + s <1 (19)
Xg XYy Yy Sd

The ‘damage criterion design factor compensates for
approximations in the test technique used to determine
damage based design values. The damage criterion design
factor shall be taken as 0.75.

The computation set out in RD-1188.5 and RD-1189(a)
through RD-1189(e) shall be performed. Each lamina shall
be evaluated against the criterion expressed by eq. (19).

R
w2

RD-1189 PROCEDURE FOR CALCULATING THE
STRESS RATIO

For the quadratic interaction strength criterion, eqs.
RD-1188.5(16) and RD-1188.5(17) [and eq.
RD-1188.5(18) as a special case] in RD-1188.5 define
the stress ratio. For the quadratic interaction damage
criterion, eq. RD-1188.8(19) defines the stress ratio.
The stress ratio is an extension of the concept of
design factor to laminates which require five independent
constants to define their strength, rather than the single
independent strength of an isotropic material. If the state
of stress at any point in any lamina comprising a portion of
a pressure-containing part of the vessel results in a stress
ratio of less than that defined in RD-1188.3 for design to
the quadratic interaction strength criterion, or RD-1188.7
for design to the quadratic interaction damage criterion,
then the state of stress is excessive and the corresponding
load is not allowed. The stress ratio shall be at least the
defined value for each load combination required by
RD-1182, and at every point in the pressure-containing

from a laminate can be used as an approximate
measure of the endurance limit of the laminate under
the same loading. The damage based design criterion

52

parts of the vessel.
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The following computation shall be performed for each
set of superposed stress resultants required by RD-1182.

D.4100

(c) Calculate the stresses in vessel coordinates at the
upper and lower surface of each lamina from the results of

Lla) 1 : D.11400 4,4 0

Fhe-referencedequations—aregivenimRB-1186:

(a) Compute the reference surface strains, curvatures,
and twist using eqs. RD-1188.4(1) through RD-1188.4(6).
These are in the vessel coordinates.

(b) For the upper and lower surface of each lamina,
calculate the strains in vessel coordinates using
egs. RD-1188.4(7) through RD-1188.4(9).

in} 1 1
(0 ) a0 Ve USTITS COST ND- T 100t LU tuluusu

RD-1188.4(12).

(d) Transform the stresses computed in (c) above to
on-axis coordinates using eqs. RD-1188.4(13) through
RD-1188.4(15). Each lamina may have a different k.

(e) Calculate the stress ratio for each lamina using
eqs. RD-1188.5(16) and RD-1188.5(17), ;o eq.
RD-1188.8(19).
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ARTICLE RD-12

LAMINATE STIFFNESS COEFFICIENTS

RD-1200 LAMINATE STIFFNESS Ef; = effective flexural modulus of the lamjnate in
the longitudinal off-axis direction
COEFFICIENTS Ef, = effective flexural modulus of the laminate in
For purposes of this Section, laminate theory is a math- the transverse (hoop) off-axis*direction
ematical treatment of the mechanics of laminate E; = shearmodulus ofan orthétropiclaminainthe
constructed of plies with unidirectional fiber reinforce- principal coordinates
ment, plies of isotropic material, or an arbitrary combina- E, = Young's modulus ofian orthotropic lamina in
tion of the two. the principal direction of the greater modulus
Article RD-12 provides a set of equations, derived by E, = Young's modulus of an orthotropic lamina in
laminate theory, which shall be used to compute the the principal-direction of the lesser modulus
elastic stiffness coefficients needed to perform design K, = midplane curvature in the x direction
by stress analysis, as specified in RD-1163. K,, = midplane twist
Other valid statements of laminate theory may be used K, = midplane curvature in the y direction
in place of the equations herein, but it is the responsibility M, =/moment resultant about x axis (see Figure
of the registered Professional Engineer to show that the RD-1220.1)
equations reduce to the equations below. M3) = moment resultant about y axis (see Figure
The laminate analysis method consists of determining RD-1220.1)
the physical and mechanical properties of each layer of a Mg = twisting resultant (see Figure RD-1220.2)
laminate and uses weighted averaging techniques to N; = force resultant in x direction (see Figure
determine the physical and mechanical properties of; RD-1220.2)
the total laminate. N, = force resultant in y direction (see Figure
Calculation of laminate properties according to RD-1220.2)
Article RD-12 is required. Ng¢ = in-plane shear force resultant (see Figure
RD-1220.2)
RD-1210 STIFFNESS COEFFICIENTS'FOR Q; = reduced stiffness transformed to the vessel
DESIGN BY METHOD B RULES 0 (x-y) axes (off-axes directions); i, j=1, 2, 6
XX Xy
This Article gives the equations réquired for calculating Qy QJS/S = reduced stiffness in the principal material
the stiffness coefficients neededto design vessel parts direction, defined by eqs. RD-1230(4)
according to Method B desjgn.rules. through RD-1230(8) (on-axis directions)
Other valid statements of laminate analysis may be used t, = thickness of the kth layer
in place of the equationstherein, but it is the responsibility Z, = distance from the reference surface to the
of the registered Praféssional Engineer to show that they center of the kth layer
can be mathematically derived from the equations herein. 6 = angle between the x coordinate axis and the 1
coordinate axis (see Figures RD-1220.1,
RD-1220-NOMENCLATURE RD-1220.2, and RD-1220.3)
. . . . v, = principal Poisson’s ratio of a lamina. It is the
The. Symbols used in this Article are defined below. negative of strain in the 2 direction from
stress in the 1 direction.
(Qi)x = transformedreduced stiffness of the kthlayer o, = normal stress in the i direction
Aj; = extensional stiffnejss' coefficients defined by 0y 06 = shear stress in the i-j coordinate system
eq. RD-1240(28); 4, j = 1,2, 6 _ € = normal strain of a layer in the i direction
B; = coupling stiffness coefficients defined by ¢* = midplane normal strain in direction i of the
eq RD-1240(30): i j=12 6 ! .
T N 7 7 IdITIIdLE
D; = bending stiffness coefficients defined by

eq. RD-1240(29); i, j= 1, 2, 6
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Figure RD-1220.1
Moment Resultants

Ng

Figure RD-1220.2
In-Plane Force Resultants

Ng
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Figure RD-1220.3
Coordinate Systems

Perpendicular to fibers

X
Parallel to fibers
0
1
-3
GENERAL NOTES:
(a) The 1-2 coordinates are called off-axis or vessel coordinates.
(b) The x-y coordinates are called on-axis or principal material coordinates.
€6 €s = shear strain in the i-j coordinate system of a Qxy = myky (6)
layer
e, el = midplane shear strain of the laminate ny = mE, (7)
Qy = E (8)

RD-1230 LAMINA REDUCED STIFFNESS

The stress-strain relations in the principal material
directions of an orthotropic lamina are as follows:

G = Qs + Qg W
% = Uy 1Ry 6 @)
o= Qg6 (3)

The reduced stiffnesses of a lamina are calculated from
the elastic properties, E,, E,, vy, and E,. These properties
shall be determined in accordance with Article RT-7 or
Nonmandatory Appendix AK. The required inputinforma-
tion forseach layer is the fiber weight per unit area, the
tensil€ modulus of the resin matrix, the type of roving, and
the-fiber density.

A step-by-step procedure for lamina with unidirectional
roving is as follows:

where v, = v, E,/E,.
In an isotropiclamina, Ey = E, =Eand v, =

Gy = G E/2(1+I/)

v, =v.Then

9

The reduced stiffnesses in an isotropic layer are
computed from:

Q= Qyp = E/(l - 1/2) (10
Q= ¥Qq 1)
Qe = G (12)

The transformed reduced stiffnesses are the reduced
stiffnesses expressed in the 1-2 system. The relationship
between the x-y and 1-2 axis systems is shown in
Figure RD-1220.3. The 1-2 system is in the plane of
the laminate and is chosen for convenience. A typical

( ) -1 (4) choice for a cylindrical vessel would be to align 1 with
m = {1~ uly the-axial-directionand2-with-the-eireumferential diree
tion. The transformed reduced stiffnesses @ are calcu-

Q,, = mE, (5)  lated from the reduced stiffnesses Q; and the angle 6.
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Let m = cos 6 and n = sin 6. Then the equations for the Ng= A + Ager + Agses 24
transformed reduced stiffnesses are: +BigK| + BygK, + BggKg
— T T ) )
Q11 - Qxxm + nyn + ZQx)’m wt 4stm n” (13) 0 0 o
M= Biie + Bipe + Bigés (25)
2.2 2.2
Q= Qumn” + Q,mn + D11 Ky + DppK + DigKe
(14)
+Q (m4 + n4) — 4Q__ m?n? M, = ° 1 2
xy ss 2= Bea + Byne + Byés (26)
+ D;p Ki + Dy K5 + Dy Kg
= oy by o2Q mPn® + 4Q mPn? (15)
Q22 - Q—xxn Q—yym Q—xym n stm n
0 [ 0
Mg = Biger + Bysey + Bggo 27)

— 3 3
Qi = Qumn — nymn + (Qxy+2QSS>

+ D1 Ky + Dyg Ky +-Dgg Kg

(16)

(mn3 — m3n) The extensional stiffness coefficients are calculated
from the transformed reduced stiffnesses for each
layer (Q;)i, the thicknesses t;, and the distance Z;. The

Qp = Q mns — Q. mn + (Q +2Q ) location of the reference plane in the z direction does
xx ¥y xy s) (17 s o
not affect the validity-of the equations in the paragraph.

(m3n - mn3) However, it shall ¢oincide with the neutral axis, or the
plane to whichithe stress resultants and moments are
referred.

2 2 22 22
Qg = Qumn” + ymnT = ZQxymn a8 N
2 2 Y
+Q55<m —n) Ko 1 "k
The stress-strain relations for the lamina in the 1-2 where
coordinates are:
o = Qa t Qe + Qs (19) P=126
j=12,6
N = number of layers
0y = Qe + Qe + Que (20)
The coupling stiffnesses are obtained from:
Bij = Z (Qij)kzktk (29)
In an isotropic laminate, the reduced stiffnesses have =
the same value for any value of’@;-so that the stress-strain
relation for the 1-2 system has the same form as egs. (1), where
(2), and (3).
i=12,6
RD-1240 STIFENESS COEFFICIENTS FORTHE /=126
LAMINATE The bending stiffnesses are obtained from:
. . . . N
The stiffness coefficients A;, By, and D;; are required for 5 3
o= 30
analysis. They are used to relate the resultant forces and by = Z (Qij>k (tkzk + g/ 12) (30)
moments (see Figures RD-1220.1 and RD-1220.2) to the k=1
middle surface strains and curvatures.
where
Ni= Ane + Apel + Ageg (22)
+ B Ky + Bip Ky + By Ke =126
j=126
Ny= Apd + Ape + Ayged (23)

+ Bp Kj + By K + By Kg
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Figure RD-1250.1
Geometry of an N-Layered Laminate
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RD-1250 PROCEDURE FOR CALCULATING
THE STIFFNESS COEFFICIENTS™

The following is a step-by-step algorithidfor calculating
the laminate stiffness coefficients (see Figure RD-1250.1).

(a) From the known layer thicknesses and laminating
sequence, calculate the N t, and Z;.

(b) For each layer, given(Ey)i, (Ey)w (Vi) and (Egi,
compute the reduced stiffnesses (QuJi (Qx)i and (Egi
from eqgs. RD-1230(4).through RD-1230(8). For isotropic
plies, use eqgs. RD-1230(9) through RD-1230(12).

(c) Transform the reduced stiffness (Q;;), for each layer
from the principal ‘material directions to the vessel direc-
tions, using'egs. RD-1230(13) through RD-1230(18), to

obtain the transformed reduced stiffness for each layer
(Qi)x- In the case of isotropic layers, the transformation
is not required, because eqs. RD-1230(1), RD-1230(2),
and RD-1230(3) are valid for all angles 6;

(d) Calculate the extensional stiffness coefficients A4;
for the entire laminate from the (Q;)«, tx, and
eq. RD-1240(28).

(e) Calculate the coupling stiffness coefficients Bj; for
the laminate from the (Qy)s, ti Zj, and eq. RD-1240(29).

(f) Calculate the bending stiffness coefficients Dj; for the
laminate from the (Qy)i tx Zi, and eq. RD-1240(30).
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PART RF

FABRICATION REQUIREMENTS

ARTICLE RF-1
GENERAL REQUIREMENTS

RF-100 SCOPE

This Part provides rules governing the fabrication of
fiber-reinforced plastic pressure vessels. The fabrication
processes are limited to the bag-molding, centrifugal-
casting, contact-molding, and filament-winding processes
for Class I vessels, and limited to contact molding and fila-
ment winding for Class II vessels.

RF-110 PROCEDURE SPECIFICATIONS

(a) For every combination of fabrication method,
Design Specification, and material variation employed
in fabricating vessels to be marked with the Certification
Mark, the Fabricator shall prepare a Procedure Specifica-
tion which shall be qualified in accordance with PartRQ of
this Section before it is used to fabricate vessels:to'be so
marked.

(b) Any essential variation from the Procedure Speci-
fication for Class I vessels (see RQ-200, RQ-300, RQ-400,
and RQ-500) shall require that the Procedure Specifica-
tion be rewritten and requalified.before being used to
fabricate vessels to be marked with the Certification Mark.

(c) The Procedure Specification for Class Il vessels (see
Form Q-120) requires thatithe Fabricator establish the
design of the vessel in.atcordance with Article RD-11
based on the elastic and Strength constants for the specific
combinations of fiber;resin, ply sequence, and ply orienta-
tions used for the vessel laminate. Any variation in mate-
rials used tofabricate the vessel or vessel part from those
materials(iised to determine the elastic and strength
constafits upon which the Design Calculations were
based shall require that new elastic constants be obtained
and’hew Design Calculations made. Any variation in the
ply sequence or ply orientation made in the fabrication of
the vessel or vessel part that differs from the ply sequence
and orientation specified in the qualified Procedure Spec-
ification and upon which the Design Calculations were
based shall require that new calculations be made.

The new calculations shall satisfy the User’s Design
Specification and the requirements of this Section. The
Procedure Specification shall be amended to reflect the
actual fabrication and the Design Report amended to
reflect the design basis.
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ARTICLE RF-2
SPECIAL FABRICATION REQUIREMENTS FOR BAG-MOLDING
PROCESS (FOR CLASS |1 VESSELS ONLY)

RF-200 FIBER CONTENT

The composite structure shall consist of random short
length'? fiber filaments in a resin matrix. The weight of the
fiber reinforcement shall conform to that set forth in the
Procedure Specification (see Form Q-106) within a toler-
ance of +20% and -0%. Supplementary pads used to give
greater wall thickness at openings and attachments shall
have a fiber content not less than 35% by weight.

RF-201 FIBER COMPOSITION

One or more of the fiber types stipulated in RM-110 and
specified in the Procedure Specification shall be used for
reinforcement.

RF-210 FORM OF FIBER REINFORCEMENT

(a) The fiber reinforcement shall consist of mats or
preforms made from chopped fiber strands. The percen-
tage of resin binder shall not exceed 10% by weight ininat
or preform.

Figure RF-210:1
Fiber Side Wall Lay-Up for Bag Molding

Feathered edge rolled

to inside of vessel Rubber covering

(b) The flat mats for cylindrical reinforcement shall be
laid up in a staggered pattern and rolled ona-mandrel prior
to assembly into the mold (see Figure-RF-210.1).

(c) The head or end preforms shall be made by depos-
iting chopped fiber from an airstream with one of the resin
systems specified in RM-120‘dispersed in the fiber (see
Figure RF-210.2).

RF-211 RESIN SYSTEM

The resin systetn shall be one of the resin systems speci-
fied in RM-120.and as required for the particular service
conditions Specified in the Design Specification and by the
qualifiedsProcedure Specification. No filler, pigment, or
dye additions shall be used which will interfere with
thé.natural color of the resin except as permitted by
the)Procedure Specification.

RF-212 CURE

If other than ambient temperature cure is required, the
design and operation of the curing equipment shall ensure
uniform heating over the entire surface of the pressure

Figure RF-210.2
Head or End Preform for Cylindrical Vessel

~For side wall lay-up,
\/ see Figure RF-210.1

(23)

Mat rolledion'mandrel mandrel ez ;
prior 'to inserting in mold
I'h 1
Tl it Il Mold
: : :: ‘ i: body —»=
|
: : ': Il
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J : }
: : Mat in staggered lay-up Bulk :: ”
! : of |: | ::
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|
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vessel and vessel parts. The curing time and temperature
shall conform to those stipulated in the qualified Proce-

RF-220 MOLDS
RF-221 MOLD MATERIAL

The molds for pressure bag molding of pressure vessels
and vessel parts may be fabricated of any material or
combination of materials. The molds shall have sufficient
dimensional stability to withstand the bag pressure loads
during the forming and cure cycles.

RF-222 MOLD RELEASE AGENT

The surface of the mold in contact with the vessel or
vessel part shall be treated with a suitable release
agent to facilitate removal of the vessel or part from
the mold. Such release agent shall not be detrimental
to the vessel or part.

RF-223 MOLD REMOVAL

The mold may be removed from the vessel, or vice versa,
by any technique which will not damage the vessel.

RF-224 PRESSURE BAGS

The pressure bags used to compress the fiber reinforce-
ment mats and preforms and to hold the fiber and resin in
position during the curing cycle may be made of any-{lex-
ible material that the molding resin will not attack, or
which can be protected from such attack by¢a suitable
material.

—————————dtureSpecifieation{see Form -6 R231-HINER-MATERIAL

RF-230 LINERS

Liners, when used, may be made of elastomeric or
plastic material. When such liner materials are used,
the liner may be used as the pressure bag. Alternatively,
liners may be applied to the completed vessel.

RF-232 PROVISIONS IN LINERS FOR OPENINGS IN
VESSELS

Liners shall be designed so that they extend completely
through all access openings in the vessel.

RF-240 OPENINGS IN VESSELS

The number, size, and lecation of openings in bag-
molded vessels shall mé€ét the requirements of the
Design Specification. The adequacy of reinforcement, if
any, for such openings shall be determined by the test
and design criteria required by RD-160 to prove
design adequacy.

RF-250 MOLDED-IN FITTINGS

Openings less than NPS 1% (DN 40) may be fabricated
bymolding around a removable insert form, provided the
molding operation is detailed in the Procedure Specifica-
tion and subsequent proof of design adequacy is demon-
strated in accordance with RD-160.
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ARTICLE RF-3
SPECIAL FABRICATION REQUIREMENTS FOR CENTRIFUGAL-
CASTING PROCESS (FOR CLASS | VESSELS ONLY)

RF-300 FIBER CONTENT

The composite structure shall consist of random short
length? fiber filaments in a resin matrix. The weight of the
fiber reinforcement shall conform to that set forth in the
Procedure Specification (see Form Q-106) within a toler-
ance of +10% and -0%. Supplementary pads used to give
greater wall thickness at openings and attachments shall
have a fiber content not less than 35% by weight.

RF-301 FIBER COMPOSITION

One or more of the fiber types complying with the
composition stipulated in RM-110 and specified in the
qualified Procedure Specification shall be used for rein-
forcement.

RF-310 FORM OF REINFORCEMENT

The fiber reinforcement for centrifugally cast cylinders
shall consist of chopped fiber strands or rovings. Fabrica*
tion of heads shall comply with RF-210(c).

RF-311 RESIN SYSTEM

The resin system shall be one of the resin systems speci-
fied in RM-120 and as required for the patticular service
conditions specified in the Design Specification and by the
Procedure Specification. No filler, pigment, or dye addi-
tions shall be used which, will interfere with the
natural color of the resin exceptas permitted by the Proce-
dure Specification.

RF-312 CURE

If other than ambient temperature cure is employed, the
design and operation of the curing equipment shall ensure
uniform heating over the entire cylinder. The curing times
and temperatures shall comply with the qualified Proce-
duredSpecification (see Form Q-106).

RF-320 MANDRELS
RF-321 MANDREL MATERIAL

Tha manderal chall ha folhyicatad AF Any s atapial
—He—haharer—Saair—oe-—tapHeatea—or—ah

RF-322 MANDREL RELEASE AGENT

The mandrel shall be treated with.a¢suitable release
agent to facilitate removal of the,cured cylinder. Such
release agent shall not be detrimental to the cylinder.

RF-323 MANDREL REMQGVAL

The cylinder may be removed from the mandrel, or vice
versa, by any technique which will not damage the cylin-
der.

RF-324 MATCHED-DIE-MOLDED HEADS

Matched:die-molded heads used as closures for centri-
fugallycast cylinders shall be fabricated in accordance
with the requirements of Article RF-6.

RF-330 LINERS
RF-331 LINER MATERIAL

Liners, when used, may be made of elastomeric or
plastic material. The liner may be applied to the centri-
fugally cast cylinder after its heads are attached by adhe-
sive bonding.

RF-332 PROVISIONS IN LINERS FOR VESSEL
OPENINGS

Liners shall be designed so that they extend completely
through all access openings in the vessel.

RF-340 OPENINGS IN VESSELS

The number, size, and location of openings in centrifug-
ally cast cylinders and attached heads shall meet the re-
quirements of the User’s Design Specification and this
Section. The adequacy of reinforcement, if any, for
such openings shall be determined by the tests required
by RD-160 to prove design adequacy.

ot a0t

combination of materials of sufficient rigidity and dimen-
sional stability to withstand the centrifugal-casting loads
and the curing cycle.
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ARTICLE RF-4
SPECIAL FABRICATION REQUIREMENTS FOR
FILAMENT-WINDING PROCESS (CLASSES 1 AND II)

RF-400 FIBER CONTENT

The composite structure shall consist of fiber strands in
aresin matrix. The weight of the fiber reinforcement shall
comply with the qualified Procedure Specification (see
Form Q-107 for Class I vessels and Form Q-120 for
Class II vessels) with a tolerance of +10% and -0%.

RF-400.1 Fiber Content in Supplementary Pads.
Supplementary pads used to give greater wall thickness
at openings and attachments shall have a fiber content not
less than 35% by weight.

RF-401 FIBER COMPOSITION

One or more of the fiber types complying with the
composition stipulated in RM-110 and specified in the
qualified Procedure Specification shall be used for rein-
forcement of filament-wound pressure vessels.

RF-410 FORM OF REINFORCEMENT

RF-410.1 Patterns. Specific winding pattérns for the
continuous fiber strands shall be used.as defined in
the qualified Procedure Specification(see Form Q-107
for Class I vessels and Form Q%120 for Class II
vessels). Any winding pattern which places the filaments
in the desired orientation and is-designated in the Proce-
dure Specification may be @sed.

RF-410.2 AlignmentWith Stresses. The patterns shall
be arranged so thatithe stressed filaments are aligned to
resist the principal stresses which result from internal
pressure and(other loadings.

RF-410,3 Wall Thickness. The wall thickness shall be
governed-by the number of layers of wound strands of
filaments specified in the qualified Procedure Specifica-
tion“for the particular vessel.

RF-411 RESIN SYSTEM

The resin system shall be one of the resin systems speci-
fied in RM-120 and as required for the particular service
conditions specified by the Design Specification and qual-

natural color of the resin except as permitted by the Proce-
dure Specification.

RF-412 CURE

If other than ambient temperature cure is employed, the
design and operationgef-the curing equipment shall
provide uniform heating over the entire surface of the
vessel. Heating may|be done from the inside or outside
of the pressure 'vessel or from both inside and outside.
The cure times and temperatures shall comply with
those stipulated in the qualified Procedure Specification
(see Eorm Q-107 for Class I vessels and Form Q-120 for
Class:II'vessels).

RF-413 FILAMENT WINDING

(a) Tensioning. Tension on the strands of filaments
during the winding operation shall be controlled to
ensure uniformly stressed filaments in the composite wall.

(b) Winding Speed. The speed of winding shall be
limited only by the ability to

(1) meet the tensioning requirements
(2) comply with the specified winding pattern
(3) ensure adequate resin impregnation

(c) Bandwidth and Spacing. The bandwidth and spacing
shall comply with those specified in the qualified Proce-
dure Specification.

RF-420 MANDRELS
RF-421 MANDREL MATERIAL

The mandrel may be fabricated of any material or
combination of materials with sufficient rigidity and
dimensional stability to resist the winding loads and
the compressive loads on the mandrel which occur
during the cure cycle.

RF-422 MANDREL RELEASE AGENT

The mandrel, if removed, may be treated with a suitable
release agent to facilitate its removal from the cured pres-
sure vessel, Such release agent shall not be detrimental to

ified Procedure Specification. No filler, pigment, or dye
additions shall be used which will interfere with the
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RF-423 MANDREL REMOVAL

The mandrel shall be removed by any technique which

(d) The design of metallic liners shall take into account
the pronounced difference in the modulus of elasticity of

shall not damage the filament-wound composite or the
liner, if one is present.

RF-430 LINERS
RF-431 LINER MATERIAL

Liners, when used, may be made of elastomeric, plastic,
or metallic materials. The liner may be applied to the
mandrel prior to the start of the winding operation.

(a) Ifapplied to the mandrel before the winding opera-
tion begins, the thickness and hardness of the liner mate-
rial shall be such that the filament orientation and tension
will not be adversely affected by deflection or “flow” of the
liner material.

(b) Alternatively, the liner may be applied to the
completed filament-wound pressure vessel, in which
case the restrictions on thickness and hardness do not
apply.

(c) Iftheliner is required to be bonded to the filament-
wound composite, the outer liner surface shall be treated
to facilitate such bonding.

(e) For vessels used for potable water, as described in
RG-113 (Section IV Application), the liner materials may
be those listed in Section IV, HLW-200 or shall be suitable
for potable water applications as demonstrated by
approval of the material by the National Sanitation Foun-
dation (NSF) in accordance with NSF Standard 14.

RF-432 PROVISIONS IN LINERS FOR VESSEL
OPENINGS

Liners shall be designed so that they extend completely
through all access openings in the vessél.

RF-440 OPENINGS IN VESSELS

The number, size, and location of openings in filament-
wound pressure vessels classified by RG-404.1 shall meet
the requirements of the User’s Design Specification. If any
opening reinforcement’is used, the design adequacy shall
be determined by’RD-160 for Class I vessels. For Class II
vessels the reinforcement shall comply with the design
criteria of Asticle RD-11 and acceptance testing criteria
of ArticlesRT-6.
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ARTICLE RF-5
SPECIAL FABRICATION REQUIREMENTS FOR
CONTACT-MOLDING PROCESS (CLASSES 1 AND II)

RF-500 FIBER CONTENT

The composite structure shall consist of random short
length®? fiber filaments and roving (or biaxial fabric,
singular or in combination) in a resin matrix. The
weight of the fiber reinforcement shall comply with
the qualified Procedure Specification (see Form Q-108
for Class I vessels and Form Q-120 for Class II vessels)
within a tolerance of +10% and -0%. Supplementary
pads used to give greater wall thickness at openings
and attachments shall have a fiber content not less
than 35% by weight.

RF-501 FIBER COMPOSITION

One of the fiber types complying with the composition
stipulated in RM-110 and as specified in the qualified
Procedure Specification shall be used for reinforcemernt:

RF-510 FORM OF FIBER REINFORCEMENT

(a) The fiber reinforcement shall consist,of random
short length fiber filaments and roving.(or biaxial
fabrics) as specified in RF-501.

(b) Flat mats for cylindrical reinforéement shall be laid
up as separate layers and overlapped in a staggered
pattern. Resin shall be applied\to each layer in such a
manner as to wet out completely.

(c) On cylindrical conipenents, the orientation of the
warp and weft fiber stands of woven roving (or biaxial
fabrics) shall be defined with respect to the circumferen-
tial (hoop) and fongitudinal (axial) axis of the cylindrical
component.

(d) On élliptical or hemispherical shapes, the orienta-
tion of thewarp and weft fiber stands of woven roving (or
biaxial fabrics) shall be defined with respect to the meri-
dional and circumferential axis.

RF-511 RESIN SYSTEM

The resin system shall be one or more of the resins
specified in RM-120 and as required for the particular
service conditions specified in the Design Specification

fere with the natural color of the resin except as permitted
by the Procedure Specification.

RF-512 CURE

The cure procedure andipost cure if required shall
comply with those stipulated in the qualified Procedure
Specification (see Form:Q-108 for Class I vessels and Form
Q-120 for Class II vessels).

RF-520 MOLDS
RF-521’MOLD MATERIAL

The molds for contact molding of pressure vessels may
befabricated of any material or combination of materials.
The molds shall have sufficient dimensional stability to
withstand the contact-molding operation and cure or
post cure procedures.

RF-522 MOLD RELEASE AGENT

The surface of the mold in contact with the vessel shall
be treated with a suitable release agent to facilitate
removal from the mold. Such release agent shall not be
detrimental to the finished vessel.

RF-523 MOLD REMOVAL

The mold may be removed from the vessel, or vice versa,
by any technique which will not damage the vessel.

RF-530 LINERS
RF-531 LINER MATERIAL

(a) Liners for Class I vessels, when used, may be made
of metallic, elastomeric, thermoset, or thermoplastic
materials.

(b) Liners for Class Il vessels, when used, may be made
of either thermoset or thermoplastic materials.

RF-532 PROVISIONS IN LINERS FOR OPENINGS IN
VESSELS

and by the qualified Procedure Specification. No Tiller,
pigment, or dye additions shall be used which will inter-
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RF-540 OPENINGS IN VESSELS

The number, size, and location of openings in contact-

the design adequacy shall be determined by RD-160 for
Class I vessels. For Class I1 vessels the reinforcement shall

molded vessels shall meet the requirements of the User’s
Design Specification. If any opening reinforcementis used,

1 N N ) pa - s H Vol UL, | REN_141 4l
COTITPTY VIt UTCaCSTEIT CITtCTTa OT T TICIC ND= 1T 1 alTar tIcC

acceptance criteria of Article RT-6.
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ARTICLE RF-6
SPECIAL FABRICATION REQUIREMENTS FOR MATCHED
MOLDED HEADS (USED FOR CLOSURES FOR CENTRIFUGALLY
CAST VESSELS — FOR CLASS | VESSELS ONLY)

RF-600 CONTENT

The composite structure shall consist of random short
length'?fiber filaments in a resin matrix. The weight of the
fiber reinforcement shall comply with the qualified Proce-
dure Specification (see Form Q-106) within a tolerance
of +20% and -0%. Supplementary pads used to give
greater wall thickness at openings and attachments
shall have a fiber content not less than 35% by weight.

Figure RF-610.1
Fiber Preform and Insert for Head for Centrifugally Cast
Vessel

Hole may“be

prepunched in
preform or may
be cut in a lat-
er operation

Preform for head

l spherical to ellip-
| tical, max. ratio =
1.0to 1.5

Insert if required

RF-601 FIBER COMPOSITION

One or more of the fibentypes complying with the
composition stipulated in " RM-110 and as specified in
the qualified ProceduresSpecification shall be used for re-
inforcement.

RF-610 FORM-OF FIBER REINFORCEMENT

(a) Thefiber reinforcement shall consist of preforms or
preforms and inserts made from chopped fiber strands.
Thepercentage of resin shall not exceed 10% by weight in
thepreforms or inserts.

(b) Inserts, if used, shall be tapered to a feather edge to
blend smoothly into the preform (see Figure RF-610.1).

(c) The head or end preforms shall be made by depos-
iting chopped fibers from an airstream with a suitable
resin binder dispersed in the fiber.

(d) The insert may consist of one or more preforms to
obtain the required thickness. These inserts may or may
not be on the axis of the vessel, depending on port or
opening requirements (see Figure RF-610.2).

(e) Rings of continuous rovings molded into heads to
reinforce holes are permissible.

RF-611 RESIN SYSTEM

The resin system shall be one of the resin systems speci-
fied in RM-120 and as required for the particular service
conditions specified in the Design Specification and by the
qualified Procedure Specification. No filler, pigment, or
dye additions shall be used which will interfere with
the natural color of the resin except as permitted by
the Procedure Specification.

RF-612 CURE

If other than ambient temperature cure is employed, the
design and operation of the curing equipment shall ensure
uniform heating over the entire surface of the head. The
curing times and temperatures shall conform to those

. . M ctinulatad 1n thao au-lifind Dencndiirag Shnacificatinn (cnn
Bretot ot ed et stiptlated-in-the-qualifiedProcedure-Specification {see

molded, or trim line if bag Form Q-106).

molded
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Figure RF-610.2
Fiber Head or End Preformed Inserts for Centrifugally
Cast-Vessel-Heads

RF-621 MOLD MATERIAL

The molds may be fabricated of any material or combi-

Hole may be cut after
Single preformed

molding head ‘
| insert
M--\\
Hole may be cut after \

molding head \L

%7

Multiple preformed
inserts

Molded-in holes shall have
ample material removed at bor-
ing and threading of molded
heads to insure proper glass-
resin ratio at the edges of
the hole

RF-620 MOLDS

Heads used as closures for centrifugally cast vessels
may be molded by either:

(a) matched molds in which both male and female are
rigid and uniformly heated; or

(b) matched molds in which the female mold\is
uniformly heated and the male mold is a pressure\bag.

nation of materials. The molds shall have sufficient dimen-
sional stability to withstand the pressure loads during the
forming and cure cycles.

RF-622 MOLD RELEASE AGENT

The surfaces of the mold in contact with the head shall
be treated with a suitable release agent to facjlitate
removal of the head from the mold. Such release;agent
shall not be detrimental to the heads.

RF-623 HEAD REMOVAL

The head may be removed from,theumold by any tech-
nique which will not damage thé\head.

RF-624 PRESSURE BAGS

Apressure bag used inlieu of the male mold to compress
the fiber preform assembly and hold the fiber and resin in
position during the-curing cycle may be made of any flex-
ible material that the molding resin will not attack or
which can pe pfrotected from such attack by a suitable
material,

RE-630 OPENINGS IN HEADS

The number, size, and location of openings in heads
shall meet the requirements of the User’s Design Speci-
fication. The adequacy of reinforcement, if any, for
such openings shall be determined by the tests required
by RD-160 to prove design adequacy.
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ARTICLE RF-7
SPECIAL FABRICATION REQUIREMENTS FOR JOINING
COMPONENTS

RF-700 PROCEDURE SPECIFICATIONS AND
QUALIFICATIONS

(a) When the fabricating process includes joining of
parts such as heads, or when it is desired to join two
or more cylinders to produce a long shell, the Procedure
Specification shall include full details of the joining
process. Any variation in the design of the joints being
bonded, outside of those inherent in the process of
forming the surfaces to be bonded, and any variation
in the method used as set forth in the qualified Procedure

Specification, shall require requalification of the design
and the Procedure Specification.

(b) Longitudinal seams made/byany joining method
are prohibited.

(c) Adhesive bonding ef\thie type whereby mating
surfaces of two parts are’joined by a thin adhesive or
glue joint shall be limited to Class I vessels (see Form
Q-115).

(d) Joining of{ Class II vessel parts shall be limited to
secondary oyverlay bonding as described in Article RD-11.
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PART RO

QUALIFICATION REQUIREMENTS

ARTICLE RQ-1
SCOPE

RQ-100 RESPONSIBILITY FOR
QUALIFICATION

Each Fabricator shall be responsible for qualifying the
designs and the Procedure Specifications used in fabri-
cating fiber-reinforced plastic pressure vessels and
parts of vessels.

RQ-101 FABRICATION PROCESSES

The fabrication processes which may be used under this
Section shall be restricted to bag molding,® centrifugal
casting, contact molding, and filament winding for
Class I vessels, and contact molding and filament
winding for Class II vessels.

RQ-102 PRODUCTION WORK WITHOUT
QUALIFICATIONS

No fabrication shall be undertaken on vessels to be
stamped with the Certification Mark until a written Proce-
dure Specification has been prepared and(@ualified by the
Fabricator. For Class I vessels the Procedure Specification
shall be qualified by the test of one-or more prototype
vessels in accordance with RD-160.

For Class Il vessels the Procedure Specification shall be
qualified in accordance with*RF-110(c) and by subjecting
each vessel design to‘the mandatory stress analysis
required by Article RD-11. Both Design Calculations
and the fabrication of the specific vessel shall be for
the specific materials, ply sequence, and ply orientation
detailed in the Procedure Specification (see Form Q-120).

Furthermore, no Code fabrication shall be undertaken
until the Fabricator has obtained a Certificate of Author-
ization from ASME.

RQ-110 MAINTENANCE OF‘PROCEDURE
SPECIFICATION-AND QUALIFICATION
RECORDS

The Fabricator shall maintain records of the procedures
used in fabricating vessels and vessel parts and in bonding
vessel parts together. For Class I vessels, the Fabricator
shall also maintain records of the tests and their results by
which the Procedure Specifications were qualified for use
in fabrication. For Class II vessels, the Fabricator shall
maintaip the records of Design Calculations, coupon
tests from which elastic and strength constants were
obtained, the Procedure Specifications that detail the
materials used and the laminate ply sequence and ply
orientation, fabrication procedures and quality control
records, and the test results per Article RT-6. Such
records shall be dated and shall be certified by the Fabri-
cator and verified by the Inspector (see RI-110). The Fabri-
cator shall keep these records on file for atleast 5 yr and in
the case of mass-produced Class I vessels, the Fabricator
shall keep these records on file for at least 5 yr after the
production of such vessels has ceased.

RQ-120 PROCEDURE SPECIFICATION
QUALIFICATION FORMS

Recommended forms showing the information
required for qualifying the design and the Procedure Spec-
ification are as follows:

(a) Form Q-106 for fabrication by bag molding and
centrifugal casting — Class I vessels;

(b) Form Q-107 for fabrication by filament winding —
Class I vessels;

(c) Form Q-108 for fabrication by contact molding —
Class I vessels;

(d) Form Q-115 for fabrication by adhesive bonding —
Class I vessels;

(e) Form Q-120 for fabrication and assembly proce-
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RQ-130 MEANS TO BE USED IN QUALIFYING
CLASS | DESIGNS AND FABRICATING

RQ-140 MEANS FOR QUALIFYING CLASS II
VESSEL DESIGN AND FABRICATION

PROCEDURES

In qualifying Class I vessel designs and fabrication
procedures, the qualification checks listed in RQ-131
and the Qualification Tests listed in RQ-132 shall be used.

RQ-131 QUALIFICATION CHECKS"?

The following checks (see Articles RQ-2, RQ-3,and RQ-4
for special requirements) shall be applied to the prototype
vessels.

(a) The vessel shall be visually checked for imperfec-
tions in the laminate.

(1) The structural laminates shall conform to the
visual acceptance criteria given in Table 6-100.1.

(2) The criterion for inspection of the liner, if used,
shall be established by mutual agreement between the
Fabricator and the User.

(b) The thickness of the vessels at a minimum of 12
points shall be checked by mechanical gages and/or ultra-
sonic equipment (see RT-340).

(c) The percent of fiber and resin by weight, consti-
tuting the laminate, shall be determined (see RT-212).

(d) The weight (mass) of the whole vessel shall be
determined and shall not be less than 95% of that
stated in the Procedure Specification.

RQ-132 QUALIFICATION TESTS"

The following tests shall be applied to the pretotype
vessel or vessels or parts thereof:

(a) Barcol hardness test (see RT-221), to verify that the
laminate has been cured in accordance with'the Procedure
Specification;

(b) volumetric expansion test, to.verify that the lami-
nate used has a modulus of elasticity within the range
specified by the designer;

NOTE: Inlieu of measuring the {olumetric change of the vessel by
determining the differencé in*volumes of fluid it will contain at
the design pressure and at-atmospheric pressure, it is permis-
sible to check the cicctunference of the vessel at a minimum of
three points evénly*spaced along its length. The distance
between such (reference points shall not exceed 5 ft (1.5 m).
The measurément shall be made at both atmospheric pressure
and design\pressure and shall show no permanent distortion.

(c) eyclic pressure plus hydrostatic qualification pres-
sure test (see RT-223);

(d) hydrostatic qualification pressure test, by which
the design pressure is determined [one-sixth of qualifica-
tion pressure for all vessel types, except one-fifth for fila-
ment-wound vessels with uncut filaments (see RG-404.2);

(e) suitable tests, using loads simulating the expected

In qualifying Class II vessel designs and fabrication
procedures used, the qualification checks listed in
RQ-141 and the Acceptance Test listed in RQ-142 shall
be used.

RQ-141 QUALIFICATION CHECKS

The following checks shall be applied to each vessel
designed in accordance with the mandatory design
rules of Article RD-11.

(a) Visual Checks. The vessel shall.be visually checked
for imperfections in the laminate.

(1) The structural laminates.shall comply with the
visual acceptance criteria givé/in Table 6-100.2.

(2) The criterion for-inspection of the liner, if used,
shall be established by\mutual agreement between the
Fabricator and the User.

(b) Thickness and \Dimensional Checks. All stressed and
load bearing members shall be thickness checked in at
least 12 places to ensure conformance with Design Calcu-
lations and Drawings. Thickness measurement shall be
consistent with the fiber-resin ratio and number and
thiekniess of individual lamina specified in the qualified
Rroeedure Specification.

Diameters, length, nozzle size and orientation, and
other physical dimensions shall be checked for compli-
ance with the drawings as listed in the Design Report.

(c) Barcol Hardness Test. Barcol hardness tests shall be
taken on each separately fabricated laminate part to
ensure proper cure. Tests shall be in accordance with
ASTM D2583. Results shall be within the tolerance speci-
fied by the resin manufacturer as listed in the qualified
Procedure Specification. Both the results and the toler-
ance shall be recorded in the qualified Procedure Speci-
fication.

(d) Thermoplastic Liner Integrity. If a thermoplastic
liner is used:

(1) theliner material shall be as specified in the qual-
ified Procedure Specification;

(2) the liner shall be securely bonded to the vessel
structural part;

(3) the liner shall not show evidence of excessive
heating;

(4) all seams and joints shall have a conductive mate-
rial between the liner material and the fiber-resin struc-
tural component to allow spark testing of the completed
vessel;

(5) all liner seams and joints shall be tested with a
20,000 V tester for imperfections. Any location that allows
electrical arcing between the voltage tester and the
conductive material under the liner shall be repaired.

1 i £ 1 los ol i d el H pa
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by any expected combination of loadings listed in RD-120.
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RQ-142 ACCEPTANCE TEST shall be determined in accordance with Article RT-6 of

. . this Section.
The vessel shall be hydrostatically tested in such a

manner as to impose stress equal to at least 1.1 times
the design stress. Acoustic emissions from the vessel
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ARTICLE RQ-2
SPECIAL REQUIREMENTS FOR BAG-MOLDING PROCEDURE
QUALIFICATION (CLASS | VESSELS)

RQ-200 ESSENTIAL VARIABLES**

Essential variables listed in Form Q-106, deviation from
which shall require requalification of the bag-molding
procedure, are:

(a) fiber (manufacturer and designation);

(b) fiber surface treatment (manufacturer and designa-
tion);

(c) resin (type, manufacturer, and designation);

(d) curing agent (manufacturer and designation);

(e) curing schedule (i.e., time, temperature, or pres-
sure), outside range specified in the qualified Procedure
Specification;

(f) post cure (time and temperature);

(g) percentoffiber (outside range specified in the qual-
ified Procedure Specification);

(h) initial bag pressure;

(i) final bag pressure;

(j) weightofvessel (outside range specified in thé.qual-
ified Procedure Specification);

(k) Barcol hardness (outside range specified in the
qualified Procedure Specification);

() volumetric expansion (outside rangespecified in the
qualified Procedure Specification).

Requalification of a procedure shall not be required
when an essential variable manufacturer's name
change is a result of a businesS-merger, a corporate
name change, or a commercial event having no effect
on the manufacturing precess or material chemistry.
No other changes in the“aterial shall be permitted,
including manufacturing location. Material certificates
shall be identical, with.the exception of the manufacturer's
name, and materialtraceability shall remain intact. It shall
be the Fabricator's responsibility to certify that these re-
quirements lave been satisfied and notify the Authorized
Inspector ofthe name change. The Procedure Specification
and Farm Q-106 shall be revised to document the manu-
facturer's name change.

RQ-201 NONESSENTIAL VARIABLES

Changes in variables other than those listed in RQ-200
are considered nonessential. They may be made without
requalification of the bag-molding procedure, provided
the Procedure Specification is modified to show the
changes.
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ARTICLE RQ-3
SPECIAL REQUIREMENTS FOR CENTRIFUGAL-CASTING
PROCEDURE QUALIFICATION (CLASS | VESSELS)

RQ-300 ESSENTIAL VARIABLES'*

Essential variables listed in Form Q-106, deviation from
which shall require requalification of the centrifugal-
casting procedure, are:

(a) fiber (manufacturer and designation);

(b) fiber surface treatment (manufacturer and designa-
tion);

(c) resin (type, manufacturer, and designation);

(d) curing agent (manufacturer and designation);

(e) curing schedule (i.e., time, temperature, or pres-
sure), outside range specified in the qualified Procedure
Specification;

(f) post cure (time and temperature);

(g) percentoffiber (outside range specified in the qual-
ified Procedure Specification);

(h) initial bag pressure;

(i) final bag pressure;

(j) weightof vessel (outside range specified in the qual<
ified Procedure Specification);

(k) Barcol hardness (outside range specified in"the
qualified Procedure Specification);

() volumetric expansion (outside range specified in the
qualified Procedure Specification);

(m) mandrel speed.

Requalification of a procedure shall+iot be required
when an essential variable mandifacturer's name
change is a result of a business/merger, a corporate
name change, or a commercial event having no effect
on the manufacturing procés$ or material chemistry.
No other changes in the \material shall be permitted,
including manufacturing-location. Material certificates
shall be identical, with the exception of the manufacturer's
name, and materialtraceability shall remain intact. It shall
be the Fabricator’s responsibility to certify that these re-
quirements/have been satisfied and notify the Authorized
Inspector ofthe name change. The Procedure Specification
and Form'Q-106 shall be revised to document the manu-
factukeér's name change.

RQ-301 NONESSENTIAL VARIABLES

Changes in variables other than those listed in RQ-300
are considered nonessential. They may be made without
requalification of the centrifugal-casting procedure,
provided the Procedure Specification is modified to
show the changes.
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ARTICLE RQ-4
SPECIAL REQUIREMENTS FOR FILAMENT-WINDING
PROCEDURE QUALIFICATION (CLASS | VESSELS)

RQ-400 ESSENTIAL VARIABLES*

Essential variables listed in Form Q-107, deviation from
which shall require requalification of the filament-
winding procedure, are:

(a) fiber (manufacturer and designation);

(b) fiber surface treatment (manufacturer and designa-
tion);

(c) resin (type, manufacturer, and designation);

(d) curing agent (manufacturer and designation);

(e) manner of impregnation;

(f) percent of fiber in composite (outside range speci-
fied in the qualified Procedure Specification);

(g) variables of winding process;

(h) curing schedule (i.e., time or temperature), outside
range specified in the qualified Procedure Specification;

(i) liner (manufacturer, designation, thickness);

(j) pole pieces (material);

(k) weight (mass) of vessel (outside range specified in
the qualified Procedure Specification);

() Barcolhardness (outside range specified inthe qual-
ified Procedure Specification);

(m) volumetric expansion (outside range specified in
the qualified Procedure Specification),

Requalification of a procedure shall not be required
when an essential variable manufacturer's name
change is a result of a businesS-merger, a corporate
name change, or a commercial event having no effect
on the manufacturing precess or material chemistry.
No other changes in the“aterial shall be permitted,
including manufacturing location. Material certificates
shall be identical, with.the exception of the manufacturer's
name, and materialtraceability shall remain intact. It shall
be the Fabricator's responsibility to certify that these re-
quirements lave been satisfied and notify the Authorized
Inspector ofthe name change. The Procedure Specification
and Farm Q-107 shall be revised to document the manu-
facturer's name change.

RQ-401 NONESSENTIAL VARIABLES

Changes in variables other than those listed in RQ-400
are considered nonessential. They may be made without
requalification of the filament-winding procedure,
provided the Procedure Specification is modified to
show the changes.
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ARTICLE RQ-5
SPECIAL REQUIREMENTS FOR CONTACT-MOLDING PROCEDURE
QUALIFICATION (CLASS | VESSELS)

RQ-500 ESSENTIAL VARIABLES*

Essential variables listed in Form Q-108, deviation from
which shall require requalification of the contact-molding
procedure, are:

(a) fiber (type, form, manufacturer, and designation);

(b) resin (type, manufacturer, and designation);

(c) curing agent (manufacturer and designation);

(d) curing schedule (i.e., time, temperature, or pres-
sure), outside range specified in the qualified Procedure
Specification;

(e) post cure (time and temperature);

(f) percent of fiber (outside range specified in the qual-
ified Procedure Specification);

(g) weight of vessel (outside range specified in the
qualified Procedure Specification);

(h) Barcol hardness (outside range specified in the
qualified Procedure Specification);

(i) volumetric expansion (outside range specified in the
qualified Procedure Specification);

(j) total number of plies;

(k) ply sequence and orientation;

(1) surface preparation method and distance for
secondary overlays;

(m) length of secondary overlay.

Requalification of a procedure shall+iot be required
when an essential variable mandifacturer's name
change is a result of a business/merger, a corporate
name change, or a commercial. event having no effect
on the manufacturing procés$ or material chemistry.
No other changes in the \material shall be permitted,
including manufacturing-location. Material certificates
shall be identical, with the exception of the manufacturer's
name, and materialtraceability shall remain intact. It shall
be the Fabricator’s responsibility to certify that these re-
quirements/have been satisfied and notify the Authorized
Inspector ofthe name change. The Procedure Specification
and Form'Q-108 shall be revised to document the manu-
factukeér's name change.

RQ-501 NONESSENTIAL VARIABLES

Changes in variables other than those listed in RQ-500
are considered nonessential. They may be made without
requalification of the contact-molding procedure,
provided the Procedure Specification is modified to
show the changes.
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ARTICLE RQ-6
SPECIAL REQUIREMENTS FOR CLASS Il VESSELS

RQ-600 ESSENTIAL DESIGN VARIABLES"

Essential design variables listed in Form Q-120 shall be
established during the design of the vessel. Any deviation
during fabrication in either materials, laminate fabrica-
tion, or method shall require that new Design Calculations
be made. The new calculations shall satisfy the User’s
Design Specification and the requirements of this
Section (see RF-110). Deviation during fabrication from
any of the following shall require requalification of the
design.

(a) Part I — Fabrication

(1) fiber (manufacturer, designation, type, and form)
(2) resin (manufacturer, designation, and type)
(3) liner (material, manufacturer, designation, and
thickness)
(4) laminate fabrication (each separately fabricated
vessel part)
(-a) number of plies
(-b) ply orientation
(-c) ply sequence
(5) cure method
(6) Barcol hardness
(7) percent of fiber
(8) filament winding (bandwidth and spacing)
(9) use offillers or pigments (material, use, and loca-
tion)

(b) Part Il — Assembly

(1) fiber reinforcement\imanufacturer, designation,
type, and form)

(2) resin system (manufacturer, desighation, and
type)
(3) surface preparation details forsecondary overlay
(method and length)
(4) secondary overlay lamifiaté construction
(-a) number of plies
(-b) ply orientation
(-c) ply sequence
(5) percent of fiber
(6) Barcol hardness
Requalification of a procedure shall not be required
when an essential variable manufacturer's name
change is{ayresult of a business merger, a corporate
name change, or a commercial event having no effect
on the'manufacturing process or material chemistry.
No-other changes in the material shall be permitted,
ifcluding manufacturing location. Material certificates
shall be identical, with the exception of the manufacturer's
name, and material traceability shall remain intact. It shall
be the Fabricator's responsibility to certify that these re-
quirements have been satisfied and notify the Authorized
Inspector of the name change. The Procedure Specification
and Form Q-120 shall be revised to document the manu-
facturer's name change.

RQ-601 NONESSENTIAL VARIABLES

Changes in variables other than those listed in RQ-600
are considered nonessential. They may be made without
requalification of the design, provided the Procedure
Specification is modified to show the changes.
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PART RR

PRESSURE RELIEF DEVICES

DELETED
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PART ROP

OVERPRESSURE PROTECTION

ARTICLE ROP-1
GENERAL REQUIREMENTS

ROP-100 GENERAL

(a) This Part provides the acceptable methods and re-
quirements for overpressure protection for pressure
vessels constructed to the requirements of this Section.
Acceptable methods include pressure relief devices,
open flow paths, and overpressure protection by
system design. It establishes the type, quantity, and
settings of acceptable pressure relief devices and relieving
capacity requirements, including maximum allowed
relieving pressures. Unless otherwise specified, the
required pressure relief devices shall be constructed, ca-
pacity certified, and marked with the ASME Certification
Mark in accordance with Section XIII. In addition, this Patt
provides requirements for the installation of pressure
relief devices.

(b) All pressure vessels within the scope of this)Section
shall be provided with protection against ovespressure in
accordance with the requirements of this(Part.

(c) Heat exchangers and similaressels shall be
protected against overpressure in (€ase of an internal
failure.

(d) Vessels used for potable-water, as described in
RG-113 (Section IV appljcation), shall be equipped
with a breather valve directly connected to the inside
of the vessel to protect-against external pressure.

ROP-110 DEFINITIONS

Unless terms are otherwise defined in this Section, the
definitigns relating to pressure relief devices in Section
XIII shall apply.

ROP-120 RESPONSIBILITIES

(a) ltistheresponsibility of the user or the user’s desig-
nated agent to determine the required relief rate, size and
select the device, and design the relief system.

(b) Itisthe responsibility of the user to ensure that the

(c) If a pressure relief devi€e’is to be installed, it is the
responsibility of the user orthe user’s designated agent to
size and select the pressure relief devices based on its
intended service. Intended service considerations shall
include, but not nécessarily be limited to, the following:

(1) normallopération and upset conditions
(2) fluids
(3) fluid phases

(d) The overpressure protection system need not be

supplied by the vessel manufacturer.

ROP-130 DETERMINATION OF PRESSURE-
RELIEVING REQUIREMENTS

(a) Itistheresponsibility ofthe user or the user’s desig-
nated agent to identify all potential overpressure
scenarios and the method of overpressure protection
used to mitigate each scenario.

(b) The aggregate capacity of the pressure relief
devices connected to any vessel or system of vessels
for the release of a liquid, air, steam, or other vapor
shall be sufficient to remove the maximum quantity
that can be generated or supplied to the attached equip-
ment without permitting a rise in pressure within the
vessel of more than that specified in ROP-140.

(c) Vessels connected together by a system of adequate
piping not containing valves that can isolate any vessel,
and those containing valves in compliance with Section
XIII, Nonmandatory Appendix B, may be considered as
one unit in figuring the required relieving capacity of pres-
sure relief devices to be furnished.

(d) Heat exchangers and similar vessels shall be
protected with a pressure relief device of sufficient capac-
ity to avoid overpressure in case of an internal failure.

(e) The rated pressure-relieving capacity of a pressure
relief valve for other than steam, water, or air shall be
determined by the method of conversion given in
Section XIII, Mandatory Appendix IV.

required overpressure protection system is properly
installed prior to initial operation.
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applying a multiplier to the official relieving capacity as
follows:

(1) For vessels with overpressure protection by
system design where the pressure is self-limited at or

(U.S. Customary Units)

P+ 147
1.10p + 14.7
(SI Units)
P + 101
1.10p + 101
where
P = relieving pressure, psig (kPa gage)

p = set pressure, psig (kPa gage)

ROP-140 OVERPRESSURE LIMITS

(a) The combined capacity of the pressure relief
devices shall be sufficient to prevent overpressure in
excess of those specified below when the pressure
relief devices are discharging at full capacity.

(1) when the overpressure protection is provided by
a single pressure relief device, 110% of the design pres-
sure or 3 psi (20 kPa) above design pressure, whichever is
greater

(2) when the overpressure protection is provided by
multiple pressure relief devices, 116% of the design pres=
sure or 4 psi (28 kPa) above design pressure, whicheveris
greater

(b) For Class II vessels, the overpressure.protection
provision shall be established in the DesignSpecification.

(c) For vessels that use overpressuré& protection by
system design, the overpressure limits shall be per
ROP-150(f).

ROP-150 PERMITTED PRESSURE RELIEF
DEVICES

Protection against overpressure shall be provided by
one or a combination of the following devices and
methods in acogdance with Section XIII:

(a) directspring-loaded pressure relief valves bearing
the ASME€ertification Mark with the UV or HV Designator

(b)pilet-operated pressure relief valves bearing the
ASME"Certification Mark with the UV Designator

(¢) rupture disks bearing the ASME Certification Mark
with the UD Designator

(d) breaking pin devices bearing the ASME Certifica-
tion Mark with the UD Designator

(o) onan flovs na the or vantc
e+

L ; . 1 g -
betow-the-vessetmaximumattowable-workingpresstre
(MAWP) (see Section XIII, 13.2), there shall be no credible
overpressure scenario in which the pressure exceeds the
MAWP of the pressurized equipment at the coincident
temperature.

(2) For vessels with overpressure protection by
system design where the pressure is not self-limited-at
or below the vessel MAWP (see Section XIII, 1'3.3),
there shall be no credible overpressure scendrio in
which the pressure exceeds 116% of the MAWP.

ROP-160 PRESSURE-SETTING AND
PERFORMANCE REQUIREMENTS

(a) When a single pressure rélief device is used, it shall
have a set pressure at a pressure that does not exceed the
design pressure of the vessel When the required capacity
is provided in more thanjone pressure relief device, only
one device need be setat or below the design pressure, and
the additional devices may be set to open at higher pres-
sures but in no.¢ase at a pressure higher than 105% of the
design pressure.

(b) Thepressure atwhich any device is setto open shall
include’the effects of static head and back pressure.

(c) \Set pressure tolerance for pressure relief valves
bearing the Certification Mark with HV Designator
shall not exceed 3 psi (20 kPa) for pressure up to and
including 60 psi (400 kPa) and 5% for pressures
above 60 psi (400 kPa).

(d) The burst pressure tolerance for rupture disk
devices bearing the Certification Mark with UD Designator
at the specified disk temperature shall not exceed +2 psi
(15 kPa) of marked burst pressure up to and including 40
psi (300 kPa) and +5% of marked burst pressure above 40
psi (300 kPa).

(e) The set pressure tolerance for pin devices bearing
the Certification Mark with UD Designator shall not exceed
+2 psi (15 kPa) of marked set pressure up to and including
40 psi (300 kPa) and +5% of marked set pressures above
40 psi (300 kPa) at specified pin temperature.

ROP-170 INSTALLATION

(a) Number of Connections. Vessels shall have at least
one connection for mounting pressure relief devices
directly on the vessel or for connecting piping to pressure
relief devices.

(b) Size of Openings and Nozzles

(1) Openings and nozzles constituting the connec-
tions specified in (a) shall be designed to provide
direct and unobstructed flow between the vessel and

fe}op ewpaths—er-vents
(f) overpressure protection by system design in accor-

dance with Section XIII, Part 13
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(2) The area through the opening or nozzles and all
pipe fittings between a pressure vessel and its pressure

(d) Stop Valves Between the Vessel and Pressure Relief
Device. There shall be no intervening stop valves between

retefdeviceshaltbeatteastequat-to-theareaofthepres
sure relief device(s) inlet and in all cases shall have suffi-
cient area so as not to restrict the flow to the pressure
device.

(3) When two or more required pressure relief
devices are placed on one connection, the inlet internal
cross-sectional area of this connection shall be at least
equal to the combined inlet areas of the pressure relief
devices connected to it and in all cases shall be sufficient
to not restrict the combined flow of the attached devices.

(4) Connections for liquid relief valves shall be at
least NPS 4, (DN 15).

(c) Location of Openings and Connections

(1) Openings and connections for pressure relief
purposes shall be located so that the nature of the
vessel’s contents will not hinder flow through such open-
ings and connections.

(2) Connections for vapor pressure relief devices
shall be located in the vapor space.

(3) Connections forliquid relief valves shall be below
the normal liquid level.

the—vessetand-itspressureretief-deviceor-devicesor
between the pressure relief device or devices and the
point of discharge, except

(1) when the stop valves are so constructed or posi-
tively controlled that the closing of the maximum number
of stop valves possible at one time will not reduce the
pressure relief capacity provided by the unaffected
relieving devices below the required relieving capacity, or

(2) under the conditions set forth in Noftntandatory
Appendix AB

(e) Discharge Lines From Pressure-Relief Devices.

Discharge lines from pressure réelief devices shall be
designed to facilitate drainage®op shall be fitted with
an open drain to prevent liquid lodging in the discharge
side of the pressure relief deyice, and such lines shall lead
to a safe place of discharge-The size of the discharge lines
shall be such that any pressure that may exist or develop
shall not reduce_therelieving capacity of the relieving
devices below ithat required to protect the vessel (see
Nonmandateny-Appendix AB).
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PART RT

RULES GOVERNING TESTING

ARTICLE RT-1
TESTING REQUIREMENTS

RT-100 SCOPE

This Part specifies the requirements for tests to be made
during and after fabrication. For Class I vessels, such tests
shall consist of a Qualification Test (see Article RT-2),
Quality Control Test (see Article RT-3), and Production
Test (see Article RT-4). For Class II vessels, such tests
shall consist of an Acceptance Test as specified in
Article RT-6 and the Material Property Test specified
in Article RT-7 to determine the elastic and strength
constants that serve as a basis for design.

Hydrostatic tests for both Class I and Class II vessels
shall be as specified in Article RT-5.

RT-110 FABRICATOR’S RESPONSIBILITY

The Fabricator completing a vessel or vessel part.has
the responsibility for conducting the tests stipulated in
this Part. The purpose of these tests is to ensure that
such vessel or part is designed for the service-condition
specified in the Design Specification and that the proce-
dure for fabricating it is adequate.

RT-111 CERTIFICATION OF COMPETENCY FOR
NONDESTRUCTIVE.EXAMINATION
PERSONNEL

(a) The Fabricator.shall certify that each examiner
performing acousti¢_emission testing under this Article
has attended a‘dedicated training course on the
subject, passed.awritten examination, and has the recom-
mended experience level. The training course shall be
appropriate for specific NDT Level II qualification
according to Recommended Practice No. SNT-TC-1A*®
of the "American Society for Nondestructive Testing and
should include, as a minimum, the following general
topics:

(1) basic technology and terminology of acoustic
emission;

(2) fiber-reinforced plastic pressure vessel construc-
tion;

(3) failure mechanisms oftreinforced plastics;

(4) acoustic emission\ihstrumentation;

(5) instrument chéckout;

(6) vessel filling requirements;

(7) the proyisions of ASTM E1067;

(8) characteristics of spurious emission;

(9) data collection and interpretation;

(10)-test reports.

The experience level shall be that recommended by
SNT-TC-1A for Level II certification in acoustic emission
teSting.

(b) Personnel who have attended the training
prescribed above, and passed a Level I examination
but not a Level II examination, may perform the test
but only to the instructions of, and with adequate super-
vision from, a person who meets the requirements of (a)
above.

RT-112 TEST REPORTS

For Class I vessels, the Fabricator has the responsibility
of preparing and keeping on file for at least 5 yr (see
RG-321) a detailed report of the tests that were conducted
to prove the design of each vessel in order to be marked
with the Certification Mark, together with the qualified
Procedure Specification under which the prototype
vessel was fabricated. For Class Il vessels, the Acceptance
Test Report shall be kept for 10 yr. This Acceptance Test
Report shall be certified by the Fabricator and verified by
the Inspector.

RT-120 INSPECTOR'’S DUTIES
See RI-130.

82



https://asmenormdoc.com/api2/?name=ASME BPVC.X (ASME BPVC Section 10) 2023.pdf

ASME BPVC.X-2023

ARTICLE RT-2
DESIGN AND PROCEDURE QUALIFICATION TEST
REQUIREMENTS FOR CLASS | VESSELS

RT-200 GENERAL

The tests and examinations stipulated in this Article are
intended to qualify both the design of a prototype vessel
and the Procedure Specification in accordance with which
it has been fabricated. Production vessels, which conform
in design to the prototype vessel and which are fabricated
in accordance with the same qualified Procedure Speci-
fication, may be marked with the Certification Mark
after the Inspector has ensured that the provisions of
this Code have been complied with (see RG-321 and
RI-130). The report of these tests shall be designated
as the Qualification Test Report and shall become part
of the Fabricator’s Design Report.

RT-201 ALTERNATIVE REQUIREMENTS

When a number of Class I vessels are identical in evefy
detail of design, materials, and fabrication exceptfor/a
difference in shell length, the entire group or series
may be qualified for RT-212 and RT-223 byubjecting
only the longest and shortest length vessels in the
series to these tests.

To qualify for this alternative method, every vessel in
the series shall be identical in all essential variables (see
Part RQ) with the exception of véssel weight and volu-
metric expansion which may vary with shell length.

A vessel series that contains nozzles, or openings, or
both may also qualifyfor this alternative method. To
qualify as identical in.axial position, nozzles or openings
located along the longitudinal axis of the shell shall remain
a fixed distancefrom the nearest vessel end for all vessels
in the series.

To qualify a'vessel series for RT-223, the vessels tested
shall be'supported so as to create the worst case of load-
ingsiexpected for the entire vessel series (see RD-120). If
the'\worst case nozzle/opening placement is not tested
with the longest and shortest length vessels, additional
vessels shall be tested.

Each vessel in the series shall have its own Fabricator’s
Design Report (see RG-321.1) and shall be qualified indi-
vidually with the exception of RT-212 and RT-223. Quali-
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RT-202 OMITTED OR REDUCED-IN-SIZE NOZZLES
OR OPENINGS FOR FILAMENT-WOUND
VESSELS

Class I filament-wound yesséls for internal pressure
uses only can be designed-and qualified with any combi-
nation of nozzles or openings as allowed in the Code. This
does not apply to_polar boss openings. To qualify a
reduced-in-sizernozzle, the design of the reduced-in-
size nozzle shall be a scaled version of that used in the
qualified vessel, using the identical material, and
proper size‘opening for the reduced-in-size nozzle. No
changesto the winding pattern or structure are permitted.
The Fabricator can omit or reduce in size any of these
nozzles or openings in production vessels. Fabrication
of the production vessels shall be identical to the qualified
vessel in every way, with the exception of the nozzles or
openings that are omitted or reduced in size. Weight
allowances for each nozzle or opening that qualifies
for omission or reduction in size, inclusive of such
items as pad reinforcements that make up omitted or
reduced-in-size nozzles or openings, shall be added to
the weight determined in accordance with the require-
ments of RT-213. This total weight, inclusive of the
sum of weight reductions for all omitted or reduced-
in-size nozzles or openings, shall be at least 95% of
the weight specified and recorded in the Production
Test Requirements.

RT-210 QUALIFICATION CHECKS AND
EXAMINATIONS

Each prototype vessel shall be checked, examined, and
inspected in accordance with the requirements of RT-211
through RT-214, and the results shall be recorded in the
Fabricator’s Design Report.

RT-211 VESSEL THICKNESS

The thickness of each prototype vessel and vessel part
shall be determined at a minimum of three points along its
length on each of its four quadrants. When vessels are
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will be by reference to the lengths tested.
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shall be made for each additional 5 ft (1.5 m) or
portion thereof. The thickness determinations shall be
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made with mechanical gages, ultrasonic gages, or other
devices having an accuracy of +2% of true thickness.

(b) The volume of liquid used to fill the vessel at atmo-
spheric pressure and temperature shall be compared with

Where-vistatindicationof deviationfromdesignthick
ness exists at points other than those at which measure-
ments are required, thickness determinations in sufficient
number to properly locate and define the deviant area
shall be made.

RT-212 WEIGHT OF RESIN AND FIBER

The percentage by weight of resin and fiber in each
prototype vessel or part shall be determined by means
of an ignition test per ASTM D2584 or matrix digestion
per ASTM D3171 of a sample taken from an undamaged
portion of the vessel used for the pressure qualification
test.

RT-213 VESSEL WEIGHT

Each prototype vessel shall be weighed within an accu-
racy of £1%. The weight shall be recorded on the appli-
cable Form Q-106, Form Q-107, or Form Q-108.

RT-214 VISUAL EXAMINATION OF VESSELS

The vessel shall be visually checked for imperfections in
the laminate. Classification and acceptance level of imper-
fections shall be according to Table 6-100.1. Fiberglass
laminates exposed to corrosive process fluids shall
comply with Table 6-100.1 for the pressure side, while
structural laminates shall comply with Table 6-100.1
for the nonpressure side.

RT-220 QUALIFICATION TESTS

Qualification tests shall be performed as required by
RT-221 through RT-223.

RT-221 BARCOL HARDNESS TESTS

(a) Each prototype vessel and.yessSel part shall have at
least three Barcol hardness determinations made along its
length on each of its four quadrants. When vessels are
longer than 5 ft (1.5 m),.one additional set of determina-
tions shall be madeAforieach additional 5 ft (1.5 m) or
portion thereof. A-series of readings shall be taken at
each quadrant-on~smooth surfaces, properly oriented,
in accordaneeswith ASTM D2583.

(b) The Barcol hardness values thus determined shall
be recorded in the Qualification Test Report and on the
applieable Form Q-106, Form Q-107, or Form Q-108, and
shallbe used as reference values in subsequent Produc-
tion Tests (see RT-440).

RT-222 VOLUMETRIC EXPANSION TESTS

(o) Loall L

that-required-to-fil-it-at-the—designpressure-and-at-the
same temperature.’” Care shall be taken to eliminate
air pockets to ensure accuracy. The volume of liquid
used in each instance shall be determined by any appro-
priate means, such as a weigh tank which has been cali-
brated toanaccuracy of +0.2%. The results of this test shall
be documented as part of the Qualification Test Repost
recorded on the applicable Form Q-106, Form Q-10%, or
Form Q-108, and subsequently used in the quality(¢ontrol
volumetric expansion test.

(c) Alternatively, the volumetric expansion may be
determined by measuring the overdll length of the
vessel and its circumference at 5 ft/(1.5 m) intervals
along its length, with a minimum of.three such determina-
tions being made; all measurerents shall be made with
instruments that have been, ealibrated to an accuracy
of +0.05%. These measurements shall be taken with
the vessel filled with Tiquid at atmospheric pressure
and at design pressuré, both at the same temperature.
The measurements-thus made shall be documented as
part of the Qualification Test Report, recorded on the ap-
plicable Fotm, Q-106, Form Q-107, or Form Q-108, and
subsequently used in the quality control volumetric
expansion test.

RT>223 CYCLIC PRESSURE AND HYDROSTATIC
PRESSURE QUALIFICATION TESTS

RT-223.1 Vessels Intended for Internal Pressure
Only. (See RT-223.5 for filament-wound vessels with
uncut filaments.) At least one prototype vessel, intended
for internal pressure service only, shall be subjected to the
following tests:'®

(a) A cyclic pressure test shall be performed in accor-
dance with the following procedures:

(1) The test fluid shall be water or other appropriate
liquid.

(2) For vessels without liners, the pressure shall be
cycled from minimum'® pressure to the design pressure
and back 100,000 times (except for vessels per RG-404,
refer to RT-223.5). The temperature of the test fluid shall
be atleast 150°F (65°C) or the maximum design tempera-
ture of the vessel, whichever is higher. Leakage during
cyclic testing is prohibited.

(3) For vessels with a liner, whether integral or not,
the pressure shall be cycled from minimum'® pressure to
the design pressure and back 10,000 cycles at the
minimum design temperature and for 90,000 cycles at
the maximum design temperature (except for vessels
per RG-404, refer to RT-223.5). Leakage during cyclic
testing is prohibited

(4) For potable water usage, as described in RG-113

1% totiraa 1o 1 i taod o o ol
te}—Each-prototype-vessel-shall-besubjectedtoavelu
metric expansion test using water or other appropriate
liquid, and the results recorded on the applicable
Form Q-106, Form Q-107, or Form Q-108.
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(Section IV application), the pressure shall be cycled
10,000 cycles at the minimum design temperature and
80,000 cycles at the maximum design temperature
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followed by a final 10,000 cycles during which the vessel is
thermally shocked by flushing 80°F (27°C) or less water so

£ Q000 (D200

(4) the prototype vessel shall show no evidence of
buckling.

La) Tl
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thatthe-vessetreachesatteast39°F{32%6 at-thecompte
tion of the 10,000 cycles. Leakage during cyclic testing is
prohibited.

(b) Afterthecyclic pressure test, a hydrostatic pressure
test shall be performed, and the qualification pressure of
the vessel shall be determined in accordance with the
following procedures:

(1) The test fluid shall be water or other appropriate
liquid. The test fluid temperature shall be at least the
maximum design temperature of the vessel.

(2) The test pressure shall be applied at a uniform
rate so that six times the design pressure is reached in not
less than 1 min.

(3) The maximum pressure reached duringthe testis
called the qualification pressure. The qualification pres-
sure shall be atleast six times the design pressure. The use
of a flexible bladder to enable attainment of the qualifica-
tion pressure is permissible. However, if the first vessel
tested fails to reach six times the design pressure, but does
reach 90% of this value, the Fabricator may test at least
two more vessels which have been subjected to cyclic
pressure tests in accordance with (a) and (b) above.
The average of the qualification pressures of these addi-
tional vessels, including that of the first vessel, shall be at
least six times the design pressure, and no others than the
first shall have a qualification pressure of less than six
times the design pressure.

RT-223.2 Vessels Intended for Both Internal{and
External Pressure. At least one prototype vessel intended
for both internal and external pressure seryice shall be
subjected to the following tests:

(a) A cyclic pressure test shall be performed in accor-
dance with the requirements of RT-2231, except that the
pressure shall be cycled from the external design pressure
to the internal design pressure @nd back 100,000 times.
During the cyclic testing no/leakage shall occur. At the
Fabricator’s option, the:¢yclic pressure test may be
carried out in two steps,/as follows:

(1) the pressuxe shall be cycled from the external
design pressure\to atmospheric pressure and back
100,000 timeS without leakage;

(2) the pressure shall be cycled from atmospheric
pressure\to the internal design pressure and back
100,000 times without leakage.

{b) The prototype vessel with any internal liner
installed shall be subjected to an external hydrostatic
pressure test, as follows:

(1) the test fluid shall be water or other appropriate
liquid;

(2) the temperature of the test fluid shall be 150°F
(65°C), minimum;

fe}—Fheprototype-vesselafterbeing-stbjected-to-the
external hydrostatic pressure test required in (b) above
and to the cyclic pressure test required in (a) above, shall
then be subjected to a hydrostatic qualification pressure
test in accordance with the requirements of
RT-223.1(a)(3).

RT-223.3 Vessels Intended for External Pressure
Only. At least one prototype vessel intended fop external
pressure service only shall be tested in accordance with
RT-223.2, except that the internal desig pressure shall be
not less than 15 psig (100 kPa gage).

RT-223.4 Vessels Having Bending and Shear Stresses
Inherent in Their Design. At léast one prototype vessel of
types having bending and,shear stresses inherent in their
design shall be subjected to a cyclic pressure test and a
hydrostatic qualification'pressure test in accordance with
RT-223.1,RT-223.2,0r RT-223.3, whichever is applicable,
except that, in dddition, the prototype vessel(s) shall be
loaded to create the magnitude of bending and shear
stresses expgcted to occur under service conditions.

RT-223.5 Vessels Fabricated per RG-404.2 (Filament
Winding — Polar Boss Openings Only) That Are Intended
for-Internal Pressure Only. At least one prototype vessel
shall be subjected to the following tests:'®

(a) A cyclic pressure test shall be performed in accor-
dance with the following procedures:

(1) The test fluid shall be water or other appropriate
liquid.

(2) For vessels without liners, the pressure shall be
cycled from minimum®'® pressure to the design pressure
and back 33,000 times. The temperature of the test fluid
shall be at least 150°F (65°C) or the maximum design
temperature of the vessel, whichever is higher.
Leakage during cyclic testing is prohibited.

(3) For vessels with a liner, whether integral or not,
the pressure shall be cycled from minimum'? pressure to
the design pressure and back 3,000 cycles at the minimum
design temperature and for 30,000 cycles at the maximum
design temperature. Leakage during cyclic testing is
prohibited.

(b) Afterthe cyclic pressure test, a hydrostatic pressure
test shall be performed, and the qualification pressure of
the vessel shall be determined in accordance with the
following procedures:

(1) The test fluid shall be water or other appropriate
liquid. The test fluid temperature shall be at least the
maximum design temperature of the vessel.

(2) The test pressure shall be applied at a uniform
rate so that 5 times the design pressure is reached in not
less than 1 min

(3) the external hydrostatic test pressure shall be
twice the external design pressure;
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(3) The maximum pressurereached duringthe testis
called the qualification pressure. The qualification pres-
sure shall be at least 5 times the design pressure. The use
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of a flexible bladder to enable attainment of the qualifica-
tion pressure is permissible. However, if the first vessel

above. The average of the qualification pressures of
these additional vessels, including that of the first

testedfailstoreachfive-times—thedesignpressure;but
does reach 90% of this value, the Fabricator may test
at least two more vessels which have been subjected
to cyclic pressure tests in accordance with (a) and (b)

VCDDC}, D}la}l lIJC at }Cqbt f;VC t;lllCD t}lC dcaisu lJl cosuryg,
and no other vessels than the first shall have a qualification
pressure of less than five times the design pressure.
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ARTICLE RT-3
QUALITY CONTROL TEST AND EXAMINATION REQUIREMENTS
FOR CLASS | VESSELS

RT-300 GENERAL

(a) Thetests and examinations stipulated in this Article
are intended to provide evidence that the Procedure Spec-
ification, previously qualified in accordance with
Article RT-2, is being accurately followed and that no
deviations have been introduced.

(b) Theresults of the tests and examinations stipulated
in this Article shall be designated as Quality Control Tests
and shall be recorded and kept on file [see RG-321.1(f)].
They shall be made available to the Inspector for review
and acceptance.

RT-301 REQUALIFICATION OF PROCEDURE
SPECIFICATION

If a qualified Procedure Specification has not been used
within the time frames detailed in RT-310, it shall-be
requalified in accordance with the rules of Article’/RT<2
before use in fabricating vessels to be marked with the
Certification Mark.

RT-310 FREQUENCY OF CYCLIC PRESSURE
AND QUALIFICATIONPRESSURE
TESTS

There are three ways for detéermining the frequency of
cyclic pressure and qualificdtion pressure tests. All vessels
subject to requalificationytests shall follow the require-
ments of RT-223. All vessels subject to requalification
testing shall be selected at random by the Inspector.

(a) Regardless/of the time frequency, one vessel per
1,000 dupljcatestamped with the Certification Mark pres-
sure vessels/shall be subjected to a cyclic pressure and
hydrostatic qualification pressure test.

(b)»When a Fabricator of Class I vessels stamps with the
Certification Mark at least 24 vessels per year, the Fabri-
cator, in collaboration with the Inspector, may increase
the time between the requalification of the Procedure
Specification, Qualification Cyclic Pressure, and Qualifica-
tion Pressure Tests, from once a year up to every 3 yr.

(c) IfaFabricator does not stamp with the Certification
Mark at least 24 vessels per year, theiione vessel per year
shall be subjected to a cyclic préssure and hydrostatic
qualification pressure test.

RT-320 FREQUENCY-OF DETERMINATION OF
WEIGHT OF RESIN AND FIBER

At least one determination of the weight of resin and
fiber shall bemade for every 1,000 duplicate vessels, and
at least oncea year. The determination shall be made in
accordancewith RT-212, and the weight of the fiber shall
be thatspecified in the Procedure Specification and within
thérange specified in RF-200, RF-300, RF-400, or RF-500,
as applicable. The vessel to be used for this test shall be
selected at random by the Inspector.

RT-330 FREQUENCY OF VOLUMETRIC
EXPANSION TESTS

For duplicate vessels a volumetric expansion test in
accordance with the requirements of RT-222 shall be
performed on one of every 10 vessels and at least
once a year. The results of these tests shall not be
greater than 105% of the values recorded in the original
Qualification Test Report and Procedure Specification.
The vessel to be used for this test shall be selected at
random by the Inspector.

RT-340 FREQUENCY OF THICKNESS CHECKS

Every vessel and vessel part shall be visually examined,
and when there is visual evidence of variation in thickness
from that specified in the Fabricator’s Design Report, the
areas in question shall be explored and their thicknesses
determined as required by RT-211. The under thickness
deviation shall not exceed 10% for a maximum distance of
0.5~/Rt from the center of the area which is below the thick-
ness specified in the Fabricator’s Design Report, where Ris
the radius ofthe shell or head and tis the nominal specified
thickness.
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ARTICLE RT-4
PRODUCTION TEST REQUIREMENTS FOR CLASS 1 VESSELS

RT-400 GENERAL

Each vessel shall be subjected to the inspections, exam-
inations, and tests stipulated in this Article and shall
comply with the specified requirements, with results
recorded in Production Test Reports. The hydrostatic
tests shall not be conducted until other tests stipulated
in this Article have been conducted.

RT-410 VISUAL EXAMINATION

Each vessel shall be visually examined, using a suitable
light source, to determine whether there are any imper-
fections of the type specified in Table 6-100.1. This exam-
ination shall be carried out both before and after the
hydrostatic leakage test required by RT-450.

RT-411 ACCEPTANCE STANDARDS

RT-411.1 Design Dimensions. Vessels shall be
inspected for conformance with dimensions and toler-
ances shown on the Design Drawings. Any dimension
falling outside the specified limits shall be cause for réjec-
tion.

RT-411.2 Classification of Imperfections. Classifica-
tion of visual imperfections in critical areas.of fiberglass
laminates shall be made in accordance with Table 6-100.1
for the pressure side.

RT-411.3 Imperfections in Nonecritical Areas. Imper-
fections in noncritical areas'which by nature, content,
or frequency do not affect’the serviceability of the
vessel shall not exceed\the levels for the nonpressure
side in Table 6-100(T:

RT-411.4 Inserts; Nuts, Studs, and Lugs. Inserts, nuts,
studs, and lugs-shall not be damaged in any way nor be
coated with\laminate material in such a way as to impair
function_or“mechanical fit. Threads in molded-in inserts
shall¢be-clean, smooth, and free of nicks, tears, or other
damage. There shall be nolaminate material or flash on the
threads. Molded-in threads or cored holes shall be free of
visible defects such as chips, cracks, shorts, etc.

RT-411.5 Repairable Imperfections.

laonc s
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Imperfec-

RT-412 REPAIRS OF IMPERFECTIONS

RT-412.1 Bag-Molded Vessels and Centrifugally Cast
Vessels. The Inspector shall first verify-that all require-
ments of Article RI-2 or Article RI-3, as-applicable, are met
before permitting repair of imperfections.

(a) When required by the Fabricdtor’s Design Report,
all cut edges shall be coated with-catalyzed resin and cured
so that no fibers are exposed-and all voids are filled.

(b) When required by the-Fabricator’s Design Report,
crevices between joined 'pieces shall be filled with cata-
lyzed resin or thixetropic catalyzed resin paste and cured,
leaving a relatively smooth surface.

(c) If leaks or weeps are detected during the hydro-
static leakage’test (see RT-450 and RT-451), the vessel
shall be-dried completely before repairing. Catalyzed
resinyef catalyzed thixotropic resin paste shall be
applied on the surface of the vessel over the area
which leaked and forced into the microvoids by air at pres-
sure no more than the working pressure of the vessel.
Initial repair shall be followed as soon as practicable?’
by complete curing. A retest shall be made for leakage.

(d) Superficial damage to exterior of vessels subse-
quent to testing may be repaired by patching with rein-
forced resin, which shall be adequate to restore the
original strength. The surface layer of resin shall be
ground to a dull finish over the entire area to be repaired
and extending a minimum of 2 in. (50 mm) beyond the
imperfection. Fiber reinforcement may be in the form
of chopped strand mat, woven fiber cloth, or woven
roving. Where more than one layer of fiber cloth or
woven roving is to be used, a layer of chopped strand
mat shall be placed as alternate layers. The repaired
area shall be cured to the Barcol hardness established
in the Fabricator’s Design Report (see RT-221 and
RT-440).

The repaired vessel shall be tested as per RT-450 or
RT-461, as applicable, and a record of the repair shall
be included in the Fabricator’s Design Report, and in
the Fabricator’s Data Report under remarks.

RT-412.2 Filament-Wound Vessels [2,000 psi
(14 MPa) Maximum Operating Pressure; See RT-412.3]
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ability of the vessel may be repaired unless prohibited by
the Fabricator’s Design Report.
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fe)-Whenrequired-by-the Fabrieator’s DesisnReport
all cut edges shall be coated with catalyzed resin and cured
so that no fibers are exposed and all voids are filled.
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(b) When required by the Fabricator’s Design Report,
crevices between joined pieces shall be filled with cata-

leaving a relatively smooth surface.

RT-412.3 Filament-Wound Vessels (For Both General
Vessels and Vessels With Polar Boss Openings Only).
The Inspector shall first verify that all requirements of
Article RI-4 are met before accepting repair of imperfec-
tions. Repair of imperfections shall be done in accordance
with RT-412.1(c) and/or RT-412.1(d), as applicable, with
the provision that after the repair is cured, the vessel shall
be pressurized to the required hydrostatic leakage test
(see RT-450.1 and RT-450.2) pressure and the repaired
area examined for any evidence of crazing or delamina-
tion.

RT-412.4 Contact-Molded Vessels. The Inspector
shall first verify that all requirements of Article RI-5
are met before permitting repair of imperfections.
Repair of imperfections shall be done in accordance
with RT-412.1(c) and/or RT-412.1(d), as applicable,
with the provision that after the repair is cured, the
vessel shall be pressurized to the required hydrostatic
leakage test (see RT-450.1 and RT-450.2) pressure and
the repaired area examined for any evidence of
leakage, crazing, or delamination.

RT-413 VISUAL EXAMINATION OF REPAIRED
AREAS

Each repaired area shall be examined visually without
the aid of magnification. The repaired area shall have
translucency and surface finish comparable to the
remainder of the vessel.

RT-420 THICKNESS CHECK

Each vessel shall be subjected to a thickness check in
accordance with the requirements of RT-340.

RT-430 VESSEL WEIGHT

Each vessel shall\be weighed in accordance with the
weight requiréments of RT-213. The weight of each
vessel shall be' at least 95% of the weight specified
and recordéd in the Fabricator’s Qualification Test
Report.for the prototype vessels, after subtracting the
weights associated with those nozzles, or openings, or
both as described in RT-202.

RT-440 BARCOL HARDNESS TEST

Each vessel shall be subjected to a Barcol hardness test
in accordance with the requirements of RT-221. The

RT-450 HYDROSTATIC LEAKAGE TEST

R1-45( RSSE NIThO Nelded Meta DMPpo-
nents. Each completed vessel including production
heads shall be subjected to a hydrostatic leakage test
using water or other suitable liquid as the test fluid.
The test pressure at ambient temperature shall be 11
times the design pressure, whether internal or external,
and shall be maintained for at least one minute. The véssel
shall then be carefully examined for leakage, at.design
pressure. Vessels that leak shall be rejeeted unless
they can be repaired in accordance with”RT-412 and
provided that they then pass the stipulated hydrostatic

test without leakage.

RT-450.2 Vessels With Welded Metal Components.
Each completed vessel ingldding production heads
shall be subjected to a hydrostatic leakage test using
water or other suitableJiqtid as the test fluid. The test
pressure at ambient téemperature shall be 1.3 times the
design pressure, whether internal or external, and
shall be maintained for at least one minute. The vessel
shall then be) carefully examined for leakage, at design
pressure’Jessels that leak shall be rejected unless
they carl be repaired in accordance with RT-412 and
provided that they then pass the stipulated hydrostatic
test-without leakage.

When welded metal components can be isolated from
the rest of the vessel, it is permitted to test the welded
metal components and the rest of the vessel separately.
In this specific case, the welded metal components may be
tested using RT-450.2 (1.3 times the design pressure) and
the rest of the vessel may be tested using RT-450.1 (1.1
times the design pressure).

RT-451 VESSELS WITH LINERS

Vessels having liners shall be tested with liners in place.

RT-452 EXCESSIVE HYDROSTATIC LEAKAGE TEST
PRESSURE

When pressurizing vessels during hydrostatic tests, the
pressure shall not exceed the required hydrostatic leakage
test (see RT-450.1 and RT-450.2) pressure by more than
10%. Exceeding this maximum pressure during the test
shall be cause for rejection. To avoid this condition, it is
recommended that a properly set safety relief valve be
installed on the vessel or in the line supplying the test
fluid to it during the test.

Barcal hardnace ualya chall ha wathin tha ranagn cnacifiad
PaFeorfadrahesSVartde-Stiamrpe-wWitnh—+ie-f 1) ecHiee

by the resin manufacturer and recorded in the Qualifica-
tion Test Report and the Procedure Specification.
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RT-460 CONDITIONS UNDER WHICH
PNEUMATIC LEAKAGE TEST MAY BE

RT-461.1 When Vessels Are Pneumatically Tested
Under Water

USED

The pneumatic test described herein may be used in lieu
of the hydrostatic leakage tests prescribed in RT-450 only
if the conditions of RT-460.1 or RT-460.2 apply.

NOTE: Air and gas are hazardous as testing media. It is recom-
mended, therefore, that special precautions be taken when air or
gas is used for test purposes.

RT-460.1 When Vessels Cannot Be Safely Filled With
Water. Pneumatic testing may be used for vessels which
are so designed and/or supported that they cannot be
safely filled with water. The tests of such vessels may
be made with the vessels partially filled with water, if
specified in the Fabricator’s Design Report.

RT-460.2 When Traces of Test Fluid Cannot Be Toler-
ated. Pneumatic testing may be used for vessels not
readily dried which are designed for use in services
where traces of testing liquid cannot be tolerated.

RT-461 REQUIRED PNEUMATIC TEST PRESSURE
AND HOLDING TIME

(a) The test pressure at ambient temperature shall be
at least 1.3 times the design pressure and shall be main-
tained for at least 1 min.

(b) When the test medium is air or gas instead of water
or other liquid, the requirements of RT-450 regarding
liners, repair of leaks, excessive test pressure, and rejec-
tion shall also apply.

(a) Leakage determination shall be made by testing the
vessels while totally submerged in water.

(b) The pressure shall be applied to the vessels only
while they are completely submerged in water.

(c) The pressure may be applied gradually in one incre-
ment or in increments at the Fabricator’s option.

(d) The test pressure shall be maintained for sufficient
time to permit examination for leakage of the entire
surfaces of the vessels. To accomplish this examination,
the vessels shall be slowly rotated so that the’entire vessel
surfaces can be inspected.

RT-461.2 When Vessel Is Freestanding (Not Under
Water)

(a) The pressure in the vessel shall be gradually
increased to not more than{one-half the test pressure,
after which the pressureshall be increased in increments
of one-tenth the test pressure until the required test pres-
sure has been redched.

(b) After thejtést pressure has been maintained for at
least 1 miny it shall be reduced to three-fourths of the
design pressure and maintained at that pressure for suffi-
cient timre'to permit examination for leakage of the entire
surfaeeof the vessel and its attachments by means of soap-
suds applied thereto.
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ARTICLE RT-5
HYDROSTATIC TESTING PROCEDURES AND EQUIPMENT FOR
CLASS | AND CLASS Il VESSELS

RT-500 PROVISION OF VENTS AT HIGH
POINTS

Vents shall be provided at all high points of the vessel in
the test position to purge possible air pockets while the
vessel is being filled with the test fluid.

RT-501 EXAMINATION OF TEST EQUIPMENT

Before applying pressure, the test equipment shall be
examined to see that it is leak tight and that all low-pres-
sure filling lines and other appurtenances that should not
be subjected to the test pressure have been disconnected
or isolated by valves or other suitable means.

RT-502 RATE OF APPLYING TEST PRESSURE

The pressure in Class I vessels shall be gradually,
increased to not more than one-half the test pressare,;
after which the pressure shall be increased in steps of
one-tenth of the test pressure until the required test pres-
sure has been reached. Class Il vessels shall be pressurized
in accordance with Article RT-6.

RT-510 TEST GAGES

(a) An indicating pressure gage shall be connected
directly to the vessel or with a’pressure line that does
not include intermediate.%alves. If the indicating gage

is not readily visible to the operator cofitrolling the pres-
sure applied, an additional indieating gage shall be
provided where it shall be viSible to the operator
throughout the duration of the test. For large vessels,
it is recommended that a recording gage be used in addi-
tion to indicating gages.

(b) Dial indicating préssure gages used in testing shall
be graduated over-airange of about double the intended
maximum test pfessure, but in no case shall the range be
less than 1'% ner more that 4 times that pressure. A digital
reading presSure gage having a wider range of pressure
may be’used provided the readings give the same or
greaterdégree of accuracy as obtained with a dial pressure
gageywhich meets the above range requirement of 1% to 4
tintes the maximum test pressure.

(c) All gages shall be calibrated against a standard
deadweight tester or a calibrated master gage. Gages
shall be recalibrated once every 6 months or at any
time that there is reason to believe that they are in error.

RT-520 CALIBRATION OF ACOUSTIC
EMISSION EQUIPMENT

Acoustic emission equipment used for acceptance tests
of Class Il vessels shall be calibrated per Section V, Article
11.
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ARTICLE RT-6
ACCEPTANCE TEST PROCEDURE FOR CLASS Il VESSELS

RT-600 GENERAL

The tests stipulated in this Article are intended to verify
thatavessel that was designed and fabricated according to
Article RD-11isfree of structural defects and is suitable for
the pressure and temperature for which it was designed.
Such tests are nondestructive and are intended to verify
individual vessels for specific services. Vessels that
comply with the Design Specification and pass the Accep-
tance Test may be marked with the Certification Mark
after the Inspector has ensured that the provisions of
this Code have been satisfied.

RT-610 ACCEPTANCE CHECKS AND
EXAMINATIONS

Each Class II vessel shall be checked and examined in
accordance with the requirements of RQ-140, and the
results recorded in the Acceptance Test Report, which
shall become part of the Fabricator’s Design Report.

(a) The acoustic emission examination shall be_in
accordance with the requirements of this Article ‘and
ASTM E1067. Where the provisions of this_ Article
differ from those of ASTM E1067, the provisions of
this Article shall govern.

(b) Vessel Conditioning. The internal pressure in the
vessel shall not exceed 10% of the test pressure for
12 hr prior to the acoustic emission examination and
110% of the test pressure any tilme before the acoustic
emission examination.

(c) Instrumentation shall be as detailed in ASTM
E1067, paragraph 7. The recommended and preferred
instrument features/isted in paragraph 7.2 are required.
Peak-amplitude detéction for each input channel is
required. Time/ofarrival shall be measured to an accuracy
of 1 usec. Allfestdata, including time and pressure, shall be
recorded oy post-test playback and analysis. The data
acquisitiont threshold shall be at or below the threshold
of detéctability defined in ASME E1067, paragraph A2.2.

(d) Sensor locations and spacing shall be according to
ASTM E1067, paragraph 9.3. The attenuation character-
ization shall be performed in the hoop and longitudinal
directions and at 45 deg to the axis of the vessel. Additional
lead hreaks may be necessary to accurately determine the

of vessel size, at least two sensors shall be used(so’that
electromagnetic interference is easily detectedby simul-
taneity of arrival.

(e) Data Acquisition. Test data shall b€ recorded for the
entire pressurization cycle. Data acquired during pressur-
ization from 50% to 100% of the test pressure and from
the final 30-min pressure hold shall be recorded and used
to evaluate the vessel.

RT-620 ACCEPTANCE TESTS

Each Class II vessel shall be subjected to programmed
increasing stressdevels to 1.1 times the internal design
pressure while’being monitored by sensors that detect
acoustic emission (stress waves) caused by growing struc-
tural imperfections.

(a)\'The test fluid shall be water or other appropriate
ligquid.

(b) The temperature of the test fluid shall be in the
following range:

(1) Minimum Value. The temperature that is suffi-
cient to ensure that the vessel wall temperature is not
less than 40°F (5°C).

(2) Maximum Value. The design temperature. If the
design temperature is less than 100°F, the maximum value
shall be 100°F (38°C).

(c) Externaltestpressure shall be 1.0 times the external
design pressure.

NOTE: Attainment of external pressure as full vacuum by reduc-
ingthe pressure inside of a vessel is not possible due to the limita-
tions of evacuation equipment. Where vacuum tests are
required, the User or User’s Agent, the Authorized Inspector,
and the Fabricator shall agree on the maximum allowable abso-
lute pressure to be achieved during the test. Such agreement
shall be reached prior to the start of fabrication and shall be
documented in the User's Design Specification and the pressure
test report.

(d) The loadings in RD-120(a) and RD-120(c) shall be
applied as part of the Acceptance Test procedure. Stres-
sing to simulate external loads as per RD-120 should be
agreed upon by the User or User's Agent, the Authorized
Inspector, and the Fabricator prior to fabrication.

(e) Pressurization shall not exceed a rate of 2% of the
maximum test pressure per minute

maximum sensor spacing in each direction. The require-
ment that the attenuation characterization be performed
above the liquid line shall not apply to vessels. Regardless
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Table RT-620.1
Evaluation Criteria

Criteria

First Loading

Subsequent Loadings

Emissions during pressure hold

Felicity ratio
Cumulative duration, Np [Note (2)] Less than Np

High amplitude hits [Note (3)] <10

Not greater than five events per minute beyond 2 min
with an amplitude greater than A4, [Note (1)]

No events beyond 2 min with an amplitude
greater than Ay [Note (1)]

Ey = 0 events

0.95

Less than Np/2

<5

GENERAL NOTE: All criteria in Notes (1) through (3) are per channel.

NOTES:

(1) Ay is the decibel level defined in ASTM E1067, paragraph A2.5.

(2) Cumulative duration value Nj, is defined in ASTM E1067, paragraph A2.5.
(3) High amplitude hits are those having amplitude equal to or greater than the Reference Amplititde-Threshold defined in ASTM E1067,

paragraph A2.3.

(g) Evaluation and acceptance criteria shall be inaccor-
dance with Table RT-620.1 of this Section. An acceptable
vessel shall meet all the criteria listed in Table RT-620.1.

(h) The vessel shall be evaluated against the subse-
quent loading criteria after hydrostatic pressure
testing to 1.1 times the internal design pressure. The
vessel shall be conditioned prior to acoustic emission
examination by holding at reduced pressure as required
in ASTM E1067. The vessel may be evaluated undef first
loading with agreement between the User and Fabricator.

(i) If a vessel is unacceptable by the first-oading
criteria, it may be retested and judged against'the criteria
for subsequentloadings. Prior to retest, the.vessel shall be
conditioned by holding at reduced pressiuire as required in
ASTM E1067. The pressure vessel stressing sequence for
the retest shall be as required in, ASTM E1067.

(j) Leakage shall not occur during the Acceptance Test.

(k) The preferable testposition is in the specified oper-
ating position.

RT-621 VESSELS INTENDED FOR INTERNAL
PRESSURE ONLY

Vessels which are designed for internal pressure only
shall b€ pressurized in accordance with the sequence
shown in ASTM E1067.

RT=622 VESSELS INTENDED FOR BOTH INTERNAL
AND EXTERNAL PRESSURE

Vessels intended for both internal and external pres-
sure shall be pressurized in accordance with the sequence
shown in ASTM E1067.

RT-623 REPAIRED VESSELS

The following procedure shall be used to retest a vessel
that . has'been tested under the provisions of this Article
and-has subsequently been repaired.

{a) Load the vessel as specified in this Article (AE moni-
toring not required).

(b) Hold the maximum load for at least 30 min.

(c) Condition the vessel by holding at reduced load as
required by ASTM E1067.

(d) Retest the vessel as required by this Article.

(e) The vessel shall be judged against the evaluation
criteria for subsequent loadings.

RT-630 PENETRANT EXAMINATION

Ifavessel fails the acoustic emission test specified in this
Article, liquid penetrant examination may be used to assist
in determining the nature of the defect. Except as noted in
this paragraph, examination shall be in accordance with
Section V, Article 6.

(a) A water-washable penetrant shall be used.

(b) The color of the penetrant shall be selected to
contrast with the color of the fiber-reinforced plastic.

(c) The dwell time shall be a minimum of 20 min.

(d) A developer shall not be used.

(e) Interpretation shall be made within 1 hr of drying to
the requirements of Section V, Article 6, T-674.
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ARTICLE RT-7
DETERMINATION OF MECHANICAL PROPERTIES OF LAMINA
FOR USE WITH CLASS 1l VESSELS

RT-700 REQUIRED MECHANICAL
PROPERTIES OF THE LAMINA

There are four elastic constants (E,, E,, Es, v,) and five
strength constants (X, X, Y, Y., S) to be determined for a
lamina.

in-plane longitudinal shear modulus

modulus along the fiber direction

modulus transverse to the fiber direction; for a mat
layer, E, is taken to be Ey

in-plane shear strength

tensile strength along the fiber direction
compressive strength along the fiber direction
tensile strength transverse to the fiber direction
compressive strength transverse to the fiber direc-
tion

major Poisson’s ratio (itis the negative of the strain
transverse to the fiber direction divided by thé
strain along the fiber direction when a uniaxial
stress is applied along the fiber direction)

Es
Ey
E)’

S O

RT-701 LAMINA TEST

Test coupons for contact-molded lamina shall be cut
from flat plate laminates of resin and fiber combinations
that represent the orthotropic lamina under considera-
tion. Test coupons for filament-wound lamina shall be
made from hoop-wound filament cylinders. The test
coupons shall be made frrom'the same materials (or combi-
nation of materials)/se\as to define each of the different
types of lamina specified in the Procedure Specification.
The test coupotis shall be of sufficient thickness to give
representativeitést results from the specified ASTM proce-
dures. The fiber content of the test coupon shall be
betweéni90% and 100% by weight of the minimum
fibercontent of the vessel or vessel part laminate as speci-
fied-in the Procedure Specification. Test methods for
determination of engineering properties are specified
in RT-703 and RT-704.

The results of the test shall be documented in a report
designated as the Material Property Test Report, which

RT-702 LAMINATE ELASTIC PROPERTIES

Elastic properties of the laminate used to fabricate a
Class II vessel part shall be determined’by the mathema-
tical treatment of the individual lamiina in accordance with
Article RD-12.

Longitudinal tensile strefigth X for a filament-wound
layer shall be determined ‘either by test of a flat plate
coupon in accordancg-with ASTM D3039 or by continuing
the pressure test of'a‘filament-wound cylinder per ASTM
D1180 (as described in RT-703.1) to fracture.

RT-703 ELASTIC AND STRENGTH CONSTANTS
FOR MAT, KNITTED FABRIC, OR WOVEN
ROVING REINFORCED LAMINA

RT-703.1 Modulus, E,, and Tensile Strength, X.
Modulus and tensile strength shall be determined by
performing a tensile test to failure on a tensile coupon
according to ASTM D3039 or ASTM D638. The coupon
shall have a thickness variation not exceeding 15% of
the mean of the thickest and thinnest parts of the
coupon. The coupon shall have a degree of flatness
such that no straight-line deviation of more than 0.020
in. per 12 in. (0.55 mm per 305 mm) length shall occur.

RT-703.2 Compressive Strength, X.. Compressive
strength shall be determined on a flat coupon according
to ASTM D3410 or ASTM D695.

RT-703.3 Modulus, E,, and Transverse Tensile
Strength, Y. Modulus and transverse tensile strength
shall be determined by performing a tensile test on a
flat coupon according to ASTM D3039 or ASTM D638.

RT-703.4 Transverse Compressive Strength, Y..
Transverse compressive strength shall be determined
on a flat coupon according to ASTM D3410 or ASTM D695.

RT-703.5 Shear Modulus, E;, and Shear Strength, S.
Shear modulus for an all mat lamina shall be obtained
either from the longitudinal modulus and Poisson’s
ratio by the equation:

E

X

shall become part of the Fabricator’s Design Report.
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Shear modulus for a knitted matrix fabric or a woven
roving lamina shall be determined according to ASTM

AnW, Ko ¥ ull ACTAL IN7O70

(h) The hoop-wound cylindrical portion of the speci-
mens shall have a thickness variation not exceeding

1.C0

Shear strength for an all mat lamina shall be determined
according to ASTM D3846, ASTM D4255, or ASTM D7078.

Shear strength for a knitted matrix fabric or a woven
roving lamina shall be determined according to ASTM
D4255 or ASTM D7078.

RT-703.6 Flexural Modulus, Ef, and Flexural
Strength, Sy. These shall be determined according to
ASTM D790.

RT-703.7 Major Poisson’s Ratio, v,. The major Pois-
son’s ratio shall be determined by measuring longitudinal
and transverse strain during the test specified in RT-703.1.

RT-703.8 Minor Poisson’s Ratio, vy. The minor Pois-
son’s ratio shall be determined by measuring longitudinal
and transverse strain during the test specified in RT-703.3,
or from the equation v, = E,v,/E,.

RT-704 ELASTIC AND STRENGTH CONSTANTS
FOR FILAMENT-WOUND LAMINA

RT-704.1 Modulus, E,, and Tensile Strength, X.
Modulus and tensile strength for a filament-wound
lamina shall be determined by performing a pressure
test to failure on a hoop-wound cylinder in a manner
similar to that specified in ASTM D2992 and the under-
lying test methods. The following stipulations and addi<
tions shall apply:

(a) Atleast five specimens shall be tested for eachtest
condition.

(b) All specimens shall be hoop-wound (approximately
90 deg) with a single tow and enough layers to meet the
minimum thickness criterion.

(c) The hoop-wound cylindrical,péttion of the speci-
mens shall meet the fiber content criteria of RT-701.

(d) Specimen end closures shall be restrained ends as
defined in 1.4.1 of ASTM.D2992.

(e) The internal diameter of the cylinder shall be not
less than 4 in.

(f) The clear length of the cylinder between the struc-
tural buildup at.the ends of the cylinder shall be not less
than five times’the outside diameter of the cylinder.

(g9) The'thickness of the hoop-wound portion of the cyl-
inder shall be at least 0.1 in.

15%of-the-meanof-the-thickest-and-thinmest parts—of
the cylinder.

(i) The cylinder shall be instrumented with three hoop
oriented unidirectional strain gages on the external
surface at the mid-length of the cylinder. The thrée
strain gages shall be mounted 120 deg apart around
the circumference.

(j) In order to obtain a measure of the lamina*tensile
strength, the final failure of the cylinder must be due to
fracture of the hoop-wound fibers. To ensure-that this type
failure occurs, the closures shall be designed so that they
do not cause failure of the specimen This can be accom-
plished by adding a tapered buildup of mat, knitted fabric,
or woven roving to the end (6f’the specimens.

(k) A flexible internal cofresion barrier may be used to
prevent circumferential-cracking and failure in the
circumferential direction.

(1) A corrosion barrier or an elastomeric bladder may
be used to previent excessive leakage that would prevent
application efipressure to a level that would cause fracture
of the hoap-fibers.

(m). <The contribution of a bladder or corrosion barrier
to the-hoop strength of the cylinder shall be no more than
2%.The thickness of the corrosion barrier shall be ignored
in determination of the modulus.

RT-704.2 Compressive Strength, X.. Compressive
strength for filament-wound lamina along the fiber direc-
tion shall be taken as equal to the tensile strength.

RT-704.3 Modulus, E,, and Transverse Tensile
Strength, Y. Modulus and transverse tensile strength
shall be determined by performing a tensile test on a
hoop-wound cylinder according to ASTM D5450.

RT-704.4 Transverse Compressive Strength, Y..
Transverse compressive strength shall be determined
on a hoop-wound cylinder according to ASTM D5449.

RT-704.5 Shear Modulus, E;, and In-Plane Shear
Strength, S. Shear modulus and shear strength shall
be determined on a hoop-wound cylinder loaded in
torsion according to ASTM D5448.

RT-704.6 Major Poisson’s Ratio, v,. The major Pois-
son’s ratio shall be determined according to ASTM D5450.
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ARTICLE RT-8
TEST METHODS FOR DETERMINING DAMAGE-BASED DESIGN
CRITERION

RT-800 SCOPE

This Article details the test methods for establishing the
direct stress and shear stress damage-based design values
for use in the damage-based design criterion. The method
uses data derived from acoustic emission monitoring of
four-point beam bending tests and in-plane shear tests.

The onset of lamina damage is indicated by the presence
of significant acoustic emission during the reload portion
of load/reload cycles. “Significant emission” is defined
with historic index.

RT-810 REFERENCED DOCUMENTS

ASTM D790, Standard Test Methods for Flexural Proper-
ties of Unreinforced and Reinforced Plastics and Elec-
trical Insulating Materials

ASTM D4255, Standard Test Method for In-Plane Shear
Properties of Polymer Matrix Composite Materials by
the Rail Shear Method

ASTM D7078, Standard Test Methed for Shear Properties
of Composite Materials by V-Notclied Rail Shear Method

ASTM E1316, Standard Terminology for Nondestructive
Examinations

ASTM E2478, Standard Practice for Determining Damage-
Based Design Stre§s for Glass Fiber Reinforced Plastic
(GFRP) Materials.\Using Acoustic Emission.

RT-820 ‘APPARATUS, LOADING PROCEDURE,
AND DATA ANALYSIS

ASTM E2478 is adopted in its entirety.
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PART RI

INSPECTION REQUIREMENTS

ARTICLE RI-1
GENERAL

RI-100 SCOPE

The inspection and examination of all pressure vessels
and vessel parts shall comply with the general require-
ments set forth in this Article. The special requirements
for vessels made by the bag molding, centrifugal casting,
filament winding, and contact-molding processes are
provided in Articles RI-2, RI-3, RI-4, and RI-5.

RI-101 FABRICATOR’S RESPONSIBILITY

The Fabricator who completes any vessel to be stamped
with the Certification Mark (see RS-110) has the respon-
sibility of complying with all the requirements of this Code
and, through proper certification, of assuring that any.
work performed by others also complies with all require-
ments of this Code including the required inspections by
an Authorized Inspector.

RI-110 QUALIFICATION OF INSPECTORS

All references throughout this Section to Inspector mean
Authorized Inspector as defined in*this paragraph. The
inspection required by this Artiele shall be carried out
by an Inspector employed by-an ASME accredited Author-
ized Inspection Agency,as\défined in QAI-1. The Inspector
shall not be in the employ of the Fabricator.

RI-120 ACCESS FOR INSPECTOR

The Fabricator of the vessel shall arrange for the
Inspectgr'to” have free access to such parts of all plants
as aré_concerned with the manufacture of materials for
thewvessel, when so requested. The Inspector shall be
pérmitted free access, at all times while work on the
vessel is being performed, to all parts of the Fabricator’s
shop that concern the fabrication of the vessel, during the
period of assembly and testing of the vessel. The Fabri-
cator shall keep the Inspector informed of the progress of
the work and shall notify the Inspector, reasonably in

RI-130 INSPECTOR’S DUTIES

RI-131 INSPECTOR’S-DUTY RELATIVE TO
QUALIFICATION TESTS OF PROTOTYPE
VESSELS

The Inspecter shall verify the cyclic pressure tests and
witness the hydrostatic qualification pressure tests (see
RT-223) of\the prototype vessels by means of which the
vesselideSign and the fabrication procedure are qualified.

RI-132 INSPECTOR’S DUTY RELATIVE TO THE
FABRICATOR’S DESIGN REPORT

The Inspector shall determine that the Fabricator’s
Design Report is on file and shall examine it to verify that:

(a) the vessel conforms to the Design Drawings in all
respects;

(b) the materials being used and the fabrication proce-
dures being employed are in strict compliance with the
requirements of the Procedure Specification;

(c) the Quality Control Program, prior to issuance of the
Certificate of Authorization, is being followed and that the
tests required by it confirm that the Procedure Specifica-
tion requirements are being met;

(d) the vessel design, as demonstrated by the Test
Report for Class I vessels or by Design Calculations
and Acceptance Test for Class Il vessels, meets the require-
ments of this Code.

RI-133 INSPECTOR’S DUTY RELATIVETO SPECIFIC
VESSELS

The Inspector of vessels to be marked with the Certi-
fication Mark has the duty to ensure that all requirements
of this Section have been met. The Inspector shall make all
required inspections and other such inspections as the
Inspector deems necessary in carrying out these duties.

advance, when vessels will be ready for any required
tests or inspections.
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RI-134 INSPECTOR’S DUTY RELATIVE TO
ACCEPTANCE TESTING OF CLASS II

(d) The Inspector shall verify that the required
stamping (or permitted marking) is applied to the name-

VESSELS

The Inspector shall verify that

(a) the materials (resin, reinforcements, etc.) used to
fabricate the vessel laminate are as specified in the
required Procedure Specification;

(b) the laminates used for vessel fabrication meet the
same specifications as the laminates from which mechan-
ical properties were determined for Design Calculations;

(c) the thickness of vessel parts and other fabrication
details conform to Design Calculations and vessel draw-
ings;

(d) the hydrostatic stressing sequence and acoustic
emission response during stressing comply with the
required specifications.

RI-140 INSPECTION OF MATERIAL

(a) The Inspector shall ensure that all materials used in
the fabrication of the vessel comply with the requirements
of this Section and the Design Specification.

(b) All parts to be incorporated into the completed
pressure vessel, whether or not produced by the Fabri-
cator, shall be inspected before assembly into the
completed vessel for the purpose of detecting, as much
as possible, any imperfections which would not meet
the requirements of this Code.

RI-150 INSPECTION DURING FABRICATION

(a) The Inspector shall make inspections, including
making measurements, of each pressure vesselat such
stages of fabrication as are required plus, such other
inspections as the Inspector deems are,necessary to
ensure that fabrication is in accordance.with the require-
ments of this Section.

(b) When conditions permit ehtry into the vessel, as
complete an examination as\possible shall be made
before final closure.

(c) Aninspectionshallbemade atthe time ofthe hydro-
static leakage test or-its'permissible equivalent.

lod il ) lod H 4 1 dd 4l
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vessel.

RI-160 ALTERNATIVE INSPECTION FOR
MULTIPLE, DUPLICATE FABRICATION

During the fabrication of multiple, duplicate mass-
produced pressure vessels, it may become impractical
for the Inspector to personally perform eachyof the
required inspections. For these specific cases, the Fabri-
cator, in collaboration with the Inspector, may/prepare an
alternative inspection and quality control procedure, set
forth in complete detail, and the method by which the re-
quirements of this Section are maintained.

To qualify for this alternative‘'method of inspection, the
following criteria shall be met:

(a) This procedure shall'be included in the Fabricator’s
written quality control System (see RG-323).

(b) This procedure shall be submitted to and shall have
received the aceeptance of the Authorized Inspection
Agency.

(c) This¢procedure shall then be submitted by the
Authorized Inspection Agency for written acceptance
from_th@local jurisdiction concerned (see RG-323) and
from the ASME Designee.

(d) The joint review required by RG-323 shall include
an ASME Designee.

(e) The inspection procedure shall be used in the plant
of the named Fabricator by the Authorized Inspection
Agency submitting it, and shall be carried out by an
Inspector in the employ of that Authorized Inspection
Agency.

(f) The degree of the Authorized Inspector's involve-
ment shall be as defined during the joint review. Any
change requires another joint review.

(g) Any changes in this inspection and quality control
procedure that affect the requirements of this Section are
subject to review and acceptance by the parties required
for a joint review.

(h) The Data Report for such a vessel shall include
under “Remarks” the statement: “Constructed under
the provisions of RI-160.”

98



https://asmenormdoc.com/api2/?name=ASME BPVC.X (ASME BPVC Section 10) 2023.pdf

ASME BPVC.X-2023

ARTICLE RI-2
SPECIAL INSPECTION REQUIREMENTS FOR BAG MOLDING
(CLASS | VESSELS)

RI-200 CHECK OF BAG-MOLDING
PROCEDURE SPECIFICATION
QUALIFICATION

The Inspector shall examine the Fabricator’s Procedure
Specification and shall verify that the procedure for the
bag-molding process has been properly qualified as
required by Part RQ.

RI-201 ADDITIONAL TESTS

Athisdiscretion, the Inspector shall have the right to call
for and witness additional tests of the bag-molding proce-
dure and of the vessel as work progresses.

RI-202 CHECK OF FIBER WEIGHT

The Inspector shall verify that the fiber weight of
preforms and of side wall mats complies with the require-
ments of RF-200 and RT-320.

RI-203 CHECK OF FORM OF REINFORCEMENT

The Inspector shall verify that the form\of fiber rein-
forcement used in the shell and in thesheads complies
with the requirements of RF-210.

RI-204 CHECK OF FABRICAFION PROCEDURES

The Inspector shall verify.that the resin injection pres-
sure, processing temperatures during lay-up, and
pumping procedures correspond to those stipulated in
the qualified Procedure Specification used.

RI-205 CHECEK OF CURE

(a) The Inspector shall ensure by suitable hardness
tests.or/by other means that the bag-molded composite
styucture has been properly cured.

(b) A post cure, after removal of the vessel from the
mold, if required, shall be for the timne and temperature
specified in the qualified Procedure Specification (see
Form Q-106) and shall be verified by the Inspector.

RI-206 CHECK OF UNIFORMITY OF HEATING FOR
CURE OF VESSEL

The Inspector.may require the Fabricator to demon-
strate that opération of the heating system provides
uniform heating over the entire surface of the vessel
during ctring. The temperature shall not differ by
more than +10°F (x6°C) from the cure temperature speci-
fied“ins the qualified Procedure Specification used (see
Eorm Q-106).

RI-210 VISUAL INSPECTION

Where possible, the Inspector shall inspect both the
inside and outside of the bag-molded pressure vessel.
The Inspector shall examine the vessel for the following
defects: indentations, cracks, porosity, air bubbles,
exposed fibers, lack of resin, excess resin, thin areas,
wrinkling, uniformity of seal surface, and delamination
(see RT-411, RT-412, and RT-413).

RI-211 TESTS AND RETESTS

The physical property tests of specimens of material,
hydrostatic or pneumatic leakage tests, cyclic pressure
and hydrostatic qualification pressure tests, and any
permitted retests, all stipulated in Part RT, shall be docu-
mented and certified by the Fabricator and verified by the
Inspector.
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ARTICLE RI-3
SPECIAL INSPECTION REQUIREMENTS FOR CENTRIFUGAL
CASTING (CLASS | VESSELS)

RI-300 CHECK OF CENTRIFUGAL-CASTING
PROCEDURE SPECIFICATION
QUALIFICATION

The Inspector shall examine the Procedure Specifica-
tion and shall determine that the procedure for the centri-
fugal-casting process has been properly qualified as
required by Part RQ.

RI-301 ADDITIONAL TESTS

The Inspector shall have the right to call for and witness
additional tests of the centrifugal-casting procedure and of
the vessel as fabrication progresses.

RI-302 CHECK OF FIBER WEIGHT

The Inspector shall verify that the fiber weight of the
composite of fiber and resin complies with the require-
ments of RF-300 and RT-320.

RI-303 CHECK OF FORM OF REINFORCEMENT

The Inspector shall verify that the filament length of the
chopped strand is not less than 1 in. or more:than 4 in., as
required by RF-300.

RI-304 CHECK OF FABRICATION'PROCEDURES

The Inspector shall verify.that the speed of mandrel
rotation during buildup of ‘the 'wall corresponds to that
stipulated in the qualified .Procedure Specification (see
Form Q-106).

RI-305 CHECK OF CURE

(a) The Inspector shall ensure by suitable hardness
tests or byrother means that the centrifugally cast cylinder
has beenproperly cured.

(b),"A post cure, after removal of the vessel from the
maiidrel, ifrequired, shall be for the time and temperature
specified in the qualified Procedure Specification (see
Form Q-106) and verified by the Inspector.

RI-306 CHECK OF UNIFORMITY OF HEATING FOR
CURE OF THE VESSEL

The Inspector may require the Fabricator to demon-
strate that the mandrel heating system provides
uniform heating of the entire surface of the vessel
during cure. The temperature shall not differ by more
than +10°F (+¥6°C) from|the-cure temperature specified
in the qualified Procedure Specification (see Form Q-106).

RI-307 CHECK OF ATTACHMENT OF HEADS TO
CYLINDER

RI-307.1‘Heads Attached by Adhesive Bonding. The
Inspectob shall verify that the adhesive used, the prepara-
tion of the surfaces to be joined, and the application of the
adhesive conform to the Procedure Specification for quali-
fication of adhesive bonding (see Form Q-115).

RI-307.2 Cylinders Centrifugally Cast Into or Onto
Heads. If the alternative procedure of centrifugally
casting cylinders directly into or onto the head skirt is
used, the Inspector shall verify that it follows the qualified
procedure for such attachment.

RI-310 VISUAL INSPECTION

Where possible, the Inspector shall inspect both the
inside and outside of the centrifugally cast cylinder
and the bag- or matched-die-molded heads before
assembly. The Inspector shall examine the cylinder and
head for the following defects: surface crazing or cracking,
lack of resin, excess resin, thin areas, air bubbles, exposed
fibers, wrinkling, uniformity of sealing surface, and dela-
mination (see RT-411, RT-412, and RT-413).

RI-311 TESTS AND RETESTS

The physical property tests of specimens of material,
laminate hydrostatic or pneumatic leakage tests, cyclic
pressure and hydrostatic qualification pressure tests,
and any permitted retests, all stipulated in Part RT,
shall be documented and certified by the Fabricator
and verified by the Inspector
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ARTICLE RI-4
SPECIAL INSPECTION REQUIREMENTS FOR FILAMENT WINDING

RI-400 CHECK OF FILAMENT-WINDING
PROCEDURE SPECIFICATION
QUALIFICATION

The Inspector shall examine the Fabricator’s Procedure
Specification and shall verify that the procedure for the
filament-winding process has been properly qualified as
required by Part RQ.

RI-401 ADDITIONAL TESTS

The Inspector shall have the right to call for and witness
additional tests of the filament-winding process.

RI-402 CHECK OF FIBER WEIGHT

The Inspector shall verify that the fiber weight of the
combined fiber filaments and resin complies with require-
ments of RF-400 and RT-320.

RI-403 CHECK OF MATERIALS

The Inspector shall verify that the fiber, resin, and
curing agent being used are as described in the’Procedure
Specification (see Form Q-107).

RI-404 CHECK OF FABRICATION-PROCEDURES

The Inspector shall verify that-the speed of winding,
uniformity of tension, and adlierence to the predeter-
mined patterns of the qualified Procedure Specification
(see Form Q-107) are closely followed.

RI-405 CHECK OF CURE

(a) The Inspector shall ensure by suitable hardness
tests, or by othér means, that the filament-wound struc-
ture has_been properly cured.

(b) A post cure, if required, after remoyal of the
mandrel, shall be for the time and temperature specified
in the qualified Procedure Specification'(see Form Q-107)
and shall be verified by the Inspector:

RI-406 CHECK OF UNIFORMITY OF HEATING FOR
THE CURE OF THE VESSEL

The Inspector may require the Fabricator to demon-
strate that operation of the heating system provides
uniform heating-over the entire surface of the vessel
during cure. The-temperature shall not differ by more
than +10°E{(#6°C) from the cure temperature specified
in the qualified Procedure Specification (see Form Q-107).

RI=410 VISUAL INSPECTION

Where possible, the Inspector shall inspect both the
inside and outside of the filament-wound pressure
vessel. The Inspector shall examine the vessel for the
following defects: indentations, cracks, porosity, air
bubbles, exposed fibers, lack of resin, excess resin,
thinned areas, wrinkling, pattern deviations, and delami-
nation (see RT-411, RT-412, and RT-413).

RI-411 TESTS AND RETESTS

The physical property tests of specimens of material,
hydrostatic or pneumatic leakage tests, cyclic pressure
and hydrostatic qualification pressure tests, and any
permitted retests, all stipulated in Part RT, shall be docu-
mented and certified by the Fabricator and verified by the
Inspector.
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ARTICLE RI-5
SPECIAL INSPECTION REQUIREMENTS FOR CONTACT MOLDING

RI-500 CHECK OF CONTACT-MOLDING
PROCEDURE SPECIFICATION
QUALIFICATION

The Inspector shall examine the Fabricator’s Procedure
Specification and shall determine that the procedure for
the contact-molding process has been properly qualified
as required by Part RQ.

RI-501 ADDITIONAL TESTS

The Inspector shall have the right to call for and witness
additional tests of the contact-molding procedure and of
the vessel as fabrication progresses.

RI-502 CHECK OF FIBER WEIGHT

The Inspector shall verify that the fiber weight of the
composite structure and supplementary pads at openings
complies with the requirements of RF-500.

RI-503 CHECK OF FORM OF REINFORCEMENT

The Inspector shall verify that the fiber reinforcement
used in the shell and in the heads complies with’the re-
quirements of RF-510.

RI-504 CHECK OF FABRICATION PROCEDURES

The Inspector shall verify that the. Jaminating sequence,
cure system, method of component attachments, and
overall quality correspond to.those stipulated in the qual-
ified Procedure Specification.

RI-505 CHECK OF-CURE

(a) The Inspector shall ensure by suitable hardness
tests or by other/means that the contact-molded compo-
site structure_has been properly cured.

(b) A post cure, after removal of the vessel from the
mold, if required, shall be for the time and temperature
specified in the qualified Procedure Specification (see
Form Q-108) and shall be verified by the Inspector.

RI-506 CHECK OF UNIFORMITY OF HEATING FOR
POST CURE OF VESSEL IF REQUIRED

The Inspector may requixe~the Fabricator to demon-
strate that operation of the heating system provides
uniform heating over the entire surface of the vessel
during cure. The temperature shall not differ by more
than +10°F (¥6°G) from the cure temperature specified
in the qualified®rocedure Specification (see Form Q-108).

RI-510-VISUAL INSPECTION

Where possible, the Inspector shall inspect both the
inside and outside of the pressure vessel. The Inspector
shall examine the vessel for the following imperfections:
indentations, cracks, porosity, air bubbles, exposed fibers,
lack of resin, excess resin, thin areas, wrinkling, uniformity
of seal surface, and delamination (see RT-411,RT-412,and
RT-413).

RI-511 TESTS AND RETESTS

The physical property tests of specimens of material,
hydrostatic or pneumatic leakage tests, cyclic pressure
and hydrostatic qualification pressure tests, and any
permitted retests, all stipulated in Part RT, shall be docu-
mented and certified by the Fabricator and verified by the
Inspector.
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PART RS

MARKING, STAMPING, AND REPORTS

ARTICLE RS-1
CONTENTS, METHODS, AND MEANS OF MARKING

RS-100 REQUIRED MARKING FOR VESSELS

Each pressure vessel shall be marked, by means other
than stamping directly on the vessel (see RS-130), with the
following:

(a) the official Certification Mark as shown in
Figure RS-100.1 with the RP Designator directly under
the Certification Mark;

(b) the words “Class I,” “Class II,” or “Class III,” as ap-
plicable, followed by the type of fabricating process, indi-
cated by the letters BM, CC, CM, or FW;

(c) the Fabricator’s name, preceded by “Certified by”;

(d) the maximum allowable working pressure ___  at
maximum allowable temperature ___ ;

(e) maximum allowable external working pressufe3’
____ at maximum allowable temperature ___ ;

(f) the minimum allowable temperature [not less than
-65°F (-54°Q)];

(g) the Fabricator’s serial number;

(h) the year built.

NOTE: Section IV vessels that use reinforcéd polymer parts shall
be marked with the letters HLW, in accordance with Code Case
2411 or 2725.

Figure RS-100.1
Official Certification Mark to Denote the American
Society of Mechanical Engineers’ Standard

As

\W|

RS-101 METHODS OF MARKING VESSELS WITH
TWO OR MOREINDEPENDENT CHAMBERS

Either of the arrangements specified in RS-101.1 and
RS-101.2 may be used in marking vessels having two
or more indepefident pressure chambers designed for
the same or different operating conditions. Each detach-
able chambershall be marked to identify it positively with
the combined unit.

RS-101.1 Markings Grouped in One Location. The
mdrkings may be grouped in one location on the
vessel, provided they are arranged to indicate clearly
the data applicable to each chamber, including the
maximum differential pressure for the common elements,
when this pressure is less than the higher pressure in the
adjacent chambers.

RS-101.2 Marking Each Independent Chamber. The
complete required marking may be applied to each inde-
pendent pressure chamber, provided additional marking,
such as stock space, jacket, tubes, or channel box, is used to
indicate clearly to which chamber the data applies.

RS-110 APPLICATION OF STAMP?2TO VESSEL

The Fabricator who completes the fabrication of the
vessel, or vessel parts, shall have a valid Certificate of
Authorization for the use of the Certification Mark
with RP Designator. Except when the nameplate is to
be molded in, the Certification Mark shall be applied
by the Manufacturer only with the acceptance of the
Inspector after the hydrostatic or pneumatic leakage
testfor Class I or Class I1I vessels and the acoustic emission
Acceptance Test for Class II vessels has been satisfactorily
made and any other required inspection and testing have
been satisfactorily completed. Such application of the
Certification Mark together with final certification in
accordance with the rules of this Section shall confirm
that all applicable requirements of this Section have

<
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Figure RS-132.1
Form of Stamping and Marking

RS-131 STAMPING AND ATTACHMENT OF
NAMEPLATES

Certified by

(Class 1) {Maximum allowable external working
(Class I1) pressure [if specified, see Note (1)]}
(Class )
(BM) (Maximum allowable temperature)
(CC)
(FW) R I
(€M) (Minimum allowable temperature)
(HLW)

(Year built)

GENERAL NOTES:

(a) Abbreviations may be used for any of the required data.

(b) The maximum allowable pressure shall be equal to or less than
the design pressure. The maximum allowable temperature shall
be equal to or less than the maximum design temperature. The
minimum allowable temperature shall be equal to or greater than
the minimum design temperature.

NOTE: (1) The maximum allowable external working pressure is
required only when specified as a design condition.

RS-120 PART MARKING

Parts of pressure vessels for which Partial Data Reports
are required in RS-301 shall be markedcas specified in
RS-100 by the parts’ fabricator and;\in addition, the
word PART shall be applied undép the Certification
Mark. In lieu of this marking of patits, other means of iden-
tification may be used. Such_substitute markings shall be
clearly described in the parts’fabricator’s Quality Control
Manual that has been aceepted by ASME and the marking
shall remain legible amtil the part has been incorporated
into the finished vessel. This requirement does not apply
to such items as.handhole covers, manhole covers, and
accessories.

RS-130:°NAMEPLATE

The markings required in RS-100 shall be applied to a
separate nameplate permanently attached to the vessel by
Suitable means. The marking shall not be stamped directly
on the vessel.

(a) The Certification Mark and the Manufacturer’s
serial number shall be stamped on the nameplate with
“low stress” stamps, but the other required data may
be stamped, etched, cast, or impressed thereon. Alterna-
tively, the other data may be printed or engraved on a
suitable material and then be molded as an integral
part of the vessel to serve as a nameplate. The arrahge-
ment of the data shall be substantially as shown in
Figure RS-132.1.

(b) The required data on a nameplate of aimolded-in
printed or engraved label shall be in characters not less
than % in. (8 mm) high.

(c) Required nameplates shall be permanently
attached to the vessel, or a bracket'permanently attached
to the vessel, in some conspicuous place, either by use of a
surface mat or by molding in as an integral part of the
vessel or by some other-suitable means. If the nameplate
is molded in, it shall beydone in a manner that will permit
the required marking to be visible on the finished vessel,
and the procedure for controlling such nameplates prior
to molding thent into the vessel shall be clearly described
in the Fabricator’s Quality Control System.

(d) TheFabricator shall ensure that the nameplate with
the correct marking has been applied to the proper vessel,
and ‘the Inspector shall verify that this has been done.

(e) Vessels intended for use with potable water as
described in RG-113 (Section 1V application) shall bear
the letters HLW.

RS-132 STAMPING AND MARKING OF
NAMEPLATES

The stamping and marking shall be arranged as shown
in Figure RS-132.1.

RS-133 DUPLICATE NAMEPLATE

A duplicate nameplate may be attached on the support,
base, jacket, or other permanent attachment to the vessel.
All data on the duplicate nameplate, including the ASME
Certification Mark with the RP Designator and Class, shall
be as required for the mandatory nameplate, as permitted
in Article RS-1. An Authorized Inspector is not required to
witness this marking. The additional nameplate shall be
marked “DUPLICATE.
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ARTICLE RS-2
USE OF CERTIFICATION MARK STAMP

RS-200 CERTIFICATION MARK STAMP
BEARING OFFICIAL MARK

Authorization to use the stamp bearing the official Certi-
fication Mark shown in Figure RS-100.1 will be granted by
ASME pursuant to the provisions of ASME CA-1, Confor-
mity Assessment Requirements.

RS-201 APPLICATION FOR CERTIFICATION MARK
STAMP

Application for the Certification Mark stamp shall be in
accordance with ASME CA-1, Conformity Assessment Re-
quirements.

RS-202 AUTHORIZATION TO USE CERTIFICATION
MARK STAMP

Authorization to use the Certification Mark stamp may
be granted, renewed, suspended, or withheld by ASME in
accordance with ASME CA-1, Conformity Assessment Re-
quirements.

RS-203 REGULATIONS CONCERNING ISSUANCE
AND USE OF STAMPS

ASME may at any time make reguldtions concerning the
issuance and use of Certification Marks as it deems appro-
priate, and all such regulations become binding upon the
holders of any valid Certificatés of Authorization. The
regulation and use of stamips shall be in accordance
with ASME CA-1, Conforniity Assessment Requirements.

RS-204 OBTAINING STAMPS

All stamps-for applying the Certification Mark shall be
obtained from ASME.
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ARTICLE RS-3
REPORT FORMS

RS-300 FABRICATOR’S DATA REPORTS

A Fabricator’s Data Report shall be filled out on
Form RP-1 or Form RP-3, as applicable (sample forms
are included at the end of this Section), by the Fabricator
and shall be signed by the Fabricator and the Authorized
Inspector for each pressure vessel.

Same-day production of vessels may be reported on
Form RP-1 or Form RP-3, provided all of the following
requirements are met:

(a) Vessels shall be identical in design and manufac-
ture.

(b) Vessels shall be manufactured for stock or for the
same user or his designated agent.

(c) Serial numbers shall be in uninterrupted sequence.

(d) The Fabricator’s written Quality Control System
shall include procedures to control the development,
distribution, and retention of the data reports.

RS-301 PARTIAL DATA REPORTS

(a) Partial Data Reports for those parts of a pressiire
vessel requiring inspection under this Section, which-are
furnished by other than the shop of the Fabricatorrespon-
sible for the completed vessel, shall be exectited by the
parts’ Fabricator and the Inspector in the parts’ Fabrica-
tor’s shop, in accordance with the requiféments of this
Section, and shall be forwarded, in duplicate, to the Fabri-
cator of the finished vessel. These Partial Data Reports,
together with the Inspector's ownyinspection, shall consti-
tute the requirements for the Inspector to authorize and
witness the application of a Certification Mark to the
finished vessel (see RS-110). When Form RP-2 or Form
RP-4 is used, it shall be attached to the associated
Form RP-1 or_Ferm RP-3 by the Fabricator of the
vessel to be marked with the Certification Mark.

(b) Data Reports for those parts of a pressure’yessel
that are furnished by a parts’ Fabricator to the’user of
an existing Code vessel as replacement or\répair parts
shall be executed on Form RP-2 or Egrnr RP-4 by the
parts’ Fabricator and his Inspector 9maccordance with
the requirements of this Section. A €opy of the parts’ Fabri-
cator’s Partial Data Report shall befurnished to the user or
his designated agent and maintdined in accordance with
RS-302.

(c) The parts’ Fabnicator shall indicate under
“Remarks” the extent)he has performed any or all of
the design functiens:*When the parts’ Fabricator performs
only a portion®fithe design, he shall state which portions
of the desigiy he performed.

(d) Same“day production of vessel parts may be
reportedon a single Form RP-2 or Form RP-4, provided
allcof'the following are met:

(1) Vessel parts shall be identical.

(2) Fabricator’s serial numbers shall be in uninter-
rupted sequence.

(3) The Fabricator’s written Quality Control System
shall include procedures to control the development,
distribution, and retention of the Partial Data Reports.

(e) For guidance in preparing Partial Data Reports, see
Nonmandatory Appendix Al

Sample Data Report Form RP-2 and Form RP-4 are
included at the end of this Section.

RS-302 RETENTION OF DATA REPORTS

The Fabricator shall either keep a copy of the Data
Report on file for at least 5 yr for Class I vessels and
10 yr for Class II vessels, or register the vessel with
the National Board of Boiler and Pressure Vessel Inspec-
tors, 1055 Crupper Avenue, Columbus, Ohio 43229. A copy
of the Data Report shall be sent to the User, Inspector, and
jurisdiction upon request.
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MANDATORY APPENDIX 1
QUALITY CONTROL SYSTEM

1-100 GENERAL

The Fabricator shall have and maintain a Quality
Control System which will establish that all Code require-
ments, including material, design, fabrication, examina-
tion by the Fabricator, and inspection (by the
Inspector), will be met. The System may include provi-
sions for satisfying any requirements by the Fabricator
or User which exceed minimum Code requirements
and may include provisions for quality control of non-
Code work. In such systems, the Fabricator may make
changes in parts of the system which do not affect the
Code requirements without securing acceptance by the
Inspector. Before implementation, revisions to Quality
Control Systems shall have been found acceptable to
the Authorized Inspector if such revisions affect Code re-
quirements.

The system that the Fabricator uses to meet the require-
ments of this Section shall be suitable for his own circum-
stances. The necessary scope and detail of the system.shall
depend on the complexity of the work performed atid on
the size and complexity of the Fabricator’s or Assembler’s
organization. A written description of the-system the
Fabricator will use to produce a Code item(shall be avail-
able for review.

The written description may contdin information of a
proprietary nature relating to the Fabricator’s processes.
Therefore, the Code does not require any distribution of
this information except for the Authorized Inspector and
ASME Designee as coveredby 1-110(1). It is intended that
information learned about the system in connection with
the evaluation shalltbe treated as confidential and that all
loaned descriptions shall be returned to the Fabricator
upon completion of the evaluation.

1-110 OUTLINE OF SOME OF THE FEATURES
TO BE INCLUDED IN THE QUALITY
CONTROL SYSTEM

(a) Authority and Responsibility. The authority and
responsibility of those in charge of the Quality Control
System shall be clearly established. Persons performing
quality control functions shall have sufficient and well-

(b) Organization. An organization chart’shall be
included, showing the relationship betweenhengineering,
quality control, purchasing, productien, testing, inspec-
tion, and management.

(c) Drawings, Design Calculations, and Specifications.
The Quality Control System<shall include procedures
that will ensure that thetlatest applicable drawings,
design calculations, spéecifications, and instructions
required by this Section as well as authorized changes
are used for fabrication, inspection, and testing. For
Class II and Class'III vessels, the system shall also
include reference to the design documents prepared
and certified*by a Professional Engineer, and shall also
ensurecthat all changes to such documents are approved
by a.Professional Engineer.

(d) "Production Flow and In-Plant Inspection and Check-
Off. A basic production flow procedure, including in-plant
inspection and check-off points and a means of recording
them, shall be included. These steps shall also ensure that
the Procedure Specifications specified on the drawings are
used for fabrication.

(e) Material Receiving Control and Identity. Prior to and
during fabrication operations, a system of material control
shall be maintained to ensure that material used complies
with the applicable specification.

(f) Nonconforming Material and Repairs. All noncon-
forming material and components (including fabrication
errors) shall be identified and recorded. Components that
fail to meet the required standards may be repaired if the
proposed repair is approved by the Design Engineer and
accepted by the Inspector prior to beginning the repair.
The system shall describe the location of the repair and
how the repairis controlled to meet Code requirements, or
the item shall be rejected.

(g) Resin Control. The system shall describe the control
of

(1) specification and mixing procedures;

(2) storage, issuance, handling, and disposal of
resins, catalysts, fillers, and pigments;

(3) method used to maintain identification of resins
during fabrication.

(h) Assembly, Fit-Up, and Dimensions Control. The
system shall describe the control of

defimedresponsibitity, theauthority arrd-theorganiza=
tional freedom to identify quality control problems and
to initiate, recommend, and provide solutions.
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tH—assembly amd-fit-up of the pressure vessetamd
vessel parts to ensure compliance with fabrication draw-
ings;
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(2) adhesive bonding and secondary lay-up of
components to ensure compliance with fabrication draw-

(k) Self-Auditing. Management shall regularly review
the status and adequacy of the Quality Control System.

yahl

At

tgs;
(3) dimensional checks as specified by the Code and
to ensure compliance with fabrication drawings.

(i) Calibration of Measurement and Test Equipment.
Establish and maintain a system for the calibration of
all examination, measuring, and test equipment used in
fulfillment of Code requirements. A written description
of this system shall be maintained and made available
to the Inspector upon request.

(j) Forms. Appropriate forms shall be included and
cross-referenced with the items of this Appendix as ap-
plicable:

(1) process or traveler’s sheets;

(2) in-plant inspection and check-off forms;

(3) procedures and performance qualification
forms;

(4) Data Report Forms;

(5) Other appropriate forms.

H—Anthorized-spector—the—Quatity-Controt-System
shall include reference to the Authorized Inspector as
defined in RI-110. The Fabricator shall make available
to the Inspector a copy of the written Quality Control
System, and also all design documents and all other
data necessary for the Inspector to perform his duties
in accordance with this Section.

(m) Nondestructive Examination. The system-shall
describe all nondestructive examinations and thé’proce-
dures to be used by the Fabricator to fulfill.the-require-
ments of this Section.

(n) Records Retention. The Fabricator shall have a
system for the maintenance of Data\Reports and other
records as required by this Section’

(o) Sample Forms. The forms.tised in the Quality Control
System and any detailed descriptions of their use shall be
available for review. The written description shall make
necessary reference to stich forms.
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MANDATORY APPENDIX 2
CAPACITY CONVERSIONS FOR SAFETY VALVES

The information formerly in this Appendix has been moved to Section XIII, Mandatory Appendix IV.
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MANDATORY APPENDIX 4
GLOSSARY OF TERMS RELATED TO FIBER-REINFORCED
PLASTICS

accelerator: amaterial which, when mixed with aresinand
curing agent, will speed up the chemical reaction between
the resin and curing agent.

adhesive: substance capable of holding two surfaces
together.

ambient conditions: prevailing environmental conditions,
such as the surrounding temperature, pressure, and rela-
tive humidity.

angle ply laminate: possessing equal plies with positive
and negative angles. This bidirectional laminate is ortho-
tropic. Typical examples of an angle ply laminate would be
cross-ply [%o] or [£45].

anisotropy: material properties that vary with the orien-
tation or direction of the reference coordinates. Having
different material properties in all directions.

aramid fiber: an aromatic polyamide fiber.

A-stage: an early stage in the reaction of certain thermo*
setting resins, in which the material is still solublen
certain liquids and fusible.

ASTM ring: a parallel filament wound test ring made to the
requirements of ASTM D2291.

axial winding: in filament-wound composites, a winding
with the filaments parallel to the longitudinal axis (0 deg
helix angle).

balanced design: in filament-wound reinforced plastics, a
winding pattern designed to‘have equal stresses in all fila-
ments.

balanced-in-plane_contour: in a filament-wound part, a
head contour_innwhich the filaments are oriented
within a plane.ahd the radii of curvature are adjusted
to balancethestresses along the filaments with the pres-
sure loading.

balahced laminate: where plies with positive angles are
balanced by equal plies with negative angles. A balanced
laminate is orthotropic in in-plane behavior but may be
anisotropic in flexural behavior.

band density: in filament winding, the quantity of fiber

axprascad ac

band thickness: in filament winding, the thickness of the
reinforcement as it is applied to the maiidrel.

bandwidth: in filament winding, the width of the reinforce-
ment as it is applied to the mandx€l

batch: a quantity of material produced in a single, separate
production run which is identifiable by a unique number.

biaxial load: a loading-eondition whereby a laminate is
stressed in at least two different directions in the
plane of the laminate. The loading condition of a pressure
vessel under intérnal pressure and with unrestrained
ends.

biaxial winding: a type of winding in which the helical band
is laid_insequence, side by side, eliminating crossover of
the. fibers.

bidirectional laminate: a reinforced plastic laminate with
the fibers oriented in various directions in the plane of the
laminate (see also unidirectional laminate).

bladder: a flexible liner with independent burst strength
not greater than 10% of the vessel design pressure,
temporarily installed in a fiber-reinforced pressure
vessel prototype in order to prevent leakage through
the wall (to facilitate attainment of the required qualifica-
tion pressure).

bleedout: in filament-wound composites, the excess liquid
resin that migrates to the surface of a winding.

B-stage: an intermediate stage in the reaction of certain
thermosetting resins in which the material swells when in
contact with certain liquids and softens when heated, but
may not entirely dissolve or fuse. The resin in an uncured
prepreg or premix is usually in this stage.

bulk molding compound: a blend of resin and chopped
fibers used for compression and injection molding.

carbon filament: made from organic precursor filament
using a process of high temperature and mechanical
stretching in an oxygen-free environment.

catalyst: see initiator.

catenary: the tendency of some strands in a taut horizontal

rovipnatocaoglawarthan thao athare. 40 maacnira aftha avan
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strands (or filaments) per inch.
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ness of length (of winding tension indirectly) of strands in
a specified length of roving. The distance between the
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strands at the midpoint of a roving draped in a catenary in
a specified manner (see also strand length differential).

cure: to change the properties of a plastic by chemical reac-
tion, which may be condensation, polymerization, or addi-

circs: see circumferential winding.

circuit: one complete traverse of the fiber feed mechanism
ofawinding machine; in filament-wound, fiber-reinforced
plastics, one complete traverse of a winding band from one
arbitrary point along the winding path to another point on
aplane through the starting pointand perpendicular to the
axis.

circumferential (circs) winding: in filament-wound compo-
sites, a winding with the filaments essentially perpendi-
cular to the axis (90 deg or level winding).

compatibility: usually refers to the suitability of a sizing or
finish for use with certain general resin types (e.g., polye-
ster compatible roving, epoxy compatible roving, etc.).

compliance: measurement of softness as opposed to stiff-
ness of a material. Itis areciprocal of the Young’s modulus,
or an inverse of the stiffness matrix.

composite: material that is made of two or more consti-
tuent materials.

constituent materials: individual materials that make up
the composite material, such as glass fibers and epoxy.

contact molding: a process for molding reinforced plastics
in which reinforcement and resin are placed on a mold;
cure is either at room temperature using a catalyst-
promoter system or by heat in an oven, and no additional
pressure is used.

coupling agent: in fibers for composites, the part.of the
surface treatment or finish which is designed to
provide a bonding link between the surface and the lami-
nating resin.

crazing: in a composite, the appearance of fine cracks in
the resin, usually as aresult of excessive resin shrinkage or
some external loading condition:

creel: an apparatus for holding a number of packages of
strand, yarn, roving, tapeyetc. Tensioning devices are
sometimes included in‘the creel.

creep: the specialecase of inelasticity that relates to the
stress-induced _time-dependent deformation under
load. Small time-dependent deformations may occur
after the.removal of all applied loads.

criticdl'buckling stress: least value of stress that will cause
buekling.

cross-ply laminate: special laminate that contains only 0
deg and 90 deg plies.

C-stage: the final stage in the reaction of certain thermo-
setting resins in which the material is relatively insoluble
and infusible. The resin in a fully cured thermoset molding
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or both, with or without pressure.

curing agent: substance mixed with resin, generally with
the addition of heat, that will chemically combine to form a
polymer by cross-linking.

deformation: alteration of shape or size of a compOnent
part.

delamination: the physical separation o0r.1055 of bond
between laminate plies.

displacement angle: in filament winding, the advancement
distance of the winding ribbon on*the equator after one
complete circuit.

doubler: in a filament-wound patt, a local area with extra-
wound reinforcement, wound integrally with the part, or
wound separately and fastened to the part.

dry laminate: a laminate containing insufficient resin for
complete bondingof the reinforcement.

dry spot: inaldminate, an area containing insufficient resin
for complete bonding of the reinforcement.

dry winding: filament winding with dry strands of fiber;
often‘used to confirm the winding pattern.

dwell: in filament winding, the time that the traverse
mechanism is stationary while the mandrel continues
to rotate to the appropriate point for the traverse to
begin a new pass.

E-CR glass: an E-glass material formulated such that it has
improved corrosion resistance, particularly to acids.

E-glass: a borosilicate glass; the type most used for glass
fibers for reinforced plastics. Suitable for electrical lami-
nates because of its high resistivity.

engineering constants: typical constants are the effective
Young’s modulus, Poisson’s ratio, and shear modulus.
Each constant is accompanied by letter or numerical
subscripts designating the direction associated with
the property. These are measured directly from uniaxial
tensile, compressive, and pure shear testapplied to unidir-
ectional as well as laminated composites.

epoxy: synthetic resin containing a reactive group in which
an oxygen atom is joined to each of two carbon atoms
which are already united in some other way (see

sketch below).
—C—C—

\/
!

equator: in a filament-wound pressure vessel, the line
described by the juncture of the cylindrical portion
and the end dome.

1S In this stage.
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expansion stresses: stresses resulting from restraint of free
expansion and displacement of the piping system.
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external pressure: a condition where the absolute pressure
inside the vessel is less than the absolute pressure on the

g | £ 41 1
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gel time: time lapsed as read on the actual exotherm curve
between 150°F and 10°F above the 180°F bath tempera-

1000 Tl .

fabric: a planar structure produced by interlacing yarns,
rovings, etc.

fiber: single filament, rolled or formed in one direction,
and used as the principal constituent of woven and
nonwoven composite materials. Most common fibers
are glass and carbon.

fiber content: percent by volume, or percent by weights, of
the fiber component in a composite material. See also loss-
on-ignition.

fiber stress: in a filament-wound part, usually a pressure
vessel, the stress calculated using the load and the cross-
sectional area of the reinforcement only.

filament winding: a process for fabricating a composite
structure in which continuous reinforcements (filament,
tape, or other), either previously impregnated with a
matrix material or impregnated during winding, are
placed over a rotating and removable form or mandrel
in a previously prescribed way to meet certain stress
conditions. Generally, the shape is a surface of revolution
and may or may not include end closures.

filler: a relatively inert nonfibrous material added to a
plastic to modify its strength, permanence, working prop-
erties, or other qualities, or to lower costs.

finish: a material applied to the surface of fibers used to
reinforce plastics and intended to improve the physical
properties of such reinforced plastics over that obtained
using glass reinforcement without finish (see stirface
treatment).

free end displacement: the relative motions, that would
occur between an attachment and connécted structure
or equipment if the two members were-separated. Exam-
ples of such motions are those that would occur because of
relative thermal expansion of piping, equipment, and
equipment supports, or becatise of rotations imposed
upon the equipment by sources other than piping.

fuzz: accumulation of short broken filaments after passing
fiber strands, yarns,lorrovings over a contact point. Often
weighted and used/as an inverse measure of abrasion
resistance.

gap: in filament winding, the space between successive
windings,"where windings are usually intended to lie
nextto-each other.

geltheinitial jellylike solid phase that develops during the
cure of a thermosetting resin.

gel coat: aresin applied to the surface of a mold and gelled
prior to lay-up. The gel coatbecomes an integral part of the
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ence (bath) temperature.

geodesic: the shortest distance between two points on a
surface.

geodesic isotensoid: see geodesic ovaloid. Isotensoid refers
to constant stress level in any given filament at all points ifi
its path.

geodesic isotensoid contour: in filament-wound, fibey-rein-
forced plastic pressure vessels, a dome conteur with
controlled and varying meridional and hoop/curvatures
such that filaments placed on geodesic paths will
exhibit uniform tensions, balanced Se that the resolved
loads lie in the fiber directions, throughout their length
under pressure loading.

geodesic line: the shortest diStafice between two points on
a surface of revolution,

geodesic ovaloid: a €ontour for end domes, the fibers
forming a geodesiciline. The forces exerted by the filaments
are proportioned to match the hoop and meridional
stresses at_any“point.

geodesicwovaloid contour: see geodesic isotensoid contour.

glassifiber: a glass filament that has been cut to a measur-
able length. Staple fibers of relatively short length and
suitable for spinning into yarn.

glass filament: a form of glass that has been drawn to a
small diameter and extreme length.

graphite filament: made from carbon filament and
processed to a higher temperature, to a point where
the material is transformed into graphite, a crystalline
allotrope of carbon.

gross structural discontinuity: a source of stress or strain
intensification which effects a relatively large portion of a
structure and has a significant effect on the overall stress
or strain pattern or on the structure as a whole (e.g., head-
to-shell and flange-to-shell junctions, nozzles, and junc-
tions between shells of different diameters or thick-
nesses).

hand lay-up: the process of placing and working successive
plies of the reinforcing material or resin-impregnated re-
inforcement in position on a mold by hand. See also
contact molding.

hardener: see curing agent.
head: the end closure(s) of a cylindrical container.

helical winding: in filament-wound composites, a winding
in which a filament band advances along a helical path, not
necessarily at a constant angle, except in the case of a cyl-

inder

finished [aminate and 1S usually used to Improve suriace
appearance, etc.

112

high pressure molding: a molding process in which the
pressure used is greater than 200 psi.
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hoop winding: see circumferential winding.

hybrid: composite with more than two constituents (i.e.,

laminate: a product made by bonding together two or
more layers of material or materials.

epoxy resin with two or more fibers), such as a carbon/
glass/epoxy composite hybrid.

impregnate: in fiber-reinforced plastics, saturation of the
reinforcement with a resin.

inelasticity: a general characteristic of material behavior in
which material does not return to its original (unde-
formed) shape and size after removal of all applied loads.

inhibitor: a material added to a resin/hardener mixture to
slow down cure at approximately room temperature.
Usually used in prepreg or premix resins.

initiator: a material which, when mixed with a resin, will
react chemically with the resin to produce a cured ther-
moset.

interface: on fibers, the contact area between fiber and
surface treatment (or finish). In a laminate, the contact
area between the fiber surface treatment, or finish,
and the laminating resin.

interlaminar shear strength: the maximum shear stress
existing between layers of a laminated material.

interlaminar stresses: the three stress components asso-
ciated with the thickness direction of a plate. Interlaminar
stresses are significant if the thickness is greater than 10%
of the length or width of the plate. These stresses can also
be significant in areas of concentrated loads and abrupt
change in material and geometry. The effects of these
stresses are difficult to assess because three-dimensional
stress analysis and the failure criterion are not wellunder-
stood.

invariant: constant values for all orientations of the coor-
dinate axis. Components of stress, strain, stiffness, and
compliance all have linear and quéadratic invariants.
For composite materials they represent directionally
independent properties, and“the bounds of stiffness
and strength of multidirectional laminates.

isotensoid: constant tension.

isotropic laminate; alarhinate in which the strength prop-
erties are equalin the in-plane directions (see quasi-
isotropic).

knitted matrix fabric: a structure produced by inserting
reinforging fibers into a knitted matrix. The matrix
fibef's.are non-reinforcing and serve only to hold the rein-
forcing fibers in place.

knuckle area: the area in an end dome region near the
juncture with the cylindrical portion; in a filament-
wound part, the area of transition between different
general shapes, e.g, the transition from a central cylin-
drical portion to the end dome.

laminate ply: one layer of a product made by bonding
together two or more layers of material.

lamination theory: the most common method for the
analysis and design of composite laminates; each ply.
or ply group is treated as a quasi-homogeneous material:
Linear strain across the thickness is assumed.

lap: in filament winding, the amount of overlay‘between
successive windings, usually intended-t&’minimize

gapping.
lay: in filament winding, the orientation of the ribbon with
some reference, usually the axis ofdotation.

lay-up: see below
(a) alaminate that has been‘assembled, but not cured
(b) a description of-the component materials,
geometry, etc., of a lamihate

level winding: see circumferential winding.

liner: in a pressure vessel, an inner protective barrier of
metallic, eldstomeric, thermoset or thermoplastic mate-
rials to,protect the laminate from corrosive chemical
attack.otprevent leakage under stress.

lodd-stress: the stress resulting from the application of a
load, such as internal pressure or the effects of gravity, as
distinguished from thermal stress.

local primary membrane stress: a membrane stress
produced by pressure or other mechanical loading and
associated with a primary and/or a discontinuity effect
which would, if not limited, produce excessive distortion
in the transfer of load to other portions of the structure.
Conservatism requires that such a stress be classified as a
local primary membrane stress even though it has some
characteristics of a secondary stress. An example of alocal
primary membrane stress is the membrane stress in a
shell produced by external load and moment at a perma-
nent support or at a nozzle connection.

local structural discontinuity: a source of stress or strain
intensification which affects a relatively small volume of
material and does not have a significant effect on the
overall stress or strain pattern or on the structure as a
whole (e.g., small fillet radii and small attachments).

longitudinal modulus: elastic constant along the fiber
direction in a unidirectional composite, such as longitu-
dinal Young’s modulus.

longos: low-angle helical or longitudinal windings.

loops and snarls: a place in a roving where one or more
short lengths of strand have doubled back on themselves.

loop order: the number of individual circuits required for a

lamina: ply or layer of unidirectional composite or fabric.

113
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loss-on-ignition: weight loss, usually expressed in percent
of total, after burning off an organic surface treatment

normal stress: the component of stress normal to the plane
of reference (this is also referred to as direct stress).
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low-pressure molding: molding or laminating in which the
pressure used is between 15 psi and 200 psi.

mandrel: in filament winding, the mold on which the lami-
nating material is wound.

mat: a fiber material for composite laminates consisting of
randomly oriented chopped strands or swirled strands
with a binder and available in blankets of various
widths and lengths.

mat binder: a resin which is applied to fiber strands and
cured during the manufacture of a mat to hold strands in
place and maintain the shape of the mat.

matrix: see resin.

matrix: mathematical entity, consisting of rows and
columns of numbers. In two dimensions, stress and
strain are 1 x 3 matrices, and stiffness and compliance
are 3 x 3 matrices.

matrix inversion: algebraic operation to obtain compliance
matrix from stiffness matrix, or vice versa. It is analogous
to obtaining the reciprocal of a number.

membrane stress: the component of normal stress which is
uniformly distributed and equal to the average value of
stress across the thickness of the section under considera-
tion.

midplane: middle surface of a laminate thickness; usually
the z = 0 plane.

modulus: elastic constants such as the Young’s modulus or
shear modulus.

moment: stress couple that causes a plate orheam to bend
or twist.

multicircuit winding: in filament-weund composites, a
winding that requires more than one circuit before the
band repeats by laying adjacent to the first band.

multidirectional: having multiple ply orientations in a
laminate.

netting analysis: the analysis of filament-wound structures
which assumes that the stresses induced in the structure
are carried entirely by the filaments, and the strength of
the resin is(not taken into account. Also, the filaments
possessqno/bending or shearing stiffness and carry
only axial loads.

NOL ¥ing: a parallel filament-wound test specimen used
for*measuring various mechanical strength properties of
the material by testing the entire ring, or segments of it.
The ring is usually 5.750 in. (146 mm) in inside diameter
by 0.250 in. (6 mm) wide by either 0.060 in. (1.52 mm) or

Ystraty-the—distributionrof normat-stress—isnot-uniform
through the thickness of a part, so this stress is considered
to be made up in turn of two components, one of which is
uniformly distributed and equal to the average value of
stress across the thickness of the section under considera-
tion, and the other of which varies with the location across
the thickness.

off-axis: not coincident with the symmetry axis; alsoalled
off-angle.

orthotropy: having three mutually perpendicular planes of
symmetry. Unidirectional plies, fabrie; eross-ply, and
angle-ply laminates are all orthotropig.

ovaloid: a surface of revolution Syfmmetrical about the
polar axis which forms the end:closure for a filament-
wound cylinder (e.g., an ellipfieal head closure).

part: aportion of a vesselthatis fabricated by an operation
or process requiring-nspection by the Inspector.

peak stress: a stressthat may or may not be highlylocalized
and does not ealfse noticeable distortions. Examples of
peak stresssare:

(a) the thermal stress in the wall of a vessel or pipe
causeddy a rapid change in temperature of the contained
fluid;

(D) the stress at a local structural discontinuity.
phenolic: synthetic condensation resins of aldehyde and
phenols. The common reactants are formaldehyde,
phenol, and cresol.

planar winding: a winding in which the filament path on
each dome lies on a plane that intersects the dome, while a
helical path over the cylindrical section is connected to the
dome paths.

plasticizer: a material added to a resin to facilitate
compounding and improve flexibility and other properties
of the finished product.

plied yarn: ayarn formed by twisting together two or more
single yarns in one operation.

ply group: a group formed by contiguous plies with the
same angle.

ply strain: those components in a ply which, by the lami-
nate plate theory, are the same as those in the laminate.

ply stress: those components in a ply which vary from ply
to ply depending on the materials and angles in the lami-
nate.

polar piece: in a pressure vessel, the metal reinforcements
placed at both ends of the major axis of the vessel. Their
extension into the end dome depends on stress conditions.

U.1Z5 1. (3.16 mm]) 1n wall thickness.
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tangent to the polar opening at one end of the chamber,
and tangent to the opposite side of the polar opening at the
other end. A one-circuit pattern is inherent in the system.
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polyester: see below
(a) basically a class of thermosetting resins produced

principal direction: specific coordinate axes orientation
when stress and strain components reach maximum
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drides) with polyhydric alcohols;

(b) for Code purposes, polyester may be any type of
liquid resin which comprises a mixture of polymerizable
unsaturated ester and a copolymerizable monomeric
substance that contains at least one active ethylene
double bond; this liquid resin shall be capable of
gelling and curing to infusible polymer by free radical
initiation at ordinary temperatures with negligible
change in weight;

(c) commonly, the unsaturated ester is a polymer of
maleic anhydride, phthalic anhydride, and glycol; the
copolymerizable monomer (which also serves as
solvent) is styrene, and the free radical initiator is an
organic peroxide;

(d) any resin which is handled and cured in a similar
manner can be considered acceptable as polyester.

post cure: additional oven cure, usually without pressure,
after initial cure to improve final properties of reinforced
plastic laminates.

potlife: the length of time a resin system retains a viscosity
low enough to be used in laminating.

preform: a matlike structure of chopped fibers bonded
together and approximating the shape of the structure.

preform binder: aresin applied to the chopped strands ofa
preform, usually during its formation, and cured so that
the preform will retain its shape and can be handled.

premix: see bulk molding compound.

prepreg: in reinforced plastics, the mixture of resin, cata-
lyst, reinforcements, fillers, etc., in web*or filamentous
form, to provide a complete mix ready:for molding.

pressure: unless otherwise defined, theans gage pressure.

pressure bag molding: a process-for molding reinforced
plastics in which a tailored-flexible bag is placed over
the contact lay-up on theimold, sealed, and clamped in
place. Fluid pressure-{usually compressed air) is
placed against the bag; and the part is cured.

primary stress;anormal stress or a shear stress developed
by the imposed’/loading which is necessary to satisfy the
simple laws of equilibrium of external and integral forces
and mements. The basic characteristic of a primary stress
is that/t is not self-limiting. Primary stresses which
considerably exceed the stress at onset of cracking will
result in failure or, at least, in gross distortion. A
thermal stress is not classified as a primary stress. Exam-
ples of primary stress are:

(a) general membrane stressina circular cylindrical or
a spherical shell due to internal pressure or to distributed
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the shear.

principal stress: the stress component normal to the plane
on which the shearing stress is zero.

promoter: see accelerator.

quasi-isotropic: laminates exhibit isotropic (that is;inde-
pendent of direction) in-plane response but.are not
restricted to isotropic out-of-plane (bending); response.
Depending upon the stacking sequence.of the individual
layers, the laminate may exhibit coupling between in-
plane and out-of-plane response.

random pattern: a winding with nofixed pattern. If a large
number of circuits is required.fot the pattern to repeat, a
random pattern is approached.

reinforced plastic: see\cgmposite.

reinforcement: material which is applied to a resin matrix
in order to strengthen and improve the properties of the
resin.

release ggett: material which is applied in a thin film to the
surfagedof a mold to keep the laminating resin from
bonding to the mold.

resin: in composites, the material used to bind together the
reinforcement material; also known as matrix.

resin applicator: in filament winding, the device which
deposits the liquid resin onto the reinforcement band.

resin content: the amount of resin in a laminate, expressed
as a percent of either total weight or total volume.

resin flexibilizer: see plasticizer.

ribbonization: the degree of flattening of a sized roving,
expressed as the ratio of ribbon width to thickness.

ribbon width: see bandwidth.

ring punchout shear strength: the interlaminar shear
strength of a filament-wound cylinder at a predetermined
shear plane.

roving: an assemblage of a number of strands or ends,
roughly parallel and with very little twist.

roving ball: package, usually cylindrically wound, of
continuous roving.

roving ball build: the geometry of a roving ball, including a
description of the waywind.

roving integrity: the degree of bond between strands in a
roving.
S-glass: magnesia-alumina-silicate glass, especially
designed to provide very high tensile strength glass fila-
ments.

Tive Toads;
(b) bending stress in the central portion of a flat head
due to pressure.
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secondary bonding: the joining of two or more FRP subas-
semblies by adhesive bonding, laminate overlay, or other
suitable means to form a larger component.
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secondary stress: a normal stress or a shear stress devel-
oped by the constraint of ad]acent parts or by self-

£ Tl 1 £
constr auu. of-a—struacture—ne Uasl\. l,ucu acter lsu\. o a

spray-up: a process for laying up reinforced plastics in
which a special “gun” chops fiber roving and sprays

secondary stress is that it is self-limiting. Local inelastic
deformation and minor distortions can satisfy the condi-
tions which cause the stress to occur. Examples of
secondary stress are:

(a) general thermal stress;

(b) bending stress at a gross structural discontinuity.

sequential winding: see biaxial winding.

shakedown: in a structure, occurs during the first few
cycles of load application. The subsequent structural
response is elastic, and progressive incremental inelastic
deformation is absent. Elastic shakedown is the case in
which the subsequent response is elastic.

shear stress: the component of stress tangent to the plane
of reference.

shelf life: length of time a material can be stored under
specified environmental conditions without failure to
meet specifications.

shelling: aterm applied to loops of roving falling to the base
of a roving ball as the roving is payed out from the ball on
end.

short beam shear strength: the interlaminar shear strength
of a parallel composite as determined by three-point flex-
ural loading of a short segment cut from a ring-type
specimen.

silicone: semiorganic polymers made up of a skeleton
structure of alternate silicon and oxygen atoms with
various organic groups attached to the silicon.

single circuit winding: winding in which the filafitent path
makes a complete traverse of the chamber, after which the
following traverse lies immediately-adjacent to the
previous one.

size: to apply compounds to a strand, which compounds
form a more or less continuous film around the strand and
individual fibers.

sizing content: the percent of the total strand weight made
up by the sizing, usually determined by burning off the
organic sizing (see also loss-on-ignition).

sizing extractables: the percent of the total sizing weight
that can be extracted with acetone or some other appli-
cable solyent, measured primarily on certain reactive
sizings, to* determine degree of cure.

skéinya continuous strand, yarn, roving, etc., wound up to
Some measurable length and usually used to measure
various physical properties of the material.

skirt: a nonpressurized shell of revolution supporting a
pressure vessel.

lCDill aud d Cul ills ascut Ul \.ata}_yat GLLCICI ﬂtUl Ull t}lC
mold. The lay-up is then usually worked by hand (see
contact molding).

stacking sequence: ply ordering in a laminate. Stacking
sequence does not affect the in-plane properties of a
symmetric laminate. Only the ply number and ply
angles are important. But stacking sequence becomes
critical for the flexural properties, and the interlathinar
stresses for any laminate, symmetric or notZStacking
sequence is important for asymmetric andshybrid lami-
nates.

stiffness: ratio between the applied stress'and the resulting
strain. Young’s modulus is the stiffness of a material
subjected to uniaxial stress. For eomposite materials, stiff-
ness and other properties aré-dependent on the orienta-
tion of the material.

strain: geometric measurement of deformation.

strand: an assembly-of continuous filaments, without
twist. A loosely bonded assemblage of fibers or filaments;
the immediate‘product of the multifiber forming process.
Also knowni<as tow.

strand(coeunt: the number of strands in a plied yarn; the
number of strands in a roving.

strand integrity: degree of bond between the filamentsina
strand.

strand length differential: similar to catenary, a measure of
the difference in length of the strands or yarns in a roving,
the difference being caused by uneven tension, waywind,
etc. (see also catenary)

strand tensile strength: tensile strength of a fiber strand,
yarn, or roving, when tested as a straight specimen.

strength: maximum stress that a material can sustain. Like
the stiffness of a composite material, strength is highly
dependent on the direction and sign of the applied
stress, such as axial tensile as opposed to transverse
compression.

strength ratio: the ratio of the stress capacity of a single
layer relative to the stress generated by an applied loading
condition, as calculated using the stresses from RD-1188
and the appropriate quadratic interaction equation in
RD-1188.5.

stress: intensity of forces within a body.

stress concentration: increased ratio of a local stress over
the average stress.

stress intensity: the equivalent intensity of combined
stress, or in short, the stress intensity, is defined as
twice the maximum shear stress. In other words, the

splice: the joining of two ends of glass fiber yarn or strand,
usually by means of an air drying glue.

116

stress intensity is the difference between the algebraically
largest principal stress and the algebraically smallest.
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Tension stresses are considered positive and compression
stresses are considered negative.

tow: an untwisted group of continuous fibers (see roving)

transformation: variation of stiffness, strength, stress,

stress-strain relationship: a linear relation is usually
assumed for calculating stress from strain or strain
from stress. For multidirectional laminates, it can be
generalized to include in-plane stress-strain and flexural
stress— strain relations. All anisotropic relations are
simple extensions of the isotropic relation. Young’s
modulus is the quotient of stress divided by strain.

surface mat: avery thin mat, usually 7 mils (0.18 mm) to 20
mils (0.51 mm) thick, or highly filamentized fiber.

surface treatment: on fibers, the compounds which, when
applied to filaments at forming, provide a loose bond
between the filaments, and provide various desired hand-
ling and processing properties. For reinforcing plastics,
the surface treatment will also contain a coupling
agent. Also known as sizing.

symmetric laminate: possessing midplane symmetry.

tack: with special reference to prepreg materials, the
degree of stickiness of the resin.

thermal stress: a self-balancing stress produced by a nonu-
niform distribution of temperature or by differing thermal
coefficients of expansion. Thermal stress is developed in a
solid body whenever a volume of material is prevented
from assuming the size and shape that it normally
would under a change in temperature.

Two types of thermal stress are recognized, depending
on the volume or area in which distortion takes place, as
follows.

(a) General thermal stress, which is associated with
distortion of the structure in which it occuts; Examples
of general thermal stress are:

(1) stress produced by an axial témperature distri-
bution in a cylindrical shell;

(2) stress produced by the-temperature difference
between a nozzle and the shellMto which it is attached.

(b) Local thermal stress,»which is associated with
almost complete suppreSsion of the differential expansion
and thus produces no significant distortion. Examples of
local thermal stress are:

(1) stress.in a small hot spot in a vessel wall;
(2) thermal stress in layers of material which have
different-coefficients of expansion.

thermopldstic: a plastic which is capable of being repeat-
edly.softened by increase of temperature and hardened by
decrease of temperature.

thermoset: a plastic which, when cured by application of
heat or chemical means, changes into a substantially infu-
sible and insoluble material.

thixotropic: the capacity of a liquid material to have high

strain, and other material properties due to the coordinate
transformation or rotation of the reference coordinate
axes. Transformation follows strict mathematical equa-
tions. The study of composite materials relies heavily
on these transformation equations to correctly descyibe
the directional dependency of the materials.

uniaxial load: a loading condition whereby a laminate is
stressed in only one direction.

unidirectional composite: having parallel fibers in a
composite. Compare with unidirectiondl laminate.

unidirectional laminate: a compositedaminate in which all
the fibers are oriented in the sametdirection.

veil: see surface mat.

vinyl ester: a thermoset resin with epoxy backbone, but
which cures by peroxide“initiation like a polyester.

voids: air pockets that have been trapped and cured into a
laminate.

volatiles: materialsin a roving sizing or a resin formulation
which are capable of being driven off as a vapor at room or
slightly elévated temperature.

wall:stress: in a filament-wound part, usually a pressure
vessel, the stress calculated using the load and the entire
laminate cross-sectional area (see also fiber stress)

waywind: the number of wraps or turns that roving or yarn
make from one side of the wound package back to the same
side.

wet lay-up: a reinforced plastic which has liquid resin
applied as the reinforcement is being laid up.

wet-out: the condition of an impregnated roving or yarn
wherein substantially all voids between sized strands and
filaments are filled with resin.

wet-out rate: the time required for a plastic to fill the inter-
stices of a reinforcement material and wet the surface of
the reinforcement fibers, usually determined by optical or
light transmission means.

wet winding: filament-winding reinforced plastics when
the fiber reinforcement is coated with liquid resin just
prior to wrapping on the mandrel.

winding pattern: the path of the fiber laid down by the
winding machine, generally repeated within a layer,
leading to the eventual complete coverage of the liner
or mandrel. The term also applies to nonrepeating
paths such as transitions between layers wound at
different helical angles.

winding tension: in filament winding, the amount of
tension on the reinforcement as it makes contact with
a mandrel.

Static shear strength (Viscosity) and at the same tme [ow
dynamic shear strength. Such a material can be mixed
(stirred), but will not flow under the force of gravity.
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yardage: see yield.

yield: the number of yards of yarn, roving strand, etc., per
pound of glass fibers; the reciprocal of weight per yard.
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MANDATORY APPENDIX 5
SPECIFIC GRAVITY OF LIQUID RESINS

5-100 INTRODUCTION

This Article specifies the procedure that shall be used to
determine the specific gravity. This is accomplished by
weighing a standard volume of liquid at a specific
temperature and converting this weight to specific gravity.

5-200 APPARATUS

(a) laboratory balance (0.1 g sensitivity)

(b) weightper gallon cup (water capacity 83.2 mL) with
lid (Gardner catalog No. 9652 or equivalent)

(c) thermometer (ASTM No. 17C)

5-300 SAFETY PRECAUTIONS

See specification for material to be tested.

5-400 PROCEDURE

(a) Precondition the resin sample and weight pef
gallon cup for 20 min at 25°C + 0.1°C. Insert the Cup
and the resin sample separately in a large beaker.
Place in a 25°C water bath.

(b) Tare weigh the empty cup and lid to +0.1¢g:

(c) Fillthe cup to the brim with the resin sample, bubble
free.

(d) Place cover on lid and force dowm the seat firmly.

(e) Wipe the cup clean on the outside.

(f) Weigh the filled cup to +0.Xg,

5-500 CALCULATIONS

(a) Weight (Ib/gal)-=-fweight of full cup (g) - tare
weight (g)]/10.
(b) Specific gravity = weight (Ib/gal)/8.33.

5-600 REPORT

Record\specific gravity determination in the Quality
ContfokTest Report.
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MANDATORY APPENDIX 6
STRUCTURAL LAMINATE VISUAL ACCEPTANCE CRITERIA

6-100 STRUCTURAL LAMINATE VISUAL
ACCEPTANCE CRITERIA

For Class I pressure vessels, see Table 6-100.1. For Class
II pressure vessels, see Table 6-100.2.
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Table 6-100.1

Structural Laminate Visual Acceptance Criteria for Class | Pressure Vessels

Imperfection Name

Definition of Imperfection

Maximum Size and Cumulative
Sum of Imperfections Allowable
(After Repair) [Notes (1)-(3)]

Air bubble (void)

Blister

Burned areas from excessive
exotherm

Chips

Cracks

Crazing

Delamination (internal)

Delamination (edge)

Dry spot

Edge exposure

Foreign inclusion

Fish-eye

Piniples (nonpressure side)

Pit

Air entrapment within and between the plies of
reinforcement, usually spherical in shape

Rounded elevation of the surface of the laminate with
boundaries that may be sharply defined, somewhat
resembling in shape a blister on the human skin

Showing evidence of thermal decomposition through
discoloration or heavy distortion

Small pieces broken off an edge of the laminate that
includes fiber breakage

Ruptures or debond of portions of the laminate

Fine cracks at the surface of the laminate

Separation of the layers in,a laminate

Separation of the layers of material at the edge of
laminate

Area of incomplete surface film where the
reinforcement has not been wetted with resin

Exposure of multiple layers of the reinforcing matrix
to the environment, usually as a result of
shaping or cutting a section of laminate

Particles included in a laminate which are foreign
to its composition (not a minute speck of dust)

Small globular mass which has not blended completely
into the surrounding material and is particularly
evident in a transparent or translucent material

Small, sharp, conical elevations on the surface of a
laminate

Small crater in the surface of a laminate

% in. (3 mm) max. diam., max. density
4 per sq in. (6 per 10 cm?); % in.
(1.5 mm) max. diam., max. density
10 per in.% (15 per 10 cm?)

Pressure side: none; nonpressure
side: % in. (3 mm) max‘-diam., max.
density 1 per ft? (1(per 1000 cm?),
none less than 2.n, (50 mm) apart

None

* Y4¢m. (1.5 mm) diam. or Y, in.
(6 mm) length by % in. (1.5 mm)
deep max.

None: pressure or nonpressure side

Max. 1 in. (25 mm) long by %, in.
(1 mm) deep, max. density 5 in any
square foot (1000 cm?)

None

Max. dimension % in. (3 mm) and
must not contact the process fluid

None

None

*Max. % in. (3 mm) diam., never to
penetrate lamination to
lamination; must be fully resin
encapsulated

*Pressure side: none; nonpressure
side: % in. (3 mm) diam. max.

No limit; must be fully resin filled and
wetted

* 2 in. (3 mm) diam. max. by Y4 in.
(1.5 mm) deep max.; no exposed
fibers
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Table 6-100.1

Structural Laminate Visual Acceptance Criteria for Class | Pressure Vessels (Cont’d)

Imperfection Name

Definition of Imperfection

Maximum Size and Cumulative
Sum of Imperfections Allowable
(After Repair) [Notes (1)-(3)]

Porosity

Scratches

Wrinkles and creases

Band width gap (filament winding)

Band width overlap (filament
winding)

Band width splaying (filament
winding)

Strand drop-out (filament winding)

Allowable cumulative sum of

imperfections denoted by
an asterisk (*)

Maximum percent repairs

Presence of numerous visible tiny pits (pinholes),
approximate dimension 0.010 in.

Shallow marks, grooves, furrows, or channels
caused by improper handling

Generally linear, abrupt changes in surface plane
caused by laps of reinforcing layers, irregular
mold shape, or polyester film overlap

The space between successive winding fiber bands
which are intended to lay next to each other

An area where the edge of a fiber band has laid on top
of a previous fiber band, although intended_ to Tay
next to each other

An unintended space between individual fibers in
a fiber band that results in a,gap between fibers

When one or more strands.ef a fiber band ceases
to be applied to thesvessel shell being wound
due to breakage or\inadequate supply

Maximum allowable in any square foot

Maximum allowable in any square yard
(squar€.meter)

The maximum allowable area of repairs made in order
to pass visual inspection

None shall fully penetrate the surface;
no more than 15 per in.? (24 pet
10 cm?); no exposed fibers

*Pressure side: none; noppressure
side: none more tha»6-in. (150
mm) long; no exposed fibers

Filament wound: none; others: max.
deviation,20% of wall or % in.
(3 mm)ywhichever is less

NOne

2 strands max.

None [Note (4)]

None

5
30 (36)

3% to structural

GENERAL NOTE: Unless specificallyxcalled out, acceptance criteria applies to pressure and nonpressure sides.

NOTES:

(1) Above acceptance criteria\apply to condition of laminate after repair and hydrotest.

(2) Noncatalyzed resin is net/permissible to any extent in any area of the laminate.

(3) Imperfections subject to cumulative sum limitations are highlighted with an asterisk (*).
(4) Except as allowed by the manufacturing procedure specification and qualification test record to include gap spacing between fibers.
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Table 6-100.2

Structural Laminate Visual Acceptance Criteria for Class Il Pressure Vessels

Imperfection Name

Definition of Imperfection

Maximum Size and Cumulative Sum of
Imperfections Allowable (After Repair)
[Notes (1)-(3)]

Air bubble (void)

Blister (nonpressure side)

Burned areas from excessive
exotherm

Cracks

Crazing (nonpressure side)

Delamination (internal)

Delamination (edge)

Dry spot

Edge Exposure

Foreign inclusion

Fish-eye

Pimples (nonpressure side)

Pit_(nenpressure side)

Porosity (nonpressure side)

Air entrapment within and between the plies of
reinforcement, usually spherical in shape

Rounded elevation of the surface of the laminate with
boundaries that may be sharply defined, somewhat
resembling in shape a blister on the human skin

Showing evidence of thermal decomposition through
discoloration or heavy distortion

Small pieces broken off an edge of the laminate that
includes fiber breakage

Ruptures or debond of portions of the laminate

Fine cracks at the surface of the laminate

Separation of the layers in a laminate

Separation of the layers of material at the Jedge of
laminate

Area of incomplete surface film where the reinforcement
has not been wetted with, resin

Exposure of multiple layers of the reinforcing matrix
to the environment, usually as a result of shaping or
cutting a section of laminate

Particles\included in a laminate which are foreign
to its-composition (not a minute speck of dusk)

Small globular mass which has not blended completely
into the surrounding material and is particularly
evident in a transparent or translucent material

Small, sharp, conical elevations on the surface of a
laminate

Small crater in the surface of a laminate

Presence of numerous visible tiny pits (pinholes),
approximate dimension 0.010 in.

% in. (3 mm) max. diam., max. density 4 per in.?
(6 per 10 cm?); % in. (1.5 mm) max. diam.,
max. density 10 per in.? (15 per 10 cm?)

Y, in. (6 mm) max. diam. by % in. (3 mmJ‘high
max., max. density 1 per ft? (1 per>1000
cm?), none less than 2 in. (50 mfm) apart

None

* Y, in. (6 mm) diam. or % in. (13 mm) length
by Y6 in. (5 mm) deep max.

None

Max. 1 in. (25 mm) long by %, in. (0.4 mm)
deep, max. density 5 in any square foot
(1000 cm?)

None

Max. dimension % in. (3 mm) and must not
contact the process fluid

None

None

*Max. % in. (10 mm) diam., never to penetrate
lamination to lamination; mustbe fully resin
encapsulated

* L in. (3 mm) diam. max.

No limit; must be fully resin filled and wetted

* 17, in. (6 mm) diam. max. by % in. (1.5 mm)
deep max.; no exposed fibers

None shall fully penetrate the surface; no more
than 15 per in.? (24 per 10 cm?); no exposed
fibers

Scratches (nonpressure side)

Shallow marks, grooves, furrows, or channels caused
by improper handling

*None shall be more than 6 in. long (150 mm);
no exposed fibers
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Table 6-100.2
Structural Laminate Visual Acceptance Criteria for Class Il Pressure Vessels (Cont’d)

Maximum Size and Cumulative Sum of
Imperfections Allowable (After Repair)

Imperfection Name Definition of Imperfection [Notes (1)-(3)]

Wrinkles and creases Generally linear, abrupt changes in surface plane caused Filament wound: none; others: max. deviation.
by laps of reinforcing layers, irregular mold shape, 20% of wall or % in. (3 mm), whicheyer is
or polyester film overlap less

Band width gap (filament The space between successive winding fiber bands None

winding) which are intended to lay next to each other

Band width overlap (filament An area where the edge of a fiber band has laid on 2 strands max.

winding) top of a previous fiber band, although intended to lay

next to each other

Band width splaying (filament An unintended space between individual fibers in None
winding) a fiber band that results in a gap between fibers

Strand drop-out (filament When one or more strands of a fiber band ceases to be None
winding) applied to the vessel shell being wound due to

breakage or inadequate supply

Allowable cumulative sum of  Maximum allowable in any square foot 5
imperfections denoted by an
asterisk (*)

Maximum allowable in any squdre yard 30 (36)
(square meter)

Maximum percent repairs The maximum allowable area of repairs made in 3% to structural
order to pass visuahihspection

NOTES:

(1) Above acceptance criteria apply to condition 6f laminate after repair and hydrotest.

(2) Noncatalyzed resin is not permissible te,any extent in any area of the laminate.

(3) Imperfections subject to cumulative_suni limitations are highlighted with an asterisk (*).
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MANDATORY APPENDIX 7
STANDARD UNITS FOR USE IN EQUATIONS

Standard Units for Use in Equations

Table 7-100.1

Quantity

U.S. Customary Units

SI Units

Linear dimensions (e.g., length, height,
thickness, radius, diameter)

Area

Volume

Section modulus

Moment of inertia of section
Mass (weight)

Force (load)

Bending moment

Pressure, stress, stress intensity, and modulus
of elasticity

Energy (e.g., Charpy impact values)
Temperature

Absolute temperature

Fracture toughness

Angle

Boiler capacity

inches (in.)

square inches (in.?)
cubic inches (in.%)
cubic inches in.%)
inches® (it
pounds‘mass (lbm)
pounds*force (Ibf)
inch-pounds (in.-1b)

pounds per square inch (psi)

foot-pounds (ft-1b)

degrees Fahrenheit (°F)
Rankine (°R)

ksi square root inches (ksi~/in.)
degrees or radians

Btu/hr

millimeters (mm)

square millimeters (mm?)
cubic millimeters (mm?)
cubic millimeters (mm?)
millimeters* (mm*)
kilograms (kg)

newtons (N)
newton-millimeters (N-mm)

megapascals (MPa)

joules (J)

degrees Celsius (°C)

kelvin (K)

MPa square root meters (MPa+/m)
degrees or radians

watts (W)
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MANDATORY APPENDIX 8
CLASS IIl VESSELS WITH LINERS FOR HIGH PRESSURE FLUIDS IN
STATIONARY SERVICE

8-100 SCOPE

8-100.1 General Construction Description. This
construction method uses a laminate of continuous multi-
directional filaments of a specified glass or carbon fiber
with a specified resin that is circumferentially and longi-
tudinally wound in a systematic manner under controlled
tension over the cylindrical shell and heads of a metallic or
nonmetallicliner and cured in place. Hybrid designs incor-
porating both glass and carbon fiber within a layer or in
separate layers are allowed under this Appendix.

8-100.2 Construction Rules. Each Class III vessel for
high pressure fluid service shall comply with all existing
rules of this Section unless otherwise stated as additional
requirements and exemptions in this Appendix. All vessels
shall be fabricated with polar boss openings only and shall
meet the criteria of RG-404.2.

8-100.3 Metallic Load-Bearing or Load-Sharing'Pres-
sure Parts. Metallic load-bearing or load-sharing pressure
parts shall comply with the applicable requirements of
Section VIII, Division 3. This includes all\métallic liners
and end nozzles. Welding on load-bearing or load-
sharing pressure parts shall be made by Fabricators
holding a valid ASME Certification\Mark with U, U2, or
U3 designator. Code “Part” stamping of the welded
metallic pressure parts is required.

Work such as machining, forming, nondestructive
examination, etc., may be)performed by others. Analysis
to meet Section VH], Division 3 requirements shall be
performed by a~capable design engineer meeting the
criteria givem in-Section VIII, Division 3, Part KG, KG-
324.1. Metallic load-bearing or load-sharing pressure
parts for-vessels in hydrogen service shall meet the re-
quirefnents given in Section VIII, Division 3, Part KD,
Article KD-10. It is the vessel Fabricator’s responsibility
te ensure that all work performed complies with the ap-
plicable requirements. Nonwelded load-bearing or load-
sharing pressure parts shall have material certification in
accordance with Section VIII, Division 3, Part KM, KM-101,
and shall be marked in accordance with Section VIII, Divi-
sion 3, Part KM, KM-102.2 with the name or trademark of

8-100.4 Nonload-Sharing Metallic Liner. The
nonload-sharing metallic liner shall\comply with the re-
quirements of Section VIII, Division 1, 2, or 3 as specified
by the Fabricator. Welding on metallic liners shall be made
by Fabricators holding a valid"/ASME Certification Mark
with U, U2, or U3 designator.

8-100.5 Liner Scope. The outside diameter of the
metallic or nonmetallic liner shall not exceed 100 in.
(2.5 m). The burst pressure of a nonload-sharing liner
shall be less)than 10% of the nominal burst pressure
of the finished vessel.

Theburst pressure of a load-sharing liner shall not
exceed 50% of the nominal burst pressure of the finished
vessel.

8-100.6 Service Life. The service life of the Class III
vessel shall be as specified in the User’s Design Specifica-
tion. Maximum service life for Class III vessels constructed
under the rules of this Appendix shall be limited to 20 yr
from the date of manufacture as noted on Form CPV-1 for
glass fiber reinforced vessels.

NOTE: Maximum service life is not limited for carbon fiber rein-
forced vessels.

8-100.7 Design Pressure. The internal design pressure
for the Class III vessel shall not be less than 3,000 psi (21
MPa) nor greater than 15,000 psi (103 MPa).

8-100.8 Permitted Fluids and Compatibility

(a) Fluids allowed include hydrogen, methane, natural
gas, helium, nitrogen, water, hydraulic oils, oil and gas
industry drilling fluids, or fluids that are inert.

(b) Toxic gas mixtures shall not be permitted.

(c) Contained fluids shall be compatible with the liner,
composite, and nozzle materials.

(d) If compatibility isnotalready demonstrated, testing
shall be conducted to confirm compatibility. Confirmation
of compatibility shall be reported in the remarks section of
the Fabricator's Data Report.

(e) The User is responsible for specifying the contained
fluids in the Design Specification.

(23)

the manufacturer and with other such markings as will
serve to identify the particular parts with accompanying
material certification.
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(23) 8-200 GENERAL

8-200.1 Supplementary Fabricator’'s Responsibil-

(b) Laminates, as herein considered, are composite
structures consisting of glass or carbon fibers embedded

ities.

(a) The Fabricator shall be responsible for preparation
of a Manufacturing Specification to control essential vari-
ables during the manufacturing process.

(b) Itshall be the Fabricator’s responsibility to conduct
Qualification Tests to qualify the Class III vessel in accor-
dance with the requirements of this Appendix.

(c) The Fabricator shall be responsible to conduct
Production Examinations and Tests as required by this
Appendix. The test results shall be included in the Fabri-
cator’s Construction Records.

8-200.2 Supplementary Inspector Qualifications.
Inspection of the materials and their application shall
be carried out by a qualified Inspector. The Inspector
shall have been qualified by a written examination
under the rules of the National Board of Boiler and Pres-
sure Vessel Inspectors.

8-200.3 Inspector’s Duties. It is the duty of the
Inspector to make the inspections required by the
rules of this Appendix and such other inspections and
investigations as are necessary in his judgment to
verify that

(a) the material and manufacturing procedures being
used conform to the requirements of the specified Manu-
facturing Specification, this Appendix, and the require-
ments of Section X and Section VIII, Division 3

(b) the examinations and tests required by this Appen-
dix have been completed and that the results are acecept-
able

8-300 MATERIALS
8-300.1 General Materials Requirements.

(a) Metallic components used.in tlte construction of the
Class I1I vessel shall meet the requirements of Section VIII,
Division 3.

(b) Laminates used in the construction of the Class III
vessel shall comply.Wwith the requirements listed in
8-300.2.

(c) All material used in the manufacture of the laminate
shall be traceable'to material test reports or certificates of
compliane€and shall be traceable to an individual Class II1
vessel and documented in the Fabricator’s Construction
Recotds:

8-300.2 Laminates.

(a) Fiber-reinforced plastic materials are designated as
laminates. These materials shall be used, under the rules of
this Appendix, as a circumferential and longitudinal fila-

(c) The Fabricator shall keep on file the published
specifications for all laminate materials used in each
Class III vessel manufactured, the material supplier’s rec-
ommendations for storage conditions and shelf life for all
laminate materials, and the material supplier’s certifica-
tion that each shipment conforms to the published spec-
ification requirements. This data shall be part pfithe
Fabricator’s Construction Records.

8-300.3 Fibers.

(a) Glass Fibers

(1) Glass fibers used in any of the manufacturing
processes permitted by this Case'shall be one or more
of the following glass composgitions:

(-a) Type E glass
(-b) Type S glass
(-c) Type E-CR glass

(2) The materiaksupplier shall certify that the fibers
conform to the Fabricator’s specifications for the product
and that the minimum strength and modulus, measured in
accordance'with ASTM D2343, are not less than the speci-
fied minimum values for resin-impregnated strands.

(b)~Earbon Fibers

(1) The carbon fibers used in any of the manufac-
turing processes permitted by this Appendix shall be poly-
acrylonitrile (PAN) based carbon fiber tows having
mechanical properties meeting the requirements of a
procurement document prepared by the Fabricator.

(2) The material supplier shall certify that the fibers
conform to the Fabricator’s specifications for the product
and that the minimum strength and modulus, measured in
accordance with ASTM D4018, or identified equivalent
standards accepted by the Inspector, are not less than
the specified minimum values for resin-impregnated
strands.

(3) When carbon fibers are used, galvanic corrosion
protection is required for the metal components in contact
with the composite. An inner glass filament-wound and
resin layer may be used for metallic liners. A glass
cloth and resin layer may be used between a metallic
end nozzle and the laminate. Identified equivalent
methods accepted by the Inspector may be used as the
corrosion protection layer.

8-300.3.1 Fiber Surface Treatment. The surface of the
fiber shall be treated to provide a bond between the fiber
and resin matrix as needed.

8-300.4 Resin System. The resin system shall consist
of an epoxy, polyester or vinyl ester, plus the resin Fabri-
cator’'s recommended promoters and curing agents. No

ment-wound outer layer for the Class III vessel.
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filler, pigment, thixotrope, or dye that will interfere
with the natural color of the resin shall be used except
as permitted by the Manufacturing Specification. If
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Table 8-300.4.1-1
Resin Systems: Required Certifications and Tests

characteristics and alert the Fabricator of possible mate-
rial irregularities.

L) T Lol

H 4 1 11l talalial H
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Required
Certifications and Applicable ASTM
Resin System Tests Specification
Polyester/vinyl Viscosity ASTM D445/D2196
ester Acid number ASTM D1045
Specific gravity Wt. per gallon cup or
ASTM D4052
Epoxy Viscosity ASTM D445/D2196
Epoxide equivalent ASTM D1652
Specific gravity Wt. per gallon cup or
ASTM D4052

required in the User’s Design Specification, the Class III
vessel may be painted.

8-300.4.1 Resin Material Requirements

(a) The resin materials used in the manufacture of the
Class III vessel shall be the same as those specified in the
Manufacturing Specification. Each resin shall be traceable
by the name of its supplier and the trade name or number
of that supplier. The resin supplier shall supply to the
Fabricator a Certificate of Analysis for each resin used.
It shall include the following information:

(1) resin identification
(2) batch number(s)
(3) date of manufacture
(4) shelf life

(b) The resin supplier shall certify, for each'batch
shipped, the value and the limits required by the speci-
fication of the properties identified in Table:8-300.4.1-1.
Resin material outside the shelflife shall be either retested
by the resin manufacturer and certified to the original
properties or rejected. The values-gbtained for viscosity
and specific gravity for the resin‘alone shall be within the
limits of the supplier’s specification for that resin and as
listed in the Manufacturing Specification. The values
obtained for gel time and peak exotherm temperature
shall be for a particularresin/curing system test formula-
tion and temperatiie, and shall be within the limits listed
in the Manufacturing Specification. The test formulation
and temperature shall be representative of the formula-
tions usgdyduring Class III vessel manufacture. These test
results shall be certified by the Fabricator and shall be
included in the Fabricator’s Construction Records.

(¢) The tolerance limits for the test formulation, as
listed in the Manufacturing Specification, may be estab-
lished by either the resin supplier or the Fabricator.
The tolerance limits shall be established using formulation
components having Fabricator-specified material charac-
teristics. The tolerance limits established shall be within a

o —Thet
temperature for the resin/cure system used. This may
be in conjunction with the resin supplier or independent
laboratory, and may be based on heat distortion tempera-
ture or glass transition temperature. The Fabricator shall
reestablish and redocument the maximum use tempera-
ture at least every twelve months using current batehes of
resin and curing agent. The maximum use teniperature
shall be recorded on the Manufacturing Spegification. A
record of these determinations shall.beeome part of
the Fabricator’s Construction Records,

8-300.5 Curing Agents. The euring agents used, the
resin-to-curing-agent ratio and ‘the curing procedure
followed in the Class III vessel’manufacture shall be as
specified in the Manufaeturing Specification. Each
curing agent shall betraceable by the supplier’s name,
the supplier’s desighation, and the generic name.

8-300.5.1 Laminate Cure. The Fabricator shall ensure
that the resin applied to the Class III vessel is properly
cured using-a‘test specimen. Proper cure shall be demon-
strated(by using the Barcol test in accordance with ASTM
D2583or other appropriate method. Barcol readings shall
bewithin the tolerance specified by the resin supplier. If
the resin supplier does not provide Barcol specifications
for the resin/curing system used, the Fabricator shall
establish Barcol specifications. Barcol specifications
established by the Fabricator shall be documented.
Barcol specifications shall become part of the Fabricator’s
Construction Records.

8-300.6 Interlaminar Shear Strength. The laminates
used in manufacturing Class III vessel shall have
minimum interlaminar shear strengths of 2,000 psi
(13.8 MPa) for all resins, determined in accordance
with ASTM D2344. The test shall be performed following
the boiling of the test sample in water for 24 hr. The test
results shall be included in the Fabricator’s Construction
Records. The measured interlaminar shear strength shall
be recorded on Form CPV-2.

8-300.6.1 Nonmetallic Liner Materials. All nonme-
tallic liners shall be considered nonload sharing. The
liner shall be manufactured from a material suitable
for service with the contained fluid(s). The liner material
supplier shall verify that each batch of liners have the
specified material chemistry and mechanical properties
and provide a certificate of conformance to the Class
I1I vessel Fabricator documenting the verification.

8-400 DESIGN

sufficiently narrow range such that test results outside
this range would reflect deviations in component material
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be carried out and documented in the Fabricator’s
Construction Records. The stresses in the laminate and
in the liner shall be calculated using appropriate analytical

8-400-1-Allowable-StressRules-—Stressanalysisshall————
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methods that address the nonlinear behavior. The thick-
ness and material properties used in stress calculations

1

8-400.7 Hybrid Designs. Hybrid construction (using
more than one type of reinforcing fiber) is permitted.

4 H 4+ 1 | 1 -
to—giveaccuraterestlttsand-amatysis
results shall be confirmed with strain gages or similar
methods during testing.

The circumferential and longitudinal stresses gener-
ated in the laminate layer shall be used to resist loads
due to internal pressure, thermal expansion, and all
other circumferential and longitudinal loads, including
bending loads caused by the contained fluid.

The maximum fiber stress at any location in the lami-
nate shall not exceed 67% of the tensile strength of the
fiber during the autofrettage pressure load for vessels
with load-sharing liners.

The maximum fiber stress at any location in the lami-
nate layer shall not exceed 28.5% for glass fibers and
44.4% for carbon fibers of the tensile strength of the
fiber at design conditions.

The calculation of stresses shall consider the least favor-
able effects of geometric irregularities (e.g., out-of-round-
ness), weld peaking, reinforcement, and offsets as well as
mismatches of Categories A and B welded liners.

111 i)
STrart OC CITOSTIT

8-400.2 Design Pressure. The design pressure of the
Class I1I vessel shall be specified in the User’s Design Spec-
ification. The maximum design pressure for Class Il vessel
shall not be less than 3,000 psi (21 MPa) or greater than
15,000 psi (103 MPa).

8-400.3 Maximum Design Temperature. The
Maximum Design Temperature of the laminate shall b€
the same as the Maximum Design Temperature of\the
Class III vessel and shall be specified in the User’s
Design Specification. The Maximum Design Temperature
shall be at least 35°F (19°C) below the maximum use
temperature of the resin as documented in‘the Manufac-
turing Specification, but in no case shalki¥exceed 185°F
(85°0).

8-400.4 Minimum Design-Temperature. The
Minimum Design Temperature to which a Class III
vessel may be constructed.under this Appendix shall
not be colder than -65%F (-54°C).

8-400.5 Vessel Supports. Vessel supports shall be
designed to functien’'without damaging the vessel consid-
ering all loads\resulting from transportation and opera-
tion.

8-400.6" Protective Layer. An optional external layer of
laminatée may be provided for protection of the structural
laminate layer from damage due to impact, ultraviolet
radiation, or other environmental exposure, fire or abra-
sive conditions, and in-service degradation of the laminate
for the life of the Class III vessel under the service condi-
tions as specified in the User’s Design Specification. This

Fhe-strengtirof-the—individuat-types—of-fibers—used-in
hybrid construction may be verified by testing of
vessels reinforced with a single type of fiber. The test
can be performed on subscale vessels. In a hybrid
construction, the applicable Stress Ratio requirements
must be met in one of the two following ways:

(a) If load sharing between the various fiber reinfor-
cing materials is considered a fundamental part ef.the
design, each fiber must meet the stated Stress-Ratio re-
quirements.

(b) Ifload sharing between fibers is not éonsidered as a
fundamental part of the design, then one/of the reinforcing
fibers must be capable of meeting the Stfess Ratio require-
ments even if all other fiber reinforcing materials are
removed.

8-500 FABRICATION
8-500.1 Manufacturing Specification.

(a) The Manufacturing Specification shall specify, as a
minimum, all\pertinent material properties data, the
means by, which the laminate is applied to the liner,
and all-6ther significant process data associated with
the laminate and the Class III vessel design. The Manufac-
turing Specification shall include tolerance limits for all
appropriate material properties, process conditions
such as time and temperature, acceptable test result
values, compositions of resins, fibers, and curing
agents, etc., as further defined by the rules of this Appen-
dix. The Manufacturing Specification shall form part of the
Fabricator’s Construction Records.

(b) As a minimum, the essential variables provided
below shall be held within tolerances as specified in
the Manufacturing Specification.

(1) Essential variables for liner and nozzles

(-a) material(s) including limits of chemical
analysis

(-b) dimensions, minimum thickness, straight-
ness, and out-of-roundness with tolerances

(-c) process and specification of manufacture

(-d) heat-treatment, temperatures, duration, and
tolerances

(-e) inspection procedures (minimum require-
ments)

(-f) material properties

(-g) dimensional details of nozzle threads and any
other permanent features

(-h) method of sealing nozzle to nonload-sharing
liner for bonded bosses

(-i) autofrettage procedure for metallic lined
vessels

layer shall not be considered in the calculation on the
stress levels in the vessel and shall not be applied to
the vessel used for the qualification testing.
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(2) Essential variables for laminate materials
(-a) fiber material, specification, and mechanical
properties requirements
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(-1) the fiber content in the laminate shall
conform to that set forth in the Specification

L

(b) Each Class Il vessel shall be subjected to the exam-
inations required by this paragraph and shall conform to

o) - 4 4 H 4 <
(7 TeSHT Sy Sten, CoOMpotetits,curmgagent,atra
accelerators

(-c) laminate construction including the number
of strands used, the allowable gap between bands, the
allowable gap within bands, overlap in the laminate,
and details of prestressing where applicable

(-d) curing process, temperatures, duration, and
tolerances

(-1) If other than ambient temperature cure is
employed, the design and operation of the curing equip-
ment shall provide uniform heating over the entire surface
of the vessel. Heating may be done from the inside or
outside of the vessel, or from both inside and outside.
The cure times and temperatures shall conform to
those required by the Manufacturing Specification.
Heat up and cool down times shall be excluded.

(3) Essential variables for laminate manufacture

(-a) Patterns. Specific winding patterns for the
continuous fiber strands shall be used as defined in
the qualified Manufacturing Specification. Any winding
pattern that places the filaments in the desired orientation
and is designated in the Manufacturing Specification may
be used.

(-b) Filament Winding

(-1) Tensioning. Tension on the strands of fila-
ments during the winding operation shall be controlled to
ensure a uniform application of the composite reinforee<
ment onto the liner.

(-2) Winding Speed. The speed of windihg shall
be limited only by the ability to meet the tenSiening re-
quirements, to conform to the specified winding pattern,
and to ensure adequate resin impregnation.

(-3) Bandwidth and Spacing. The bandwidth and
spacing shall conform to those specifiéd in the Manufac-
turing Specification.

8-500.2 Variation From Manufacturing Specification.
Any variation in the essential variables from the toler-
ances provided in the Manufacturing Specification shall
result in rejection of the Class III vessel.

8-600 EXAMINATION

8-600:1-Qualification of Nondestructive Examination
Personnel. The Fabricator shall certify that each examiner
pexfarting visual tests according to the Appendix has
Been qualified to the requirements of Section V, Article 9.

8-600.2 Supplementary Examination Requirements.

(a) The Fabricator completing a Class III vessel or
vessel part shall be responsible for conducting the exam-
inations required by this paragraph. Examination shall be

the—specifiedrequirementswith—resuttsrecorded—in
Production Test Reports. The Class III vessel Production
Test Report shall become part of the Fabricator’s
Construction Records.

8-600.2.1 Visual Examination. Each Class III vessel
shall be visually examined, using a suitabledight
source, to determine whether there are any imperfections
of the type specified in Table 8-600.2.1-1 or Table
8-600.2.1-2. If an external protective layers-or paint is
applied, the laminate shall be examined as required
during winding, or prior to applicatien of the protective
layer or paint, to ensure that theséare no unacceptable
defects.

8-600.2.2 Design Dimensions Examination. Each Class
I1I vessel shall be examined/for conformance with dimen-
sions and tolerances shown on the design drawings.

8-600.2.3 Repaijr'of Imperfections. In the event that
any of the unacceptable imperfections listed in
Table 8-600:2.1-1 or Table 8-600.2.1-2 extend into the
structurallayer or the structural fibers are cut or in
any way.damaged, the imperfection shall be deemed unre-
pairable and the Class III vessel shall be rejected. If the
Unacceptable imperfections listed in Table 8-600.2.1-1
or Table 8-600.2.1-2 extend only into the nonstructural,
protective layer of the laminate, the layer may be repaired,
unless prohibited by the Manufacturing Specification. The
repaired area shall maintain the minimum thickness, fiber
content, and protective capabilities of the unrepaired
protective layer.

8-600.2.4 Visual Examination of Repaired Areas. Each
repaired area shall be examined visually and shall meet all
the acceptance requirements of Table 8-600.2.1-1 or Table
8-600.2.1-2. The repaired area shall have translucency
and surface finish comparable to the remainder of the
vessel.

8-600.2.5 Thickness Check. Visual evidence of varia-
tion in thickness shall be explored and the thickness shall
be verified to meet the minimum required thickness in the
Fabricator’s Design Report. Thickness less than the value
specified in the Fabricator’s Design Report shall not be
permitted.

8-600.2.6 Surface Examination. After the production
hydrotest, the metallic pressure parts meeting the re-
quirements of Section VIII, Division 3 shall be subject
to a surface exam in accordance with Section VIII, Division
3, PartKE, KE-400 by the vessel Fabricator. Only the acces-
sible portions of these parts shall be examined by liquid
penetrant or magnetic particle examination with accep-

carried out after the hydrostatic test.
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tamnce criteria per secton VI, Division 3, pPart KE, KE-
233.2.
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Table 8-600.2.1-1

Visual Acceptance Criteria for FRP Laminate (U.S. Customary Units)

Imperfection Name

Definition of Imperfection

Maximum Size and Cumulative Sum of
Imperfections Allowable (After Repair)
[Notes (1)-(3)]

Burned areas from excessive
exotherm

Showing evidence of thermal decomposition through
discoloration or heavy distortion

None

Chips * Small pieces broken off an edge of the laminate that includes | % in. dia. or ¥, in. length by % ¢ in. deep max,
fiber breakage
Cracks Actual ruptures or debond of portions of the laminate None

Foreign inclusion *

Small globular mass that has not blended completely into the
surrounding material and is particularly evident in a
transparent or translucent material

Y in. dia. max.

Pimples Small, sharp, conical elevations on the surface of a laminate | No limit; must be fully résin filled and wetted

Pit * Small crater in the surface of a laminate Y in. dia. max. by, Vi in. deep max,; no
exposed fibers

Porosity Presence of numerous visible tiny pits (pinhole), approximate | None to fully-penetrate the surface; no more

dimension 0.010 in.

than 15/in# ; no exposed fibers

Scratches *

Shallow marks, grooves, furrows, or channels caused by
improper handling

None more than 6 in. long; no exposed fibers

Wrinkles and creases Generally linear, abrupt changes in surface plane caused by |\None
laps of reinforcing layers, irregular mold shape, or polyester
film overlap
Allowable cumulative sum of Maximum allowable in any square foot 5
imperfections denoted by an | vayimum allowable in any square yard 30

asterisk (*)

Band width gap (filament
winding)

The space between successive winding fiber bands which are
intended to lay next to each other

None [Note (4)]

Band width overlap (filament
winding)

An area where the edge of a fiber band has laid on top of a
previous fiber band, although infended to lay next to each
other

2 strands max. [Note (4)]

Band width splaying (filament
winding)

An unintended space between'individual fibers in a fiber band
that results in a gap betWeen fibers

None [Note (4)]

NOTES:

(1) Above acceptance criteria apply to condition of laminate after repair and hydrostatic test.

(2) Noncatalyzed resin is not permissible to any extent in any area of the laminate.
(3) Imperfections subject to cumulative sum limitation are highlighted with an asterisk (*).
(4) Except as allowed by the manufacturing specification.
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Table 8-600.2.1-2

Visual Acceptance Criteria for FRP Laminate (S| Units)

Imperfection Name

Definition of Imperfection

Maximum Size and Cumulative
Sum of Imperfections Allowable
(After Repair) [Notes (1)-(3)]

Burned areas from excessive
exotherm

Showing evidence of thermal decomposition through
discoloration or heavy distortion

None

Chips * Small pieces broken off an edge of the laminate that includes fiber | 1.6 mm dia. or 6.4 mm length by 1.6 mm
breakage deep max.
Cracks Actual ruptures or debond of portions of the laminate None

Foreign inclusion *

Small globular mass that has not blended completely into the
surrounding material and is particularly evident in a
transparent or translucent material

3.2 mm dia. max.

Pimples Small, sharp, conical elevations on the surface of a laminate No limit; must/be fully resin filled and
wetted

Pit * Small crater in the surface of a laminate 3.2 mmdia. max. by 1.6 mm deep max.;
no-exposed fibers

Porosity Presence of numerous visible tiny pits (pinhole), approximate |[None to fully penetrate the surface; no

dimension 0.25 mm

more than '%so mm? ; no exposed
fibers

Scratches *

Shallow marks, grooves, furrows, or channels caused by imiproper
handling

None more than 15.2 cm long; no
exposed fibers

Wrinkles and creases Generally linear, abrupt changes in surface plane causéd by laps of | None
reinforcing layers, irregular mold shape, or polyester film
overlap
Allowable cumulative sum of Maximum allowable in any 930 cm? 5
imperfections denoted by an Maximum allowable in 0.84 m? 30

asterisk (*)

Band width gap (filament
winding)

The space between successive,winding fiber bands which are
intended to lay next to each ‘other

None [Note (4)]

Band width overlap (filament
winding)

An area where the edge ofafibér band has laid on top of a previous
fiber band, although.intended to lay next to each other

2 strands max. [Note (4)]

Band width splaying (filament
winding)

An unintended spacéebetween individual fibers in a fiber band that
results in a gap’between fibers

None [Note (4)]

NOTES:

(1) Above acceptance criteria apply to condition of laminate after repair and hydrostatic test.
(2) Non-catalyzed resin is not permissible.te’' any extent in any area of the laminate.

(3) Imperfections subject to cumulative Sum limitation are highlighted with an asterisk (*).
(4) Except as allowed by the manufacturing specification.
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8-600.2.7 Acoustic Emission Examination
8-600.2.7.1 Use and Test Objectives. All Class III

kPa/s). Test temperature shall be between 50°F (10°C)
and 120°F (49°C).

production vessels shall be subject to an acoustic emission
examination to detect hidden flaws in the laminate. Any
two vessels used for the design qualification, and any one
vessel used for qualification of a design variant change,
shall be subject to an acoustic emission examination to
detect hidden flaws in the laminate. This method may
be used in conjunction with the initial hydrostatic pres-
sure test per 8-700.5.1 and volumetric expansion test per
8-700.5.2 of the vessel, including an autofrettage pressur-
ization.

All analysis shall be done on the waveforms. The wave-
forms of interest are the E (extensional mode) and F (flex-
ural mode) plate waves. The velocities of the earliest
arriving frequency in the E wave and the latest arriving
frequency in the F wave shall be measured in the circum-
ferential direction in order to characterize the material
and set the sample time (the length of the wave
window). The E and F waves must be digitized and
stored for analysis. The test pressure shall be recorded
simultaneously with the AE events. Permanent storage
of the waveforms is required.

All personnel conducting the examination shall be certi-
fied per the guidelines of ASNT SNT-TC-1A or CP-189 AE
Level II or Level III. A technician performing this test
should have training in and experience with measuring
the extensional and flexural velocities, C, and Cs in compo-
sites and identifying wave modes.

8-600.2.7.2 Test Procedure. Couple sensors\to
vessel and connect to the testing equipment.per
Section V, Article 11. Connect pressure transducer to
the recorder. Conduct sensor performance checks prior
to test to verify proper operation and goodicoupling to
the vessel. The E and F waveforms shall be observed
by breaking pencil lead at approximately 8 in. (20 cm)
and 16in. (40.6 cm) from a sensor along the fiber direction.
All calibration data shall be recorded.

(a) When an autofrettage’is\iot conducted, pressurize
vessel to hydrostatic test pressure, hold at test pressure
for 5 min beyond the time when no further AE activity is
detected, but no motie than 30 min, depressurize to design
pressure and hold/for 10 min to check for leaks per
8-700.5.1. After the leak test, depressurize to 10% of
test pressure.and hold for a minimum of 2 min, repres-
surize t0298% of the test pressure and hold for 5 min
beyorid the time when no further AE activity is detected,
but no'more than 10 min, and then depressurize to zero
pressure. Record events for 2 min at zero pressure and
save the data. Then conduct a post-test performance check
and save data. The manufacturer shall establish the pres-
surization rate, and tolerance, in order to adequately char-

Forthefirstpressurizationrdurngtheinitiathydrostatie
test, use a threshold of 80 dB,g (0 dB =1 pV at the sensor).
The repressurization at 98% of hydrostatic test pressure
and load hold shall use a threshold of 60 dB,g. Record
waveforms during all pressurizations, pressure holds,
and depressurizations. Recording shall be suspended
during the time personnel and technicians areqin
contact with the vessel during the hydraulic expansion
test per 8-700.5.2 and the leak test per 8-700.58:;

(b) When an autofrettage pressurization is cenducted,
pressurize the vessel to the autofrettage pressure, hold at
this pressure for 5 min beyond the tim€ when no further
AE activity is detected, but no moré¢han 30 min, then
depressurize to the design presstre and hold for 10
min. to check for leaks per 8%700.5.1. After the leak
test, depressurize to 10% ofithe‘hydrostatic test pressure
and hold for 2 min, repressurize to the hydrostatic test
pressure and hold for 5{min beyond the time when no
further AE activity'is/detected, but no more than 10
min, then depressurize to zero pressure. Record events
for 2 min. at{zero pressure and save the data. Then
conduct a _post-test performance check and save data.
The manufacturer shall establish the pressurization
rate andtolerance to adequately characterize the MAE
duting pressurization. The pressurization rate shall be
nép lower than 5 psi/sec (34.5 kPa/s) nor higher than
200 psi/sec (1380 kPa/s). Test temperature shall be
between 50°F (10°C) and 120°F (49°C).

For the first pressurization during the initial autofret-
tage pressurization, use a threshold of 80 dB,g (0dB=1V
atthe sensor). The repressurization at the hydrostatic test
pressure and load hold shall use a threshold of 50 dBxg.
Record waveforms during all pressurizations, pressure
holds, and depressurizations. Recording shall be
suspended during the time personnel and technicians
are in contact with the vessel during the hydraulic expan-
sion test per 8-700.5.2 and the leak test per 8-700.5.8.

(c) Additional Requirements: First and Second Loading

(1) The first loading is defined as the first pressur-
ization of the vessel to a pressure greater than 80% of the
required first loading test pressure. A preload is not
permitted.

(2) The second loading is defined as the pressuriza-
tion of the vessel to a pressure greater than 80% of the
required section loading test pressure.

(3) The second loading shall follow the first loading
without any intermediate loadings. An intermediate
loading is defined as any pressurization of the vessel
to a pressure greater than 80% of the required second
loading test pressure. A second autofrettage loading is
not permitted.

acterize the MAE during pressurization. Ihe
pressurization rate shall be not lower than 5 psi/sec
(34.5 kPa/s) nor higher than 200 psi/sec (1380
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(%) EXCept as noted below, if the first and second
loading conditions as defined in (1) and (2) are not
met, the vessel shall be considered to have failed the test.
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(d) Interruption in Pressurization or Load Hold on First
Loading. During the first loading it may be necessary to

faYaYa)

the manufacturer with a Michelson interferometer
setup such as that used at National Institute of Standards

nmarcpressurtZatron i e pressurenasotrexeeeaeaou 7o
ofthe test pressure, a temporary suspension of data acqui-
sition is permissible. The pressure may be reduced or held
constant during the pressurization hold. If the pressure
has exceeded 80% of test pressure, data acquisition
shall not be suspended for more than 15 min. If a
longer suspension of data acquisition is required, the
vessel shall be unloaded and held for 12 hr or longer
at less than 10% of test pressure. The vessel shall then
be retested.

(e) Interruption in Pressurization or Load Hold on
Second Loading

(1) During the second loading, data acquisition shall
not be suspended for more than 2 min during loading and
during the thirty minute pressure hold.

(2) If (1) is violated, the second loading shall be
repeated after the vessel has been unloaded and held
for 12 hr or longer at 10% or less of the second
loading test pressure. This provision applies to all
second loading, regardless of whether the first loading
is an autofrettage load or the hydrostatic test load.

(3) When an autofrettage load is applied to a vessel,
the hydrostatic load is the second loading and under (1)
the AE test cannot be suspended. Accordingly, the volu-
metric expansion test shall be delayed until after the 30
min pressure hold.

(4) The first loading is not as critical as the second
loading and it is not necessary to wait until the endf the
30 min hold if the volumetric expansion test is conducted
as part of the first loading (autofrettage or hydrostatic).

8-600.2.7.3 Equipment.

8-600.2.7.3.1 Testing System.'A testing system

shall consist of

(a) sensors

(b) preamplifiers

(c) high pass and low.pass filters

(d) amplifier

(e) A/D (analog-to-digital) converters

(f) a computertprogram for the collection of data

(g) computer.and monitor for the display of data

(h) a computer program for analysis of data

Examination of the waveforms event by event must
always be possible and the waveforms for each event
must correspond precisely with the pressure and time
data during the test. The computer program shall be
capable of detecting the firstarrival channel. This s critical
to the acceptance criteria below.

Sensors and recording equipment shall be checked for a
current calibration sticker or a current certificate of cali-
bration.

PR s ol L 1 lal 1 111 o | L 100 Y7 /[
atrd-Fechnotogy—Sensors—shatthaveatteast- 06—/
sensitivity over about 300 kHz bandwidth.

Sensors shall be placed at equal distances around the
circumference of the cylinder on its cylindrical portion
adjacent to the tangent point of the dome such that
the distance between sensors does not exceed 24 in.
(0.61 m). Adjacent rings of sensors shall be offset by
half a cycle. For example, if the first ring of sensors is
placed at 0 deg, 120 deg, and 240 deg, the @econd ring
of sensors is placed at 60 deg, 180 deg, and 300 deg.
This pattern shall be continued along'the length of the
cylinder at evenly spaced intervals)until the other end
of the cylinder is reached. HowevVer, if the attenuation
is measured, it is permittedto increase the distance
between the sensors by using'the attenuation method.

Attenuation is usuallylargest across the hoop fibers and
smallest along the hoop.fibers. Two attenuation distances
shall be measured, one for the axial direction distance, d,,
and one for the circumferential direction distance, d., on
the type of eomposite cylinder to be tested. Attenuation
distance ineach direction shall be measured by deter-
mining the maximum straight-line distance at which
the 400-kHz component of either the extensional or flex-
uralwave produced by a suitable source such as an ultra-
sonic pulser, can be observed with a signal-to-noise ratio
of at least 1.4. The positioning between corresponding
sensor positions shall not exceed 2 x d, in the axial direc-
tion and 2 x d, in the circumferential direction.

For smaller cylinders, a minimum of two sensors shall
be used for each cylinder, with a sensor installed at each
end. The sensor shall be located on the cylindrical section
within 2 in. (50 mm) from the dome-to-shell transition
area.

8-600.2.7.3.3 Preamplifiers and Amplifiers. See
ASME Section V, Article 11.

8-600.2.7.3.4 Filters. A high pass filter of 5 kHz
shall be used. A low pass filter shall be applied to prevent
digital aliasing that occurs if frequencies higher than the
Nyquist frequency (half the Sampling Rate) are in the
signal.

8-600.2.7.3.5 A/D. The sampling speed and
memory depth (wave window length) are dictated by
the test requirements and calculated as follows:

vessel length = L in. (m)

Use Cg = 0.2 in./ps (5080 m/s) and Cr = 0.05 in./us
(1270 m/s), the speeds of the first arriving frequency
in the E wave and last arriving frequency in the F
wave, respectively, as a guide. The actual dispersion

-------- tha paatarial chall ha ond 1€ A3l ahla
F—e—HateriarStaroe—usea—Havairantes

8-600.2.7.3.2 Sensor and Sensor Calibration.
Calibration shall be in volts/meter of displacement
over a specified frequency range. This shall be done by
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L/Cg = T1 ps is when the first part of the direct E wave
will arrive.
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and allows for pretrigger time.

The recording shall be quiescent before front end of the
E wave arrives. This is called a “clean front end.” “Clean” is
defined in 8-600.2.7.4.2(b) below.

The sampling rate, or sampling speed, shall be such that
aliasing does not occur.

8-600.2.7.4 Analysis.

8-600.2.7.4.1 Theory of AE Monitoring of High
Pressure Composite Pressure Vessels. A stable vessel will
exhibit cumulative curves with exponentially decaying
curvature. The shape of the cumulative events curve is
similar for pressure vessels made of fiberglass, aramid,
and carbon fiber that exhibit a fiber dominated failure
mode. This is essentially a shakedown test that demon-
strates the composite is not progressing to failure at the
hold pressure.

8-600.2.7.4.2 Analysis Procedure. Data will
include matrix splits, matrix cracks, fiber breaks, and
matrix chirps due to fracture surface fretting, and
fiber/matrix debonding.

(a) Filter data to eliminate any external noise such as
electromagnetic interference (EMI), mechanical rubbing,
flow noise, etc. Identify noise events by their shape, spec-
tral characteristics, or other information known about the
testsuch as atemporally associated disturbance due to the
pressurization system or test fixturing. EMI is character=
ized by a lack of any mechanical wave propagation char-
acteristics, particularly a lack of dispersion being
apparent. EMI can be further identified by simultaneity
of arrival on more than one channel. Thetwo criteria
shall be considered together to ensure, it;is not simply
an event that happened to be centéered between the
sensors. Mechanical rubbing frequencies are usually
very low and can be determined:by experiment. There
should be no flow noise Afithe vessel, or a fitting,
leaks, this will compromise the data as AE is very sensitive
to leaks. Leak noise is_characterized by waves that look
uniform across the efitire length of the waveform window.
If a leak occurs duping the load hold, the test must be
redone. Flow foise is characterized by waves that fill
the waveforim )window. It can be filtered out by setting
a pre-trigger/post-trigger energy ratio.

(b)Use only events that have clean front ends (defined
abeveiin 8-600.2.7.3.5) and in which first arrival channel
can be determined. Clean means having a pre-trigger
energy of less than 0.01 V?/usec. Energy is computed
by the integral of the voltage squared over time.

(c) Plot first arrival cumulative events versus time.

Plaotce chall "‘.way“ chaow tha nraccyra data

Cis an intercept and A is a scale factor. The time ¢t shall be
equal intervals during the hold with events binned by time
interval. Record exponents and goodness of fit (R?). Plot
energy decay curves. One-third or one-fourth of hold time
shall be used for event energy binning (cumulative
energy). The equation is

y= APt
The sequence of energy values must monotonically
decrease. This is similar to using other.energy criteria,
such as Historic Index. A sequence that'is not properly
decreasing will be indicated by a low!R* value.
(e) Save all plots (all channels)te report document.
(f) Repeat plots for second-pressure hold and save to
report document.
(g) Record exponents and R* values.
(h) Vessel B values shall be tracked and compiled in
order to develop a ‘statistically significant database.
(1) Bisthe<critical value that measures the frequency
of occurrence“of’events during pressure hold.
(2) Notevery vessel will have the exact same B value.
(3)-Data on B values should cluster.

8-600.2.7.5 Acceptance Criteria. The qualification
vessel provides the initial B values for events and energy
from the load hold data from the initial pressurization and
the repressurization, if the vessel burst pressure is satis-
factory. The criteria are as follows:

Pass
-0.1 < B < -0.0001, R? = 0.80
-0.2 < B < -0.0001, R = 0.80

Criterion

Cumulative Event Decay Rate

Cumulative Energy Decay Rate

Ifthese criteriaare not met, the vessel does not pass. The
vessel may be retested. An AE Level III technician must
review the data from the initial testing and the subsequent
loading test before the vessel can be passed. Retest load-
ings shall follow the original pressurization rates and
pressures and use a threshold of 60 dBxg. If the vessel
fails the criteria again, the vessel shall not be certified
by the Inspector as meeting the provisions of this Section.

8-700 TESTING

The Fabricator completing a Class III vessel or vessel
part shall be responsible for conducting the tests required
by this Appendix.

8-700.1 Production Testing Requirements. Each Class
[1I vessel shall be subjected to the tests required by this
paragraph and shall conform to the specified require-

(23)

TOYy—tHE-—presstre—totd:

(d) Apply exponential fits by channel for pressure hold
time and display both data and fit. The values are deter-
mined by the fit to
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ments, with results recorded on Production T€st
Reports. The Class III vessel Production Test Report
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shall become part of the Fabricator’s Construction
Records.

(e) Following the hydraulic proof pressure test and the
hydraulic volumetric expansion test, multiple qualifica-

(23)
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A-hydrattic-pressure-testand-ahydraute-votametrie
expansion test as defined in 8-700.5.1 and 8-700.5.2
shall be performed each qualification and production
vessel. Both tests may be performed during one pressur-
ization cycle of the vessel. An acoustic emission examina-
tion per 8-600.2.7 shall be done during the hydraulic
pressure test and subsequent repressurization. During
the time the hydraulic volumetric expansion test is
performed during the initial pressurization, the AE exam-
ination shall be suspended if there is a possibility of
anyone or anything coming into contact with the
vessel during the required measurements, as such
contact may generate extraneous acoustic noise.

Aleak testas defined in 8-700.5.8 shall be performed on
each qualification and production vessel.

8-700.2 Qualification Testing.
8-700.2.1 General Requirements.

(a) It shall be the Fabricator’s responsibility to qualify
the Class I1I vessel design. The vessels shall be fabricated
per the requirements of the Manufacturing Specification
and the design.

(b) The results of the testing and examinations
required in this paragraph shall be documented in the
Qualification Test Report. The Qualification Test Report
shall be prepared and certified by the Fabricator and
accepted by the Inspector. The results of these tests
shall be documented on Form CPV-2 and together<with
all test documents shall be designated the Qualification
Test Report and shall be included in the Eabricator’s
Construction Records.

(c) The Class Il vessel subject to these tésts and exam-
inations shall be designated as -{Class III Prototype
Vessels.” Class Il Prototype Vesselsthat are used for quali-
fication testing shall meet allxthe requirements of this
Appendix but shall not be-Code stamped. For new
designs, a sufficient number of prototype vessels shall
be fabricated to complete the qualification testing. For
Class III vessels with allowable design variant to the
original desigm;™as provided in Table 8-700.2.1-1, a
reduced nunmber of qualification tests as outlined in
Table 8-700.2:1-1 are acceptable for vessel qualification
with thé Inspector’s approval. For design variations in
diameter and design pressure, the wall thickness must
be ‘scaled in proportion to the diameter and pressure
change increase to achieve a stress ratio equal to or
less than the original design.

(d) Each Class III Prototype Vessel used for qualifica-
tion testing shall be fabricated and examined in accor-
dance with the Manufacturing Specification, the design,

and-the additiconal cpnrifir rnqnirnmnnfc hn]nur’ and
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8-700.2.2 Specific Requirements.

(a) Weight of Resin and Fiber. The percentage by weight
of resin and fiber in each Class III Prototype Vessel shall be
determined for a minimum of three vessels. The weight of
resin and fiber may be determined by calcdlation
following the measurement of the laminatecand used
fiber weights or by means of an ignition{test using
ASTM D2584 or ASTM D3171 on a samplé taken from
an undamaged portion of the CPV used-for qualification
testing.

(b) Imperfections in the Laminate. Each prototype Class
I1I vessel shall be visually chegked for imperfections in the
laminate. Classification and. acceptance level of imperfec-
tions shall be according-to Table 8-600.2.1-1 or Table
8-600.2.1-2.

(c) Resin Cure-The resin cure shall be determined on a
sample taken fromvan undamaged portion of at least three
of the Class{l vessels used for qualification testing. The
resin curévmay be verified by a glass transition test using
differential scanning calorimetry or dynamic mechanical
analysis.

8-700.3 Production Testing of Completed Vessel. The
Fabricator shall, as a minimum, burst test the first Class III
vessel in accordance with 8-700.5.3 from each production
run of the same geometry. The vessel used for production
testing shall not have a protective layer.

One vessel per every 200 finished vessels shall be
subjected to a burst test in accordance with 8-700.5.3.
The Fabricator, as a minimum, shall burst test one
vessel per year in accordance with 8-700.5.3 if production
rates are less then 200 vessels per year.

One vessel per every 200 finished vessels shall be
subjected to a fatigue test to the requirements of
8-700.5.4. All pressure cycles may be at ambient tempera-
ture for the production testing. The Fabricator, as a
minimum, shall fatigue test one vessel per year in accor-
dance with 8-700.5.4 if production rates are less then 200
vessels per year.

8-700.4 Failure of Production Tests. In the event of
failure to meet test requirements during a production
run, an investigation into the cause of failure and retesting
shall be carried out.

If there is evidence of a fault in carrying out a test, or an
error of measurement, a second test shall be performed on
avessel selected at random from the production run. If the
results of this test are satisfactory, the first test shall be
ignored.

If the test has been carried out in a satisfactory manner,

(23)

the results shall be documented in the Qualification
Test Report. The Class III vessel used for qualification
testing shall not have a protective layer.
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the cause of failure shall be identified and the vessel Fabri-
cator shall take corrective action, up to removal from
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service, of all vessels manufactured since the previous
production test.

(b) pressure/time curve

8-700.5.3.3 Criteria. The burst pressure or pres-

(23)

8-700.5 Qualification and Production Tests.
8-700.5.1 Hydraulic Proof Pressure Test.

8-700.5.1.1 Procedure. This test requires that the
hydraulic pressure in the vessel be increased gradually
and regularly to 1.25 times design pressure. The vessel
test pressure shall be held for 30 min followed by a reduc-
tion to the design pressure and held for 10 min to ascertain
that there are no leaks and no failure. If leakage occurs in
the piping or fittings, the vessels may be retested after
repair of such leakages.

8-700.5.1.2 Criteria. The vessel shall be rejected if
there are leaks, failure to hold pressure, or visible perma-
nent deformation after the vessel is depressurized.

8-700.5.2 Hydraulic Volumetric Expansion Test.

8-700.5.2.1 Procedure. This test requires that the
hydraulic pressure in the vessel increase gradually and
regularly to 1.25 times design pressure. The elastic expan-
sion shall be measured between 10% of the test pressure
and the full test pressure and recorded.

8-700.5.2.2 Criteria.

(a) For qualification testing, the vessel shall be rejected
if it shows an elastic expansion in excess of 110% of the
elastic expansion for the most recent qualification burst
test.

(b) Forproduction testing, the vessel shall be rejected if
it shows an elastic expansion in excess of 110% of the
elastic expansion for the most recent preduction burst
test.

8-700.5.3 Burst Test.

8-700.5.3.1 Procedure. Three vessels shall be
tested hydraulically, to destruction, by pressurizing at
arate of no more than 200.psi/sec (14 bar/s). If the pres-
surization rate exceeds 50 psi/sec (3.5 bar/s) at pressures
above 80% of the.design burst, either the vessel shall be
located between the pressure source and the pressure
measurement _device, or the test pressure shall be held
at the vessel's design burst pressure for 5 sec prior to
resuming the test. The test shall be carried out under
ambient conditions. Prior to the commencement of the
test, it is recommended that no air is trapped within
the system.

Subscale length vessels may be used for the burst test if
the burst test is required after another qualification test
that allows a subscale length vessel. At least two full scale
burst test units are required.

sure at failure shall be not less than
(a) 3.5 x Design Pressure: Glass Fiber
(b) 2.25 x Design Pressure: Carbon Fiber

8-700.5.4 Fatigue Test.

8-700.5.4.1 Procedure. Multiple vessels shall be
subjected to a hydraulic pressure cycle test:between
no greater than 10% of design pressure to the design pres-
sure for N pressure cycles as defined below.

If a minimum operating pressure is specified in the User
Design Specification (UDS) that is greater than 10% of the
design pressure for all or part of thé<cycles, the vessels may
be cycled between the minimum operating pressure and
the design pressure for thatportion of the required
number of cycles. The nuniber of full-range cycles speci-
fied in the UDS shall ‘also be addressed, with pressure
cycling between-10% of design pressure and the
design pressur€ conducted accordingly. The minimum
operating pressure shall be included on the nameplate
in accordance with Part RS.

The total'humber of required test cycles is a function of
the number of tests. The frequency of reversals shall not
exceed 0.25 Hz (15 cycles/min). The temperature on the
outside surface of the vessel shall not exceed 120°F (50°C)
during the test. It is recommended that no air be trapped
within the system prior to the commencement of the test.
As a minimum, 10% of the cycles, to a limit of 5000 cycles,
shall be performed at the minimum design temperature
and the remaining cycles may be at ambient conditions.

N = required test cycles
= K, x service life x C
where
C = required cycles per year as defined in the
UDS
K, = fatigue design margin (minimum value =
2.6)
n = number of fatigue test (minimum value =
2.0)
n K,
2 4
3 3.5
4 3
5 2.6

8-700.5.4.2 Parameters to Monitor and Record.

(a) temperature of the vessel
(b) number of cycles achieving upper cyclic pressure

8-700.5.3.2 Parameters to Monitor and Record.

(a) burst pressure

137

{C) TIITTITUTT and AT Cy Tt Pressures
(d) cycle frequency
(e) test medium used
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(f) mode of failure, if appropriate

8-700.5.4.3 Criteria. The vessel shall withstand N

8-700.5.6.2 Parameters to Monitor and Record.

(a) dimensions of flaws

pressurization cycles to design pressure without failure by
burst or leakage.

8-700.5.5 Temperature Creep Test

8-700.5.5.1 Procedure. Two vessels shall be
hydraulically pressurized to 1.25 times Design Pressure
and shall be maintained at this pressure for 2,000 hr. The
test shall be conducted at 185°F (85°C) of the vessel and a
relative humidity of less than 50%. After this test, the
vessels shall be subjected to the leak test in accordance
with 8-700.5.8 and the burst test in accordance with
8-700.5.3. This test may be conducted on a subscale
vessel that is the same diameter and wall construction,
but shorter in length. A minimum length to diameter
ratio of 2:1 shall be used for the subscale vessel.

8-700.5.5.2 Parameters to Monitor and Record.

(a) measurement of the water capacity before and after
testing

(b) temperature and relative humidity at least twice a
day

(c) vessel pressure at least twice a day

8-700.5.5.3 Criteria.

(a) The vessel shall not exhibit any visible deformation
or loose fibers (unraveling).

(b) The vessel shall satisfy the criteria of the Leak Test
and the Burst Test.

8-700.5.6 Flaw Test

8-700.5.6.1 Procedure. Two vessels shall be tested
in accordance with the following procedute:

(a) One longitudinal flaw is cut into-€ach vessel, in the
mid-length of the cylindrical wall of(the vessel. The flaw
shall be made with a 0.039 in. (.mm) thick cutter to a
depth equal to at least 0.050 in. (1.27 mm) or as
defined in the Manufacturing Specification of the compo-
site thickness and to a length between the centers of the
cutter equal to five times the composite thickness.

(b) Asecond transverse flaw of the same dimensions is
cutinto each vesselin the midlength of the cylindrical wall
approximately, 120 deg around the circumference from
the otherdlaw.

(c) Onevessel shall be subjected to the burst test speci-
fied-in 8-700.5.3.

(d) The other vessel shall be subjected to the fatigue
test specified and the test shall be suspended after
5,000 cycles if the vessel has not failed.

(e) Thistest may be conducted on a subscale vessel that
is the same diameter and wall construction, but shorter in

(b) temperature of the vessel

(c) number of cycles achieving upper cyclic pressure
(d) minimum and maximum cyclic pressures

(e) cycle frequency

(f) test medium used

(g) mode of failure, if appropriate

8-700.5.6.3 Criteria.

(a) First vessel: burst pressure shall be equal to or
greater than 2 x Design Pressure.

(b) Second vessel: the vessel shall withstand at least
1,000 pressure cycles to the Desigin)Rressure without
leakage. If the vessel fails by leakdge after 1,000 cycles,
it shall be deemed to have passed the test. However,
should failure during this seeond half of the test be by
burst, then the vessel shall have failed the test.

8-700.5.7 Permeability Test.

8-700.5.7.1, General. This test is only required for
Class Il vessels with nonmetallic liners or welded metallic
liners.

8-700.5.7.2 Procedure.

{a) *One vessel shall be preconditioned with the boss
subjected to twice the installation torque specified for
the fittings. The container shall then be filled with the
5% hydrogen/95% nitrogen mixture to the design pres-
sure, placed in an enclosed sealed container at ambient
temperature, and monitored for 500 hr to establish a
steady state permeation rate. Acceptable test methods
include the use of mass spectrometer testing, or other
appropriate methods accepted by the Inspector.

(b) Alternatively, a vessel used to contain a fluid other
than hydrogen may be tested for permeation using the
fluid to be contained, or by using an alternate fluid
with adjustment in rate made by considering relative
molecular weight or by using relative viscosity, as appro-
priate.

8-700.5.7.3 Parameters to Monitor and Record.
Environmental temperatures at least twice a day.

8-700.5.7.4 Criteria.

(a) The steady-state permeation rate for hydrogen
from this mixture shall be less than 0.15 standard cc
per hour per liter water capacity of the vessel.

(b) The steady-state permeation rate for methane or
natural gas shall be less than 1.0 standard cc per hour
per liter water capacity of the vessel.

(c) Ifavesselistested with a fluid to be contained other

length. A minimum length to diameter ratio of 2:1 shall be
used for the subscale vessel.

138

L}ldll h_yb‘ll OUg¢l], IIlULhdllU, Ol IIdiul dl &dd, LhU dl‘lUdele
permeation rate shall be established in the User
Design Specification and reported in the remarks



https://asmenormdoc.com/api2/?name=ASME BPVC.X (ASME BPVC Section 10) 2023.pdf

(23)

ASME BPVC.X-2023

section of the Fabricator's Data Report. The rate estab-
lished in the User Design Specification shall take into

)

unsafe condition would result from the permeation.

8-700.5.8 Leak Test.
8-700.5.8.1 Procedure.

(a) Leak testing shall be conducted on the completed
vessel.
(b) Acceptable methods for leakage testing include, but
are not limited to
(1) buble testing using dry air or gas
(2) measurement of trace gases using a mass spec-
trometer
(3) leakage of water seen during a hydraulic proof
pressure test
(c) Leak testing of completed vessels shall be
performed at the design pressure.

8-700.5.8.2 Criteria. No leakage in excess of the
permeation rate specified in 8-700.5.7 shall be permitted
using method described in 8-700.5.8(b)(1) or
8-700.5.8.1(b)(2). No leakage of water shall be observed
when using method described in 8-700.5.8.1(b)(3).

8-700.5.9 Torque Test on Vessel Nozzle Neck.
8-700.5.9.1 Procedure.

(a) The body of the vessel shall be held in such¢
manner as to prevent it from rotating except where
the Fabricator specifies that the vessel is to be held by
the neck for valve insertion. In this case, the Fabricator’s
directions shall be used.

(b) Thevesselshall be fitted with a corresponding valve
and tightened to 150% of the maximuin torque recom-
mended by the Fabricator.

(c) The valve shall be removed-after the first installa-
tion and the neck thread and *boss inspected. The valve
shall then be reinstalled as-specified above.

(d) Atest forleaks (bubble test) in the vessel neck area
or the permeability test-ih 8-700.5.7 shall be conducted.

(e) A test for leaks (bubble test) shall be conducted as
follows:

(1) pressurize the vessel to the design pressure with
air or nitrogen

(2)\ maintain pressure in the vessel at the design
pressure for no less than 2 hr

(3) conduct a bubble leak test for at least 10 min

(f) Thistest may be conducted on a subscale vessel that
is the same diameter and wall construction, but shorter in
length. A minimum length to diameter ratio of 2:1 shall be
used for the subscale vessel.

8-700.5.9.2 Parameters to Monitor and Record.

(c) applied torque

(a) The neck thread and boss shall show no significant
deformation and shall remain within drawing and gauge
tolerance.

(b) Leakage greater than 1 bubble/2 min in the bubble
leak test or failure of the permeability test described in
8-700.5.7 shall constitute a failure of the test.

8-700.5.10 Penetration Test.

8-700.5.10.1 Procedure. A vessel pressurized to
design pressure with the in-service gas or with nitrogen
shall be impacted by an armor-piercing bullet. The bullet
shall impact the vessel sidewall at'an angle of 90 deg. This
test may be conducted on a subseale vessel thatis the same
diameter and wall constrdetion but shorter in length. The
minimum length-to-diameter ratio of 2:1 shall be used for
the subscale vessel. The penetration test shall be
conducted withrthe vessel at a maximum distance of
50 yd (46 m).from the gun muzzle.

8-700.5.10.2 Armor-Piercing Bullet. An armor-
piercing/AP) bullet is a jacketed, hard-core (nondeform-
able}.projectile; the AP bullet used for this test shall be
noriinal 30 caliber (7.62 mm). The cartridge used for this
tést shall be a 308 Winchester AP or 7.62 x 51 mm NATO
AP round.

8-700.5.10.3 Acceptance Criteria. Bullet penetra-
tion of the sidewall is expected but not required. The
vessel is unacceptable if there is fragmentation of the side-
wall.

8-700.5.11 Environmental Test.
8-700.5.11.1 Procedure.

(a) One vessel shall be tested, including coating and
protective layer if applicable. The upper section of the
vessel is to be divided into five distinct areas and
marked for pendulum impact preconditioning and fluid
exposure as shown in Figure 8-700.5.11.1-1. The areas
shall be nominally 4 in. (100 mm) in diameter. While
convenient for testing, the areas need not be oriented
along a single line but shall not overlap.

(b) Although preconditioning and other fluid exposure
is performed on the cylindrical section of the vessel, all of
the vessel should be as resistant to the exposure environ-
ments as the exposed areas.

(c) The impact body of the pendulum shall be of steel
and have the shape of a pyramid with equilateral triangle
faces and a square base, the summit and the edges being
rounded to a radius of 0.12 in. (3 mm). The center of
percussion of the pendulum shall coincide with the

(a) type of valve/plug material
(b) valving procedure
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center of gravity of the pyramid, its distance from the
axis of rotation of the pendulum shall be 39.37 in.
(1 m). The total mass of the pendulum referred to, its
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Figure 8-700.5.11.1-1
Pendulum Impact Test

center of percussion shall be 33 Ib (15 kg). The energy of
the pendulum at the moment of impact shall be not less
than 22.1 ft-Ib (30 N-m) and as close to that value as
possible.

(d) During pendulum impact, the vessel shall be held in
position by the end bosses or by the intended mounting
brackets. Each of the five areas identified in
Figure 8-700.5.11.1-1 shall be preconditioned by
impact of the pendulum body summit at the center of
the area. The container shall be unpressurized during
preconditioning.

(e) Each marked area is to be exposed to one of five
solutions. The five solutions are

(1) sulfuric acid — 19% solution by volume in water

(2) sodium hydroxide — 25% solution by weight in
water

(3) methanol/gasoline — 5%/95% concentration of
M5 fuel meeting the requirements of ASTM D4814, Auto-
motive Spark-Ignition Engine Fuel

(4) ammonium nitrate—28% by weight in water

(5) windshield washer fluid (50% by volume“solu-
tion of methyl alcohol and water)

(f) When exposed, the test sample will be oriented with
the exposure area uppermost. A pad of glass wool approxi-
mately ", in. (0.5 mm) thick and between 3.5 in. and
4.0 in. (90 mm and 100 mm) in(diameter is to be
placed on the exposure area. Apply an amount of the
test fluid to the glass wool sufficient to ensure that the
pad is wetted evenly across_its surface and through its
thickness for the duration of the test, and to ensure
that the concentratien of the fluid is not changed signifi-
cantly during thecduration of the test.

(g) Vesselsgshall be hydraulically pressure cycled
between lesSthan or equal to 10% of design pressure
and 125% )of design pressure for a total of 3,000
cycles.“The maximum pressurization rate shall be 400
psi~(2.75 MPa) per second. After pressure cycling,
vessels shall be pressurized to 125% of design pressure,
ahd held at that pressure until the elapsed exposure time
(pressure cycling and pressure hold) to the environmental
fluids equals 48 hr.

(h) Thistestmaybe conducted on asubscale vessel that

8-700.5.11.2 Criteria. Vessels shall not leak or
rupture during the test.

8-800 STAMPING AND NAMEPLATES

8-800.1 Stamping Requirements. Stamping require-
ments are as follows:

(a) The year of vessel expiration shall be shown on the
Fabricator’s Data Reporti and the vessel nameplate.

(b) The nameplate/shall be marked per Part RS of
Section X with{’RP Class III” designating Section X,
Class III construction type.

(c) Namgplates may be attached to the composite re-
inforcement portion of the vessel. Nameplates attached to
the composite reinforcement portion of the vessel shall be
attached in accordance with the requirements of RS-130.

8-900 QUALITY PROGRAM
8-900.1 Fabricator’s Certifications.

(a) The Fabricator shall prepare, implement, and use a
quality program that includes the specific technical issues
related to the manufacture of Class Il vessels. The level of
detail shall be sufficient to satisfy all requirements listed in
Mandatory Appendix 1.

(b) The Fabricator shall be accredited to apply the
ASME Certification Mark with RP Designator (Section X).

8-900.2 Records. The Fabricator’s Construction
Records supplied to the User shall also include

(a) material supplier’s certifications and specification
sheets for resin, fiber reinforcement, promoters, catalyst,
and other components used in laminate construction

(b) the records of the laminate material tests

8-900.3 Report Forms.

(a) a Fabricator’s Data Report shall be completed for
each Class III vessel constructed under this Appendix on
Form CPV-1, instead of Form RP-1, and shall be signed by
the Fabricator and the Authorized Inspector. A sample
Form CPV-1 and instructions for completing the form
are included in the Forms section.

uses the same materials and is tested to the same stress
levels as the Class III Prototype Vessels.
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(b) a Qualification Test Report Form CPV-2 shall be
used for the record of qualification (or requalification)

8-1000 RETENTION OF DATA REPORTS

The Fabricator shall keep a copvofthe Fabricator’s Data

(23)
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cation as part of the Qualification Test Report.

(c) the latest applicable Qualification Test Report shall
be referenced on the Data Report and Form CPV-1 for each
Class III vessel constructed per this Appendix.

Report until the date of expiration of the Class Il vessel or
register the vessel with the National Board of Boiler and
Pressure Vessel Inspectors, 1055 Crupper Avenue,
Columbus, Ohio 43229. See RS-302.
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MANDATORY APPENDIX 9
ESTABLISHING GOVERNING CODE EDITIONS, ADDENDA, AND
CASES FOR FRP PRESSURE VESSELS

9-100 GENERAL

After Code revisions are approved by ASME, they may
be used beginning with the date of issuance shown on the
Code. Exceptas noted below, revisions become mandatory
6 months after the date of issuance. Code Cases are permis-
sible and may be used beginning with the date of approval
by ASME. Only Code Cases that are specifically identified
as being applicable to this Section may be used. At the time
aCode Caseis applied, only the latest revision may be used.
Code Cases that have been incorporated into this Section
or have been annulled may not be used.

Changes to the Code and Code Cases related to design,
material, fabrication, examination, inspection, testing,
overpressure protection and field assembly made prior
to completion of the pressure vessel or replacement
part may be critical to the intended service conditions
of the pressure vessel. These changes must be considered
by the Fabricator. Application of such changes shall be‘a
matter of agreement between the Fabricator and the user.

As used in this Appendix, the term “Inspector” shall be
considered to include “Authorized Inspector,*#Qualified
Inspector,” and “Certified Individual,” as applicable.

9-200 DESIGN

The Fabricator of the completed pressure vessel shall
establish the Code Edition, Addénda and Code Cases to be
used for design of a pressure vessel, including parts
thereof, or a replacement part to be stamped with the
ASME certification mark required by this Section.

(a) Except as provided in (b) and (c), the Code Edition
and Addenda used’to design a pressure vessel, parts
thereof, and-replacement parts shall be either those
that are mandatory on the date the vessel or replacement
part is contracted, or those that have been approved and
issued/by ASME prior to the contract date but are not yet
mandatory (refer to 9-100 above).

{b) Existing pressure parts thathave been stamped and
certified to an earlier or later Edition and Addenda than
those used for design, and that have never been placed in
service, (i.e., placed in stock for future use) may be used

(c) It is permitted to provide a replacement part “in
kind” (i.e., identical in fit and materjal to the part
being replaced) for an existing pressSure vessel and to
certify the part as meeting the Code Edition and
Addenda to which the existing pressure vessel is certified.
The material may be produced in accordance with the
material specification revision referenced in the Code
Edition and Addenda-tp-which the existing pressure
vessel is certified ox{to any subsequent revision to that
material specification.

9-300 MATERIALS

For pressure-containing parts, the Fabricator shall use
matérial conforming to the Procedure Specification
meeting the qualification requirements of the Edition
and Addenda specified for design.

Also the material specification edition must be listed as
approved for use in Section II, Part A, Mandatory Appendix
II, Table 1I-100 or Table II-200; or Section II, Part B, Man-
datory Appendix II, Table I1I-100 or Table I1-200.

For replacement parts provided “in kind,” the material
shall be produced in accordance with the material spec-
ification revision listed in Section II as described above at
the time the part is certified.

9-400 FABRICATION

The Edition and Addenda used to govern fabrication
shall be either those governing design or the Edition
and Addenda approved and issued at the time the activity
is performed.

9-500 EXAMINATION

Examination refers to activities performed by the Fabri-
cator that include nondestructive examination. The
Edition and Addenda used to govern examination shall
be either those governing design or the Edition and
Addenda approved and issued at the time the activity
is performed.

provided they are acceptable to the Manufacturer.
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9-600 INSPECTION

Inspection refers to activities performed by the

9-900 FIELD ASSEMBLY

The Edition and Addenda used to govern field assembly

Inspector. The Code Edition and Addenda used to
govern inspection shall be the same as those governing
design.

9-700 TESTING

The Code Edition and Addenda used to govern testing of
the item shall be the same as those governing design.

9-800 OVERPRESSURE PROTECTION

The Code Edition and Addenda used to govern over-
pressure protection shall be the same as those governing
design.

shall be either those governing design or the Edition and
Addenda approved and issued at the time the activity is
performed.

9-1000 CERTIFICATION

The Edition and Addenda used to govern Code céertifica-
tion shall be the same as those governing desigh.
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MANDATORY APPENDIX 10
LAMINATES WITH LOAD-SHARING METALLIC SHELLS FOR
HIGH PRESSURE SERVICE

10-100 SCOPE
10-101 GENERAL DESCRIPTION

Composite Reinforced Pressure Vessels (CRPVs) are
metallic vessels (Section VIII, Division 3) with fiber-rein-
forced plastic laminate wrapped around the cylindrical
shell and are designed to contain fluids at high pressure.
A laminate of continuous filaments of a specified glass or
carbon fiber with a specified resin system is circumferen-
tially wound on the shell in a systematic manner under
controlled tension and cured in place. The heads are not
wrapped, and openings are not permitted in the laminate.

Each completed vessel shall comply with the require-
ments of Section VIII, Division 3, except the laminate shall
comply with the requirements of this Appendix.

10-102 GENERAL REQUIREMENTS

This Appendix defines the requirements for the mate=
rials, design (composite properties), fabrication, qualifi-
cation, examination, and testing of laminates to be
applied as part of the construction of a SectionWTI, Divi-
sion 3 composite pressure vessel. Design of the vessel,
including the laminate, shall be perférmed by the
Section VIII, Division 3 Manufacturer.

10-200 GENERAL REQUIREMENTS

General requirements for the manufacture of CPRVs are
specified in 10-201 through 10-203.

10-201 SCOPE

CRPVs consist of a laminate of continuous unidirec-
tional filaments of a ‘specified glass or carbon fiber
with a specified resin‘circumferentially wound in a
systematic mannerwunder controlled tension over a cylin-
drical metallicsshell and cured in place. Openings are not
permitted ih the laminate. Metallic ends and nozzles
complete\the construction (see Figures 10-201-1,
10-20%-2"and 10-201-3).

10-202 PROTECTIVE LAYER

(a) The User’s Design Specification shall state if a
protective layer for the laminate is needed and, if so,
shall specify the performance requirements for that
layer. The User’s Design Specification shall state if the
CRPV will be exposed to sunlightin service. If so, the Manu-
facturer shall apply a UV barrier coating to the laminate.

(b) Inadditionto (a),alllaminates shall be sealed witha
waterproof barrier as required in 10-408.

Figure 10-201-1
General Arrangement
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Figure 10-201-2
Laminate Termination
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Metallic headj

Figure 10-201-3
Laminate Step
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Laminate Iayerj Laminate stop j %Wear protection material
Support bracket
10-203 MANUFACTURER’S RESPONSIBILITIES CRPV-2A and, together with all test documents, shall

be designated the Qualification Test Report and be
included in the Manufacturer’s Construction Records.

(c) The Manufacturer shall be responsible for
conducting laminate production examinations and tests
as required by 10-400. The test results shall be included
in the Manufacturer’s Construction Records.

(a) The Manufacturer shall be responsible for prepara-
tion and qualification of a Laminate Procedure Specifica-
tion to apply the laminate. The Laminate Procedure
Specification shall specify all pertinent material\proper-
ties data, the means by which the laminate is applied to the
metallic shell, and all other significant process data asso-
ciated with the laminate on the completed CRPV. It shall
include tolerance limits for all appropriate material prop- 10-300 MATERIALS
erties; process conditions such as time and temperature; 10-301 GENERAL MATERIALS REQUIREMENTS

acceptable test result values; and)compositions of resins,

fibers, and curing agents, et¢s-as further defined by the (a) Laminates used in the construction of a CRPV shall
rules of this Appendix. Itshiall make provisions for protec- comply with the requirements listed in 10-302.

tion of the structural laminate from damage due to impact; (b) All materials used in the manufacture of the lami-
ultraviolet radiation; or other environmental exposure, nate shall be traceable to material test reports, or certi-

fire, abrasive conditions, and in-service degradation of ficates of compliance; shall be traceable to an individual
the laminate (forthe life of the CRPV under the service CRPV vessel; and shall be documented in the Manufac-

conditionsas specified in the User’s Design Specification. turer’s Construction Records.

The Larinate Procedure Specification shall be qualified (c) Materials used in fabricating laminates shall be

per the) requirements of this Appendix and shall be (1) fibers and a resin system (combined by vessel

part-of the Manufacturer’s Design Report. manufacturer at time of application to the metallic shell).
(b) It shall be the Manufacturer’s responsibility to (2) fibers pre-impregnated with resin by a third

c¢onduct Laminate Qualification Tests to qualify and re- party before shipping to vessel manufacturer (pre-

qualify the Laminate Procedure Specification per the re- preg). Only epoxy resin shall be used for fiber pre-impreg-

quirements of this Appendix and to record the result nation.
thereof. Using the procedures established in this Appen-

dix a report of tests contained in 10-600 Laminate Proce-

dure Qualification, shall be prepared and certified by the
Manufacturer and the Inspector. The results of these tests
shall be documented on Section VIII, Division 3, Form
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10-302 LAMINATES

(a) Fiber-reinforced plastic materials are designated as

trope, or dye that will interfere with the natural color
of the resin shall be used except as permitted by

10402

laminates. These laminates, which are used as the outer
structural layer of CRPVs, shall be fabricated in accordance
with the requirements of this Appendix.

(b) Laminates are composite structures consisting of
glass or carbon fibers embedded in a resin system.

(c) The Manufacturer shall retain the published speci-
fications for all materials used in the laminate of each
CRPV, the material supplier’s recommendations for
storage conditions, shelf life, and the material supplier’s
certification that each shipment conforms to the published
specification requirements. These data shall be part of the
Manufacturer’s Construction Records.

(d) The maximum design temperature of the laminate
shall be the same as the design temperature of the CRPV
and shall be specified in the User’s Design Specification,
but in no case shall it exceed 150°F (66°C).

(e) The laminate minimum design temperature shall
not be colder than -65°F (-54°C) (see Section VIII, Divi-
sion 3, Part KD, KD-1313).

10-303 FIBERS
10-303.1 Glass Fibers

(a) Glass fibers shall be one or more of the following
glass compositions:
(1) Type S glass
(2) Type E-CR glass
(b) The material supplier shall certify the fibers
conform to the Manufacturer’s specifications for«the
product and that the minimum strength and modulus,
measured per ASTM D2343, are not less than thespecified
minimum values for resin-impregnated strands.

10-303.2 Carbon Fibers

(a) Carbon fibers shall be Polyaérylonitrile (PAN)
based carbon fiber tows havingimechanical properties
meeting the requirements ef\a procurement document
prepared by the Manufacturer.

(b) The material supplier shall certify the fibers
conform to the Mahufacturer’s specifications for the
product and that{the minimum strength and modulus,
measured in dceordance with ASTM D4018 or ASTM
D2585, are hot less than the specified minimum values
for resinsimpregnated strands.

10-304 FIBER SURFACE TREATMENT

The surface of the fiber shall be treated to provide a
bond between the fiber and resin system as needed.

10-305 RESIN SYSTEM

b : IR o) n| ol (] 4
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10-305.1 Resin Material Requirements

(a) The resin materials used in the manufacture of
laminates shall be the same as the materials specified
in the Laminate Procedure Specification. Each resin
shall be traceable by the name of its supplier and
trade name or number of that supplier. The resin supplier
shall furnish the Manufacturer a Certificate of Analysis for
each resin. The Certificate of Analysis shall iniclude the
following information:

(1) resin identification
(2) batch number(s)
(3) date of manufacture
(4) shelf life

(b) The resin supplier shall_certify for each batch the
value and limits stipulated in his specification for the prop-
erties identified in Table 10-305.1-1. Resin material
outside the shelf life)shall be either retested by the
resin manufactuper-and certified to the original properties
or rejected.

The Mandfacturer shall test each batch of resin for the
properties\isted in Table 10-305.1-2 to ensure the mate-
rial characteristics of the resin have not changed from
value¥ specified in the Laminate Procedure Specification.

The values obtained for viscosity and specific gravity for
resin alone shall be within the limits stated in the
supplier’s specification for that resin and as listed in
the Laminate Procedure Specification. Resin testing
shall be performed at first usage and at subsequent inter-
vals of not more than % of the resin shelf life. The resin
shall be maintained in accordance with the resin manu-
facturer’s recommendations.

The values obtained for gel-time and peak exothermic
temperature shall be for a particular resin/curing system
test formulation and temperature and shall be within the
limits listed in the Laminate Procedure Specification. The
test formulation and temperature shall be representative
of the formulations used during laminate fabrication.
These test results shall be certified by the Manufacturer

Table 10-305.1-1
Resin Supplier Certifications

Resin System Required Certifications

Polyester/vinyl ester
ASTM D445 or ASTM D2116
Section X, Mandatory Appendix 5

Viscosity
Specific gravity
Epoxy

The resin system shall consist of an epoxy, polyester, or
vinyl ester plus the resin manufacturer’s recommended
promoters and curing agents. No filler, pigment, thixo-

ASTM D445 or ASTM D2196
ASTM D1652
Section X, Mandatory Appendix 5

Viscosity
Epoxide equivalent
Specific gravity
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Table 10-305.1-2
Tests by Laminate Manufacturer

Resin System

Required Tests

Polyester/vinyl ester

Viscosity

Gel time and peak exothermic

temperature

Specific gravity

Epoxy
Viscosity
Gel time

Specific gravity

ASTM D445 or ASTM D2196
ASTM D2471

Section X, Mandatory
Appendix 5

ASTM D445 or ASTM D2196
ASTM D2471

Section X, Mandatory
Appendix 5

and shall be included in the Manufacturer’s Construction
Records.

(c) The tolerance limits for the test formulation, as
defined in the Laminate Procedure Specification, may
be established by the resin supplier or the Manufacturer.
The tolerance limits shall be established using formulation
components having Manufacturer-specified material
characteristics. The tolerance limits established shall
be within a sufficiently narrow range such that test
results outside this range will reflect deviations in compo-
nent material characteristics and alert the Manufacturer
of possible material irregularities.

The Manufacturer shall establish and document/a
maximum use temperature for the resin/cure.system.
This may be in conjunction with the resin manufacturer
or independent laboratory and may be based on heat
distortion temperature or glass transition\temperature.
The resin maximum use temperature shall be a
minimum 35°F (19°C) below the heatdistortion tempera-
ture, or the glass transition temperature, but shall be equal
to higher than the laminate design temperature. The
Manufacturer shall re-establish and redocument the
maximum use tempergatiire at least every 12 months
using current batches of resin and curing agent. The
maximum use temperature shall be recorded in the Lami-
nate Procedure(Specification. A record of these determi-
nations shallVbe included in the Manufacturer’s
Construction Records.

10-306' CURING AGENTS

The curing agents used, the resin-to-curing-agent ratio,
and the curing procedure used for laminate fabrication
shall be as specified in the Laminate Procedure Specifica-
tion. Each curing agent shall be traceable by the supplier’s
name, supplier’s designation, and generic name.

10-307 PRE-IMPREGNATED FIBERS

(a) Fibers used-for making pre-impregnated fibers
shall be one of"the fibers listed in 10-303, and the
resin shall be-limited to epoxy.

(b) Fiber®Requirements

(1) Theé pre-preg supplier shall certify the fibers
confotrm/to the Manufacturer’s specifications for the
prodict and that the minimum strength and modulus,
measured per ASTM D2343, are not less than the specified
minimum values for resin-impregnated strands.

(2) Carbon fibers shall be Polyacrylonitrile (PAN)
based carbon fiber tows having mechanical properties
meeting the requirements of a procurement document
prepared by the Manufacturer.

(3) The pre-preg supplier shall certify the fibers
conform to the Manufacturer’s specifications for the
product and that the minimum strength and modulus,
measured in accordance with ASTM D4018 or ASTM
D2585, are not less than the specified minimum values
for resin-impregnated strands.

(c) Resin Material Requirements. The epoxy resin used
in the pre-preg shall be the same as the resin specified in
the Laminate Procedure Specification. Each epoxy resin
shall be traceable by the name of its supplier and
trade name or number of that supplier. The pre-preg
supplier shall furnish the Manufacturer a Certificate of
Analysis for each epoxy resin. The Certificate of Analysis
shall include the following information:

(1) resin identification including separate curing
agents, if applicable

(2) batch number(s) for each pre-preg lot

(3) date of manufacture

(4) pre-preg is within resin shelf life. Pre-preg not
within the resin shelf life shall be rejected.

(d) The pre-preg supplier shall certify for each batch

the value and limits rpqnirpr‘l hy the cppr‘iﬁr‘nﬁnn of the
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properties identified in Table 10-307-1. The values
obtained for viscosity and specific gravity for the resin
alone shall be within the limits of the supplier’s
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Table 10-307-1
Pre-Preg Supplier Certifications

(c) The measured laminate tensile strength and
modulus of elasticity shall be part of the Laminate Proce-

1

Item Required Certifications

Viscosity: ASTM D445 or ASTM D2196

Gel time: ASTM D2471

Specific gravity: Section X, Mandatory Appendix 5
Resin content: ASTM D3529

Resin flow: ASTM D3531

Resin

Pre-preg

specification for that resin and as listed in the Laminate
Procedure Specification. The values obtained for gel time
shall be for a particular resin curing system test formula-
tion and temperature and shall be within the limits listed
in the Laminate Procedure Specification.

(e) The Manufacturer shall test each batch of pre-preg
per Table 10-307-2 to ensure the material characteristics
of the pre-preg resin have not changed from specified
values listed in the Laminate Procedure Specification.
The test formulation and temperature shall be represen-
tative of the formulation used during CRPV fabrication.
These test results shall be certified by the Manufacturer
and shall be included in the Manufacturer’s Construction
Records. The pre-preg supplier shall specify pre-preg shelf
life requirements and storage temperature and include a
copy of the fiber certification from the fiber manufacturer
as part of the pre-preg certification package.

10-308 LAMINATE CURE

The Manufacturer shall ensure the resin used in fabri-
cating laminate is correctly cured. The degree of cure'shall
be demonstrated by the Barcol hardness test\per ASTM
D2583. Barcol hardness readings shall be within the toler-
ance specified by the resin supplier. If the’resin supplier
does not provide Barcol hardness specifications for the
resin/curing system used, the Manufacturer shall estab-
lish Barcol hardness specificationis-Barcol hardness speci-
fications established by thé.Manufacturer shall be
documented in the Manufacturer’s Construction Records.

10-309 LAMINATE-TENSILE STRENGTH

(a) The Manufacturer shall determine the tensile
strength and-modulus of elasticity of the laminate used
in the manufacture of a CRPV.

(b) ASTM D2343 shall be used to determine the tensile
strength~and modulus of elasticity of the laminate.

Table 10-307-2
Pre-Preg Systems Tests by CRPV Manufacturer

pa | C s s pa | 1 111 ph g | lal s XZLL
UuurcT JPCLlllLaLlUll dilu S1idIl DT TUTLUTUTU UIT OCCLIUITL VIII,
Division 3, Form CRPV-2A as part of the Laminate Proce-
dure Qualification Record.

10-310 INTERLAMINAR SHEAR STRENGTH

(a) The laminates used in manufacturing a CRPV shall
have minimum interlaminar shear strengths of 3,000 psi
(20.7 MPa) for vinyl ester, 2,000 psi (13.8 MPa) for polye-
ster, and 5,000 psi (34 MPa) for epoxy resins’as“deter-
mined by ASTM D2344. The test results shall be
included in the Construction Records. The, interlaminar
shear strength shall be part of the Laminate Procedure
Specification and shall be recorded onvSection VIII, Divi-
sion 3, Form CRPV-2A as part of the/Laminate Procedure
Qualification Record.

(b) The interlaminar shear strength shall be deter-
mined for each laminaté before initial use. Subsequent
determinations of interlaminar shear strength are
required only wheh there is a change in the laminate
formulation.

10-400_ FABRICATION
10-401 SCOPE

This item provides rules governing the fabrication of
fiber-reinforced plastic laminates for use in the construc-
tion of CRPVs. The fabrication process is limited to circum-
ferential (hoop-oriented) filament-winding processes
with a winding angle deviation of no more than 10 deg
from the circumferential direction.

10-402 LAMINATE PROCEDURE SPECIFICATION

(a) For every combination of fabrication method,
Design Specification, and material variation employed
in fabricating laminate for a CRPV, the Manufacturer
shall prepare a Laminate Procedure Specification that
shall be qualified in accordance with 10-600 before it
is used for laminate fabrication in the construction of
CRPVs. The Laminate Procedure Specification shall
provide, as a minimum, all information concerning mate-
rial properties and manufacturing procedures as required
on Section VIII, Division 3, Form CRPV-2A. The Qualifica-
tion Test Report and Section VIII, Division 3, Form CRPV-
2A shall be part of the Manufacturer’s Construction
Records. A new Laminate Qualification Test Report
shall be prepared whenever qualification is required
by this Appendix.

(b) Any variation in the essential variables from the
Laminate Procedure Specification for CRPVs shall
require the Laminate Procedure Specification to be

Item Required Tests
Resin content ASTM D3529
Resin flow ASTM D3531

rewritten, the design analysis to be reperformed, and
the specification to be requalified before using it to fabri-
cate laminates.
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(c) Productionlaminates shall be fabricated per a Lami-
nate Procedure Specification. As a minimum, the following

in the Laminate Procedure Specification:

(1) fiber (manufacturer and designation)

(2) fiber mechanical properties

(3) fiber surface treatment (manufacturer and des-
ignation)

(4) resin (type, manufacturer, and designation)

(5) curing agent (manufacturer and designation)

(6) method of impregnation

(7) percent of fiber in laminate (outside range speci-
fied in Procedure Specification)

(8) variables of winding process

(9) curing schedule

(10) weight (mass) of laminate (outside range speci-
fied in Procedure Specification)

(11) Barcol hardness (outside range specified in
Procedure Specification)

10-403 PRODUCTION LAMINATE REQUIREMENTS

10-403.1 Fiber Content. The laminate shall consist of
fiber strands in a resin matrix. The weight percent of fiber
in the laminate shall conform to that denoted in the Lami-
nate Procedure Specification with a tolerance of +6% and
-0%. The weight percent of fiber in the laminate shall be
determined for 1 of every 300 CRPVs produced. The
weight (mass) of laminate applied to the metallic shell
shall be determined for 1 of every 100 CRPVs produced:
The Inspector shall select the CRPV for examination.

10-403.2 Fiber Application. In general, winding
patterns shall be so arranged that stressed, fibers are
aligned to resist circumferential stress. Specific
winding patterns for the continuous fiber strands shall
be used as defined in the Laminate Procedure Specifica-
tion. Any winding pattern that places the filaments in the
circumferential orientation (maximum 10-deg deviation
from the circumferential direction) and is designated in
the Laminate Procedure Specification may be used.

10-403.3 Resin System. The resin system shall be one
of the systems specified in 10-300 and is appropriate for
the particular-service conditions specified in the User’s
Design Specification.

10-403.4 Cure. If other than ambient temperature cure
is employed, the design and operation of the curing equip-
nteht'shall provide uniform heating over the entire surface
ofthe CRPV. Heating may be done from inside or outside of
the CRPV or from inside and outside. The cure times and
temperatures shall conform to those specified in the Lami-
nate Procedure Specification. The surface of the laminate
shall be at the cure temperature for the minimum time

10-403.5 Filament Winding Process

10-403.5.1 Tensioning. Tension on the strands of fila-

ments during the winding operation shall be controlled to
ensure a uniform application of the composite reinforce-
ment onto the metallic shell and shall be as specified in the
Laminate Procedure Specification.

10-403.5.2 Winding Speed. Winding speed shall be
limited only by the ability to

(a) meet the tensioning requirements

(b) conform to the specified winding pattern

(c) ensure adequate resin impregnations

The winding speed shall be as specifiedin the Laminate
Procedure Specification.

10-403.5.3 Bandwidth and-Spacing. The bandwidth
and spacing shall conform to'‘thdse specified in the Lami-
nate Procedure Specification.

10-404 VARIATION FROM LAMINATE PROCEDURE
SPECIFICATION

Avariatiomimany essential variable from the tolerances
stated in the\Laminate Procedure Specification shall result
in rejection of the CRPV.

10-405 GALVANIC CORROSION

When carbon fibers are used, the outer surface of the
metallic shell shall be protected from any galvanic corro-
sion that may occur due to dissimilar materials (steel or
aluminum) in contact with carbon fibers. Acceptable
methods for this purpose include a suitable polymer
coating, a glass-fiber/epoxy composite layer, or a
polymer film wrap that separates the galvanically dissim-
ilar materials interface surfaces.

10-406 REPAIRS OF IMPERFECTIONS

In the event any of the unacceptable imperfections
listed in Table 10-503-1 or Table 10-503-1M extends
into the structural layer, or the structural fibers are
cut or damaged, the imperfections or damaged fibers
shall be deemed not repairable and the CRPV rejected.
If the unacceptable imperfections listed in Table
10-503-1 or Table 10-503-1M are contained in the
nonstructural, protective layer of the laminate, the
layer may be repaired, unless prohibited by the Laminate
Procedure Specification. The minimum thickness, fiber
content, and protective capabilities of the repaired protec-
tive layer shall be the same as the unrepaired protective
layer.

10-407 REPLACEMENT OF LAMINATE

If a CRPV is rejected because the structural layer is

. 1 b 1 11 .
requiret 10 post curce., nedt-up dit COOI-uOWwII UIIIES

shall be excluded.
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damaged, or there i1s an unacceptable variation In any
essential variable, the laminate may be completely
removed from the metallic shell before there is any
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pressure testing of the vessel. Care shall be taken to ensure
the metal shell outside diameter surface is not damaged

(2) Design Dimensions Examination. Each CRPV shall
be examined for conformance to dimensions and toler-

duringtaminate-removalPamage—to-the-metattc—shet;
caused by removal of the laminate, shall be repaired
per the requirements of Section VIII, Division 3, Part
KE. Laminate may then be reapplied per the Laminate
Procedure Specification.

10-408 SEALING OF LAMINATE

The exterior surface of the laminate and the laminate/
metallicinterface shall be sealed with a waterproofbarrier
after all testing and examinations of the laminate are
completed. The Manufacturer shall include the life expec-
tancy of the waterproof barrier in the Design Report.

10-409 PAINTING OF LAMINATE

If specified in the User Design Specification, the lami-
nate may be painted following all required inspections and
certifications by the Inspector.

10-500 EXAMINATION AND TESTING
REQUIREMENTS

10-501 SCOPE

The following paragraphs provide examination and
testing requirements for laminates.

10-502 QUALIFICATION OF NONDESTRUCTIVE
EXAMINATION PERSONNEL

(a) The Manufacturer shall certify that each examiner
performing visual tests per this Appendix has been qual-
ified to the requirements of Section V, Article.9.

(b) The Manufacturer shall certify that each examiner
performing acoustic emission testing per-this Appendix
has attended a dedicated training course on the
subject, passed a written examination, and has the recom-
mended experience. The training'course shall be appro-
priate for specific NDT Levely1l qualification per ASNT
SNT-TC-1A.

10-503 EXAMINATIONS AND TESTS

(a) Each lantinate shall be subjected to the examina-
tions required by this Appendix and shall conform to
the specified requirements with results recorded in
Production Test Reports. Examinations detailed in (1)
threugh (5) shall be performed before the hydrostatic
test-detailed in (6). A final visual examination, in accor-
dance with (1), shall follow the acoustic emission exam-
ination. The laminate Production Test Report shall
become part of the Manufacturer’s Construction Records.

(1) Visual Examination. Each laminate shall he

atrees—shownonthedesignrdrawings:

(3) Visual Examination of Repaired Areas. Each
repaired area shall be visually examined and shall
comply with all acceptance requirements of Table
10-503-1 or Table 10-503-1M. The repaired area shall
have translucency and surface finish comparable to the
remainder of the laminate.

(4) Thickness Check. The thickness of each produc-
tion laminate shall be determined at a mipimum of
three points along its length on each of four quadrants.
When laminates are longer than 5 ft (1.5 m),'one additional
determination shall be made for each additional 5 ft (1.5
m) or portion thereof. The thickness determinations shall
be made with mechanical gages, ultrasonic gages, or other
devices having an accuracy of-%¥2% of true thickness.

(5) Visual Thickness Check#Where visual indications
of deviation from design thickness exist at points other
than those at which measturements are required, thickness
determinations shall be made in sufficient quantity to
correctly locate and define the deviant areas. Thicknesses
less than the value specified in the Manufacturer’s Design
Report are{prohibited.

(6) *Hydrostatic Pressure Test. For vessels that are
subjectéd to hydrostatic pressurization that is designed
to provide an initial stress in the metallic shell and lami-
nate, the initial pressure shall be applied before the hydro-
static test and acoustic emission examination.

(7) Acoustic Emission Examination.

(-a) An acoustic emission examination shall be
performed during pressurization of each CRPV. The exam-
ination shall follow the hydrostatic test and shall be in
accordance with the requirements of this Appendix
and ASTM E1067. Where the provisions of this Appendix
differ from those of ASTM E1067, the provisions of this
Appendix shall govern.

(-b) Vessel Conditioning. The internal pressure in
the vessel shall not exceed 10% of the hydrostatic test
pressure for 12 hr prior to the acoustic emission exam-
ination.

(-c) The test fluid shall be water or another appro-
priate liquid. The minimum liquid temperature shall be
sufficient to ensure that the vessel wall temperature is
not less than 40°F (5°C) and not greater than the
lesser of the design temperature or 100°F (38°C).

(-d) Instrumentation shall be as detailed in ASTM
E1067, paragraph 7. The recommended and preferred
instrument features listed in ASTM E1067, paragraph
7.2 are required. Peak-amplitude detection for each
input channel is also required. Time of arrival shall be
measured to an accuracy of 1 psec. All test data, including
time and pressure, shall be recorded for post-test playback

visually examined with a suitable light source to the speci-
fied requirements in Table 10-503-1 or Table 10-503-1M.
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and analysis. The data acquisition threshold shall be at or
below the threshold of detectability defined in ASTM
E1067, paragraph A2.2.
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Table 10-503-1

Visual Acceptance Criteria for FRP Laminate (U.S. Customary Units)

Imperfection

Type

Definition

Maximum Size and Cumulative
Sum of Imperfections Allowed
After Repair [Notes (1), (2)]

Air bubble (void)

Blister

Burned areas from excessive
exotherm

Chips

Cracks

Crazing

Delamination (edge)

Dry spot

Edge exposure

Fish-eye

Foreign inclusion

Pimples

Pit

Porosity

Scratches

Wrinkles and creases

Band width gap

Band width overlap

Air entrapped within and between piles of reinforcement,
usually spherical in shape

Rounded elevation of laminate surface with boundaries
that may be sharply defined, resembles blister on
human skin

Shows evidence of thermal decomposition through
discoloration or heavy distortion

Small pieces broken off an edge of the laminate that includes
fiber breakage

Actual rupture or debond of portions of laminate

Fine cracks at the surface of the laminate

Separation of layers in laminate

Area of incomplete surface film where the reinforcement
was not wetted with resin

Exposure of multiple layersvof reinforcing matrix to the
environment, usually the result of shaping or cutting a
section of laminate

Particles included, in laminate that are foreign to its
composition (not a minute speck of dust)

Small\ globular mass that has not blended completely
into the surrounding material and is particularly
evident in a transparent or translucent material

Small, sharp, conical elevations on the surface of laminate

Small crater in surface of laminate

Presence of numerous visible tiny pits (pinholes),
approximate dimension 0.010 in.

Shallow marks, grooves, furrows, or channels caused by
improper handling

Generally linear, abrupt changes in surface plane caused by
laps of reinforcing layers, or polyester film overlap

The space between successive winding fiber bands that are
intended to lay next to each other

An area where the edge of a fiber band has laid on top of a
previous fiber band, although intended to lay next to

For maximum diameter of 1/8 in.,
maximum density 4 per square inch

For maximum diameter 1/16 in.,
maximum density 10 per square
inch

For maximum diamete®of % in.,
density 1 per squate foot

None

Maximum“diameter Y4 in., or
magifium length %, in. and
miaximum depth Y in. [Note (3)]

None, except circumferential through
thickness cracks in the laminate are
acceptable. Cracks shall not deviate
from wind angle by more than 2
deg, and crack width shall not
exceed Y, in.

For maximum length of 1 in. and
maximum depth of 1/64 in.,
maximum density 5 in any square
foot

None

None

None

Maximum diameter 1/8 in., never to
penetrate lamination to
lamination; must be fully resin
encapsulated [Note (3)]

Maximum % in. diameter [Note (3)]

No limit; must be fully resin filled and
encapsulated

Maximum diameter % in. and
maximum depth %4 in.; no exposed
fibers [Note (3)]

None to fully penetrate surface; no
more than 15 per square inch; no
exposed fibers

None more than 6 in. long; no exposed
fibers [Note (3)]
None

None

2 strands max.

Band width splaying

each other

An unintended space between individual fibers in a fiber
band that results in a gap between fibers

None
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Table 10-503-1
Visual Acceptance Criteria for FRP Laminate (U.S. Customary Units) (Cont’d)

Imperfection Maximum Size and Cumulative
Sum of Imperfections Allowed
Type Definition After Repair [Notes (1), (2)]
Strand dropout [Note (4)] When one or more strands of a fiber band ceases to <2% of strands

be applied to the CRPV shell being wound due to
breakage or inadequate supply

NOTES:
(1) Above acceptance criteria apply to condition of laminate after repair and hydrostatic test.
(2) Noncatalyzed resin is not permissible to any extent in any area of the laminate.
(3) This type of imperfection is subject to cumulative sum limitations as follows:
(a) Maximum number allowable in any square foot is 5.
(b) Maximum number allowable in any square yard is 30.
(4) Inthe filament winding process, it is common practice to wind many fiber strands simultaneously. These strands are gathered together side-

by-side to form the band of fiber that is wound around the metallic shell. As the shell isrotated, these strands are run thr¥ough a resin bath, fiber
placement guides, and rollers that may cause a strand to break; called strand dropout. Many times, strand,drvopout is corrected before
continuing, but it may be desirable to complete the winding pattern with the dropped fiber strands.
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Table 10-503-1M

Visual Acceptance Criteria for FRP Laminate (S| Units)

Imperfection

Type

Definition

Maximum Size and Cumulative
Sum of Imperfections Allowed
After Repair [Notes (1), (2)]

Air bubble (void)

Blister

Burned areas from excessive

exotherm
Chips

Cracks

Crazing

Delamination (edge)
Dry spot

Edge exposure

Fish-eye

Foreign inclusion

Pimples

Pit

Porosity

Scratches

Wrinkles'and creases

Band width gap

Band width overlap

Band width splaying

Air entrapped within and between piles of reinforcement,
usually spherical in shape

Rounded elevation of laminate surface with boundaries that
may be sharply defined, resembles blister on human skin

Shows evidence of thermal decomposition through
discoloration or heavy distortion

Small pieces broken off an edge of the laminate that includes
fiber breakage

Actual rupture or debond of portions of laminate

Fine cracks at the surface of the laminate

Separation of layers in laminate

Area of incomplete surface film where-the reinforcement
was not wetted with resin

Exposure of multiple layers of reinforcing matrix to the
environment, usually th€ result of shaping or cutting
a section of laminate

Particles included in‘Maminate that are foreign to its
composition (néf\a’minute speck of dust)

Small globular mass that has not blended completely into
the stirrounding material and is particularly evident
in.a ‘transparent or translucent material

Small, sharp, conical elevations on the surface of laminate

Small crater in surface of laminate

Presence of numerous visible tiny pits (pinholes),
approximate dimension 0.254 mm

Shallow marks, grooves, furrows, or channels caused by
improper handling

Generally linear, abrupt changes in surface plane caused by
laps of reinforcing layers or polyester film overlap

The space between successive winding
fiber bands that are intended to lay next to each other

An area where the edge of a fiber band has laid on top of a
previous fiber band, although intended to lay next to
each other

An unintended space between individual fibers in a fiber band

For maximum diameter of 3.2 mm,
maximum density 4 per 650 mm?

For maximum diameter of 1.6 mm,
maximum density 10 per 650.mm?

For maximum diameter of\3:2 mm,
density 1 per 930 cm?

None

Maximum diantéeter 1.6 mm, or
maximUm‘length 6.4 mm and
maximurn depth 1.6 mm [Note (3)]

Nonejekcept circumferential through
thickness cracks in the laminate are
acceptable. Cracks shall not deviate
from wind angle by more than 2
deg, and crack width shall not
exceed 0.794 mm

For maximum length of 0.25 mm and
maximum depth of 0.4 mm,
maximum density 5 in. any
930 cm”

None

None

None

Maximum diameter 3.2 mm, never to
penetrate lamination to
lamination; must be fully resin
encapsulated [Note (3)]

Maximum diameter 3.2 mm [Note (3)]

No limit; must be fully resin filled and
encapsulated

Maximum diameter 3.2 mm and
maximum depth 1.6 mm; no
exposed fibers [Note (3)]

None to fully penetrate surface; no
more than 15 per 650 mm?; no
exposed fibers

None more than 15.2 ¢cm long; no
exposed fibers [Note (3)]
None

None

Maximum two strands

None

that results in a gap between fibers
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Table 10-503-1M
Visual Acceptance Criteria for FRP Laminate (Sl Units) (Cont’d)

Imperfection

Maximum Size and Cumulative

Type

Definition

Sum of Imperfections Allowed
After Repair [Notes (1), (2)]

Strand dropout [Note (4)]

When one or more strands of a fiber band ceases to be

<2% of strands

applied to the CRPV shell being wound due to breakage

or inadequate supply

NOTES:

(1) Above acceptance criteria apply to condition of laminate after repair and hydrostatic test.

(2) Noncatalyzed resin is not permissible to any extent in any area of the laminate.

(3) This type of imperfection is subject to cumulative sum limitations. Maximum number allowable in any square meter is 36:

(4) Inthe filament winding process, it is common practice to wind many fiber strands simultaneously. These strands are gatheréd together side-
by-side to form the band of fiber that is wound around the metallic shell. As the shell isrotated, these strands are run through.a resin bath, fiber
placement guides, and rollers that may cause a strand to break; called strand dropout. Many times, strand dropeuit(is corrected before
continuing, but it may be desirable to complete the winding pattern with the dropped fiber strands.

(-e) Sensor locations and spacing shall be
according to ASTM E1067, paragraph 9.3. The attenuation
characterization shall be performed in the hoop and lon-
gitudinal directions and at 45 deg to the axis of the vessel.
Additional lead breaks may be necessary to accurately
determine the maximum sensor spacing in each direction.
The requirement that the attenuation characterization be
performed above the liquid line shall not apply to vessels.
Regardless of vessel size, atleast two sensors shall be used
so that electromagnetic interference is easily detected by
simultaneity of arrival.

(-f) Pressurization Cycle. The pressure shall be held
at 10% of the hydrostatic test pressure for a minimum &f
10 min, then raised to 98% of the hydrostatic test pres-
sure, and held constant for 30 min. The initial hold period
and pressurization from 10% to 50% of the hydrostatic
test pressure shall be used to identify and eliminate back-
ground noise. The last 5 min of the initial hald period shall
not begin until evaluation and minimization of back-
ground have been completed. In oxnder to assess the
effect of fill rate on background noise, the pressurization
rate specified in ASTM E1067,paragraph 11.1.1, may be
varied for the pressurization from 10% to 50% of the

hydrostatic test pressureiEor pressurization above
50% of the hydrostatic test-pressure, the provisions of
ASTM E1067, paragraphi11.1.1, shall apply.

(-g9) Data Acquisition. Test data may be recorded
for the entire pressurization cycle. Data acquired during
the last 5 min of the initial pressure hold, during pressur-
ization from0% to 98% of the hydrostatic test pressure,
and from'the final 30-min pressure hold shall be recorded
and used to evaluate the vessel.

(-h) Evaluation and acceptance criteria shall be in
aceordance with ASTM E1067. An acceptable vessel shall
meet all of the criteria listed in Table 10-503-2. Back-
ground noise shall be discounted when applying accep-
tance criteria.

(b) Records. The results of the preceding examinations
shall be included in the Manufacturer’s Construction
Records.

Table 10-503-2
Acoustic Emission Evaluation Criteria

Criteria First Loading

Subsequent Loadings

Emissions.during pressure hold

than Ay [Note (1)]
Less than Np [Note (2)]

Less than or equal to 10

Cumulative duration

High amplitude hits
[Note (3)]

Not greater than 5 events per minute beyond
2 min with an amplitude greater

Not greater than 1 event per minute beyond
2 min with an amplitude greater than
Ay [Note (1)]

Less than Np/2 [Note (2)]

Less than or equal to 5

NOTES:

(1) Ay = the decibel level defined in ASTM E1067, paragraph A2.5.

(2) Np = cumulative duration value defined in ASTM E1067, paragraph A2.5.
(3) High amplitude hits are those having amplitude equal to or greater than the Reference Amplitude Threshold defined in ASTM E1067,

paragraph A2.3.
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10-600 LAMINATE PROCEDURE
QUALIFICATION

10-607 ALTERNATIVE REQUIREMENTS

When a number oflaminates are identical in every detail

10-601 GENERAL

The tests and examinations required in this paragraph
are intended to qualify the design of a prototype laminate
as applied to a Section VIII, Division 3 shell and the Proce-
dure Specification to which it was fabricated. The report of
these tests shall be designated the Laminate Qualification
Test Report and shall become part of the Manufacturer’s
Design Report.

10-602 RESPONSIBILITY FOR QUALIFICATION

Each Manufacturer shall be responsible for qualifying
the Procedure Specifications used in fabricating laminates
for Section VIII, Division 3 vessels. The fabrication process
is limited to circumferential filament-winding processes
with a winding angle of no more than 10 deg from the
circumferential direction.

10-603 PRODUCTION WORK WITHOUT
QUALIFICATIONS

No fabrication shall be undertaken on vessels to be
stamped with the Certification Mark before a written
Procedure Specification has been prepared and qualified
by the Manufacturer. The Procedure Specification shall be
qualified by testing one or more prototype vessels ds
defined in 10-614, 10-615, and 10-616. A single prototype
vessel shall meet the requirements of all tests and exam-
inations specified in 10-600.

10-604 MAINTENANCE OF QUALIFICATION
RECORDS

The Manufacturer shall maintain records of procedures
employed in fabricating laminates, The Manufacturer shall
also maintain records of the tests and their results by
which his Procedure Specifications were qualified for
use in fabrication. Thé Manufacturer shall keep these
records on file for a minimum of 5 yr after production
of laminates has teased.

10-605 ESSENTIAL VARIABLES

The Rrocedure Specification shall address each of the
essertial variables listed in 10-402(c). The prototype
larhinate(s) shall be fabricated within the tolerances
specified in the Procedure Specification.

10-606 NONESSENTIAL VARIABLES

Changes in variables other than those listed in 10-605
are considered nonessential. Changes may be made to

of design, materials, and fabrication except for a difference
in shell length, the entire group or series may be qualified
by subjecting the longest and shortest length laminates to
these tests. To qualify for this alternative method, every
laminate in the series shall be identical in all essential vari=
ables.

10-608 LAMINATE THICKNESS

The thickness of each prototype laminate shall be deter-
mined as required in 10-503(a)(4).

10-609 WEIGHT OF RESIN AND FIBER

The percentage of weight\0f'resin and fiber in each
prototype laminate shall.be determined by means of
an ignition test per ASPTM D2584-68 (1985) or matrix
digestion per ASTM D3171 of a sample taken from an
undamaged portion,of the laminate used for the pressure
qualification test:

10-610, WEIGHT

Each\prototype laminate shall be weighed within an
accuracy of £1% and the results recorded on the Quali-
fication Test Report.

10-611 VISUAL EXAMINATION

Each prototype laminate shall be visually examined for
imperfections. Classification and acceptance level of
imperfections shall be per Table 10-503-1 or Table
10-503-1M.

10-612 BARCOL HARDNESS TESTS

(a) Each prototype laminate shall have a minimum of
three Barcol hardness determinations made along its
length on each of its four quadrants. When the laminate
length exceeds 5 ft (1.5 m), one additional set of deter-
minations shall be made for each additional 5 ft (1.5
m) or portion thereof. A series of readings shall be
taken at each quadrant on smooth, correctly oriented
surfaces per ASTM D2583.

(b) The Barcol hardness values shall be recorded in the
Qualification Test Report and shall be used as reference
values in subsequent production tests.

10-613 ACOUSTIC EMISSION EXAMINATION

(a) Acoustic emission examination shall be conducted
in accordance with 10-503(a)(7). The acoustic emission
examination shall be carried out after all tests and exam-
inations indicated in 10-608 through 10-612 have been

TTONESSETtial variabtes without Tequatificatiomr of thre
procedure provided the Procedure Specification is
revised to show the changes.
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(b) The acoustic emission examination report shall be
included in the Qualification Test Report and referenced

RAYZ_2A

(b) The laminate requalification shall follow the same
procedures as those outlined in the Laminate Procedure

10-614 CYCLIC PRESSURE QUALIFICATION TEST

One or more CRPV prototype vessels shall be subjected
to a cyclic pressure test as defined in Section VIII, Division
3, Part KF, KF-1212(b).

10-615 HYDROSTATIC PRESSURE
QUALIFICATION TEST

One or more CRPV prototype pressure vessels shall be
subjected to a hydrostatic pressure qualification test as
defined in Section VIII, Division 3, Part KF, KF-1212(b).

For vessels that are subjected to hydrostatic pressur-
ization that is designed to provide an initial stress in the
metallic shell and laminate, the pressure shall be applied
before the hydrostatic test and acoustic emission exam-
ination.

10-616 LAMINATE DISBONDMENT TEST

The CRPV prototype vessel used for the hydrostatic
pressure qualification test shall be examined for holi-
days®® using Method B of ASTM G62 in areas not affected
by the burst with the following additions:

(a) After the specified testing, using abrasive cutting
wheels, radial cuts shall be made through the laminate
to the metallic shell extending at least 0.75 in.
(220 mm) from the center of the holiday. Using a levering
action, the laminate shall be chipped off, continuing ustil
the laminate demonstrates a definite resistance to-the
levering action.

(b) The disbonded distance from the original holiday
center along the radial cuts shall be measuréed and aver-
aged for each specimen.

(c) The acceptance criteria forlaminate/primer/
metallic bond shall be the same~as for the fusion-
bonded epoxy as specified in:fASTM G62.

The CRPV laminate is tougher to cut/gouge with the tip
of a utility knife than.coatings applied for corrosion
protection. Therefofe, larger equipment and more
force are required-te-force/pry/chip pieces of the lami-
nate.

10-617 REQUALIFICATION OF LAMINATE
PROCEDURE SPECIFICATION

(@),"A qualified Laminate Procedure Specification shall
bexrequalified at least every 1,000 CRPVs produced per
Procedure Specification or at a minimum of once per
year before further use in manufacturing CRPVs. The
CRPV to be used for requalification shall be selected at

o p e A digr o as e . s
Specifieation—Quatiffeation—Fhe—tests—and-examinations
required by this paragraph shall be designated as the Re-
qualification Test Report, shall be documented on Section
VII], Division 3, Form CRPV-2A, appended to the original
Qualification Test Report, and included in the Manufac-
turer’s Construction Records.

10-618 CRPV PROTOTYPE VESSELS

(a) CRPV(s) subject to these tests and examinations
shall be designated as CRPV Prototype Vi€ssels. CRPV
Prototype Vessels that are used to qualify or requalify
a Laminate Procedure Specification-shall comply with
all requirements of this Appendix‘but shall not be
Code stamped.

(b) Each CRPV Prototype Vessel used for qualifying or
requalifying the Laminate Rrocedure Specification shall be
fabricated and examined in accordance with the require-
ments above, and the results shall be documented in a
separate Section VIII, Division 3, Form CRPV-2A and Quali-
fication Test Report.

10-700_INSPECTOR’S DUTIES

10-701-"INSPECTOR’S DUTIES RELATIVE TO
QUALIFICATION TESTS OF PROTOTYPE
LAMINATE

The Inspector shall verify the cyclic pressure and
acoustic emission tests and witness the hydrostatic quali-
fication pressure tests of the prototype laminate by means
of which the laminate procedure qualification procedure
is qualified.

10-702 INSPECTOR’S DUTIES RELATIVE TO
SPECIFIC LAMINATES

The Inspector has the duty of making all required
inspections, plus such other inspections he deems neces-
sary to assure himself compliance with all requirements of
this Appendix.

10-703 INSPECTION OF MATERIAL

The Inspector shall assure himself that all materials
used in the fabrication of the laminate comply with the
requirements of this Appendix and the Design Specifica-
tion.

10-704 INSPECTION DURING FABRICATION

The Inspector shall make inspections, including making
measurements of each laminate at such stages of fabrica-
tion as are required, plus such other inspections as he

d L+l L 'S
TarmuUTIT Oy e IS pettoTs
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10-705 SPECIFIC INSPECTION REQUIREMENTS

(a) Check of Laminate Weight. The Inspector shall

(d) Visual Inspection. The Inspector shall examine the
laminate for indentations, cracks, porosity, air bubbles,

verify that the weight of the combined fiber filaments
and resin conforms to requirements of 10-610.

(b) Checkof Fabrication Procedures. The Inspector shall
verify that the speed of winding, uniformity in tension, and
adherence to the predetermined pattern of the qualified
Procedure Specification is followed (see 10-503).

(c) Check of Cure. The Inspector shall satisfy himself by
suitable hardness tests, or by other means, the laminate
has been properly cured (see 10-612).

g £l 1 1 £ H - las <l
exposedfibersstackof resinexcessrestm—thinned
areas, wrinkling, pattern deviations, and delaminations.
Results shall be documented as required in 10-503(b).
Acceptance criteria are defined in Table 10-503-1 or
Table 10-503-1M.

(e) The physical property tests of specimens of mate-
rial, hydrostatic tests, cyclic pressure and hydrestatic
qualification pressure tests, and any permitted retests
shall be verified by the Inspector.
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NONMANDATORY APPENDIX AA
SUGGESTED METHODS OF PRELIMINARY DESIGN
FOR CLASS | VESSELS

ARTICLE AA-1
GENERAL

AA-100 SCOPE

(a) Section X provides two basic methods for qualifying
the design adequacy of a fiber-reinforced plastic pressure
vessel. To assist the designer in establishing the thickness
of Class I vessels, the design of which must be qualified by
test of prototype vessels (see Article RT-2), this Appendix
gives suggested methods of arriving at a tentative thick-
ness for principal pressure parts of Class I vessels. Addi-
tionally, this Appendix indicates the type of end closures
which have been found satisfactory when fabricated of or
attached to fiber-reinforced plastic pressure vessels.

(b) Design procedures.other than those given in this
Appendix may be uSed’at the Fabricator’s option, as
there are no mandatory design rules for Class I vessels.

(c) The suggested methods in this Appendix are not
sufficient for the design of Class II vessels.

AA-101_-CAUTIONS TO BE USED IN DESIGN

Since fiber-reinforced plastic laminates may fail when
subjected to cyclic bending stresses, the designer is
cautioned to avoid design details in which bending
stresses will be developed by internal or external pressure
or other loadings.
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ARTICLE AA-2
SHELLS OF REVOLUTION UNDER INTERNAL PRESSURE

AA-200 GENERAL

The tentative thicknesses and design pressures of cy-
lindrical and spherical shells under internal pressure may
be estimated by means of the equations given in
Article AA-2.

AA-200.1 Nomenclature. The symbols used in
Article AA-2 are defined as follows:

D

inside diameter of a head skirt or inside length of
the major axis of an ellipsoidal head, in. (mm)
required number of layers of laminates in which
the filaments are oriented in the direction of the
helix angle a

required number of layers of laminates in which
the filaments are oriented in the hoop direction
design pressure, psi (kPa)

inside radius of cylinder or sphere, or inside sphe-
rical or crown radius of a hemispherical head
tentative design stress in a circumferential direc-
tion in the wall of a bag-molded or centrifugally
cast cylinder or sphere. May be approximated by
dividing the stress at the qualification‘pressure of a
similarly constructed pressure vessel by 6.
allowable design stress of the helix-oriented fila-
ments, psi (kPa) [normally l€ss‘than the allowable
design stress for hoop-oriented filaments due to
unavoidable crossovers,'discontinuities, etc.; with
400,000 psi (2 760(MPa) E-glass filaments, using
the one-sixth design factor required by this
Section and applying an efficiency of 70%, S,
would be 47,000 psi (324 MPa)]. For vessels fabri-
cated per RG-404.2 that are intended for internal
pressure only, a one-fifth design factor shall be
used’ as required by RT-223.5. For example,
using a typical value for E-glass filaments of
400,000 psi (2 760 MPa), the allowable design
stress would be 56,000 psi (386 MPa).
allowable design stress in hoop-oriented fila-
ments, psi (kPa) [with 400,000 psi (2 760 MPa)
E-glass filaments, using the one-sixth design
factor required by this Section and applying an
efficiency of 90%, Sy would be 60,000 psi (410

Ne

Ny

S

RT-223.5. For example, using a typicalvalue for E-
glass filaments of 400,000 psi (2,760 MPa), the
allowable design stress would/be 72,000 psi
(496 MPa).

required thickness, in. (im)

thickness of the requiréd number of layers of lami-
nates in which the‘filaments are oriented in the
plus and minus.a direction, in. (mm)
equivalent thickness of the helix-oriented fila-
ments per unit of width of a layer of bands at
plus and\minus «, in. (mm)

thickness of the required number of layers of lami-
nates in the hoop direction, in. (mm)
equivalent thickness of the hoop-oriented fila-
ments per unit of width of a layer composed of
two band thicknesses, in. (mm) [for a typical
band density of 6 strands of 225 yield** fiberglass
rovings per in., ty'=2 x 1.125 x %95 = 0.06 in. (1.5
mm) at 70% glass content using 1.2 sp gr resin]
volume fraction of helix-oriented filaments. [This
may range from about 0.45 for low (small) helix
angles wound at low tension with high viscosity
resin on large diameter mandrels to about 0.65 for
high (e.g., above 25 deg) helix angles wound at high
tension with low viscosity resin on small diameter
mandrels.]

filament helix angle for filament-wound vessels,
measured relative to a line on the shell surface
parallel to the axial center line, deg

ty

tn

AA-201 BAG-MOLDED, CENTRIFUGALLY CAST,
AND CONTACT-MOLDED SHELLS

AA-201.1 Cylindrical Shells. The thicknesses of bag-
molded, centrifugally cast, and contact-molded cylindrical
shells may be estimated by the following equations:°
PR St
s R

t = or =

AA-201.2 Spherical Shells. The thicknesses of bag-
molded, centrifugally cast, and contact-molded spherical
shells may be estimated by the following equations:*®

PR 28t

MPa)]. For vessels fabricated per RG-404.2 that
are intended for internal pressure only, a one-
fifth design factor shall be used as required by
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AA-202 FILAMENT-WOUND SHELLS
AA-202.1 Cylindrical Shells. The thicknesses of fila-

composites, highly stressed in tension. For more rigorous
analyses, refer to:
(a) “Structural Behavior of Composite Materials,” 1964 NASA

ment-wound cylindrical shells may be estimated by the
following equations:

t =ty + ity
where
NH X tH/
ty = 7‘/
a
P X R ( tanza
Ny = 1 -
tg' X SHL 2
and
t I\I(l X t(l
o 7
a
P X R
Ny = ; 2
2 Xty X Sycos” a

NOTE: The above equations are based on the netting analysis
which assumes that the resin carries no load. This is a workably
correct assumption of the actual condition in filament-wound

Contract 7-215, S. Tsai, available from the Office of Technical
Services, Dept. of Commerce, Washington, D.C. 20230.

(b) Journal of Composite Materials, Technical Publishing Co.,
Stamford, CT 06902.

AA-210 DIE-FORMED HEADS, PRESSURE ON
CONCAVE SIDE

The thickness at the thinnest point of an ellipseidal or
hemispherical head under pressure on the,concave side
(plus heads) may be estimated by the'\equations in
AA-210.1 or AA-210.2.

AA-210.1 Ellipsoidal Heads. The thickness and the
design pressure of a 1%:1 ratie-head may be estimated
by the following equations:>*

PR
S

= P =

or

St
R

AA-210.2 Hemispherical Heads. The thickness and the
design pressure-0f a hemispherical head, in which t does
not exceed.356R or P does not exceed 0.665S, may be
estimated by the following equations:°

PR 28t
28 R
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ARTICLE AA-3
SHELLS OF REVOLUTION UNDER EXTERNAL PRESSURE

NOTE: Jacketed vessels are excluded from this Section.

AA-300 GENERAL REQUIREMENTS

No firm rules or equations can be given for vessels
under external pressure. However, the following must
be considered in the design of the vessel:

(a) the low modulus of elasticity of the material;

(b) the fact that the material is not isotrapic;

(c) the orientation of filaments in filament-wound
vessels;

(d) lack of uniformity in centriftigal castings and the
different distributions and céngentrations of glass
fibers attainable in centrifugal castings, some of which
are not suitable for externalpressure.
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ARTICLE AA-4
REINFORCEMENT OF OPENINGS IN VESSELS

AA-400 GENERAL REQUIREMENTS

(a) All openings in fiber-reinforced plastic pressure
vessels should have additional reinforcement in the
form of mats, pads, etc.

(b) Opening reinforcement should be provided in
amount and distribution such that the area requirements
for adequate reinforcement are satisfied for all planes
through the center of the opening and normal to the
vessel surface. For a circular opening in a cylindrical
shell, the plane containing the axis of the shell is the
plane of greatest loading due to pressure.

AA-410 REINFORCEMENT FOR INTERNAL
PRESSURE

Suggested methods of predetermining the required re-
inforcement are given in AA-411 through AA-415.

AA-411 REQUIRED CROSS-SECTIONAL AREA OF
REINFORCEMENT

The total cross-sectional area of reinforcement A
required in any given plane for a vessel under (internal
pressure should be not less than

A=dxt,
where

d

diameter in the given plane of the opening in the
reinforced plastic structure

estimated thickness. of a seamless shell or head
computed in aecordance with Article AA-2

t

AA-412 LIMITS OF REINFORCEMENT

The limits of wall thickness reinforcement, measured
parallel.to'the vessel wall, should be at a distance on
eachside of the axis of the opening equal to the diameter
of the opening in the reinforced plastic structure.

AA-413 AVAILABLE REINFORCEMENT IN WALL

Extra thickness in the vessel wall over and above the

A = (t = t)d
where

= areain excess thickness in the yessel wall available
for reinforcement, in.? (mm?)

d = diameter of the opening.inthe reinforced plastic
wall, in. (mm)

t = actual thickness of the€ reinforced plastic wall, in.
(mm)

t, = required thickness of shell, in. (mm)

AA-414 ADJUSTMENT FOR LOWER STRENGTH OR
LOWER MODULUS REINFORCEMENT
MATERIAL

(a)/Material used for reinforcement, if of lower
strength than the material in the vessel wall, shall
have its area increased in inverse proportion to the
ratio of the minimum strength values of the two materials
to compensate for its lower strength. The strain should be
compatible with the material having the lower modulus of
elasticity.

(b) Where reinforcement material is attached to the
vessel wall by an adhesive bonding rather than being
cured integral with the vessel, the adhesive-bonded
area shall be sufficient to develop the full tensile strength
of the element of reinforcement.

AA-415 REINFORCEMENT OF MULTIPLE
OPENINGS

(a) When two adjacent openings are spaced less than
two times their average diameter, so that their limits of
reinforcement overlap, the two openings should be rein-
forced as required by RD-510 with a combined reinforce-
ment that has a strength equal to the combined strength of
the reinforcement that would be required for the separate
openings. No portion of the cross section should be consid-
ered as applying to more than one opening or be evaluated
more than once in the combined area.

(b) Any change in which the size of openings is
increased or in which the spacing of openings is decreased
should be considered a change in the design of the vessel,

thickness estimated tao be rnqnirnr‘l for a shell in accor-
dance with Article AA-2 may be considered as reinforce-
ment. The area in the vessel wall available as
reinforcement is given by the equation
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ARTICLE AA-5
ATTACHMENTS AND SUPPORTS

AA-500 GENERAL

(a) Attachments and supports invariably impose loca-
lized stresses in tension, torsion, shear, bending, or
compression at their point or line of contact with the
shell of a pressure vessel.

(b) Because of the low modulus of elasticity and
shearing strengths of fiber-resin structures, they are espe-
cially vulnerable to localized compressive flexural buck-
ling, torsion, and shear stresses.

(c) Hence, the designer should use special care to avoid
as much as possible any unnecessary attachments and to
ensure that supports apply the least possible restraint to
the pressure vessel (see Article RD-9).

AA-510 ATTACHMENTS

The practice of using a pressure vessel as a structural
member to support related auxiliary equipment, piping,
etc., should be avoided.

AA-511 ATTACHMENTS REQUIRING
REINFORCEMENT

Where a nozzle or the vessel wall must'be used for
attachments, local reinforcement should be provided to
distribute the consequent applied.stresses to provide
the required safety. This reinforcement should be such
as to minimize the total resultingstress. The extra material
of the reinforcement shouldbe smoothly blended into the
surrounding area.

AA-520 SUPPORTS

Exact rules(for the design of supports are not given here
due to the yery large range of essential variables that must
be considered. Details should conform to good structural
practice’ and be carefully analyzed for stresses.

AA-521 AVOIDANCE OF DIRECT CONTACT WITH
METAL SUPPORTS

Direct contact of metal supports with highly stressed
areas of a fiber-reinforced plastic pressure vessel
should be avoided, as dangerously high, local, flexural,

AA-522 SUPPORTS FOR HORIZONTAL VESSELS

(a) When horizontal vessels must be supported by a
saddle-type support (see Figure AA-522.1), the vessel
wall thickness may be increased at the point of
contact, blending this thicker section smoothly and gradu-
ally into the more highly stressed adjacent area. This
increased thickness should extend uniformly around
the complete circumference. The vessel should preferably
be isolated from rigid supporting saddles by a very low
modulus-of-elasticity cushioning material. If two or more
such saddles are required for a long vessel, special provi-
sion for ayoiding restraint of sliding due to longitudinal
expansjon ‘and contraction may be required at all except
one of\thé supports.

(b)>Increasing the bearing area of the supports so that
the-weight per square foot imposed by the vessel on the
supports is low may eliminate the need to reinforce the
vessel wall.

AA-523 VERTICAL VESSELS SUPPORTED BY A
RING OR FLANGE

When a ring- or flange-type supportis used to supporta
vertical vessel, the vessel wall at the base of the ring or
flange should be blended in gradually with a smooth taper
to a thickened section and generous fillet radius at the
transition to the flange section itself (see Figure
AA-523.1).

AA-524 VESSELS SUPPORTED BY METAL
ATTACHMENT IN VESSEL END

Vessels may often be supported by metal attachments
embedded in athickened material at the axial center line of
the heads (see Figures AA-524.1 and AA-524.2).

AA-525 PROVISION FOR EXTERNAL FORCES

Due consideration must be given to wind, earthquake,
snow, and any other external forces when designing
supports.

and shearing stresses may be generated in the wall of
the vessel when it expands or contracts upon changes
in its pressure or temperature.
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Figure AA-522.1
Saddle-Type Supports
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Figure AA-524.1
Metal Attachment in Vessel End
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Figure AA-524.2
Metal Attachments in Thickened Ends
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NONMANDATORY APPENDIX AB
INSTALLATION AND OPERATION

AB-100 INTRODUCTION

(a) The rules in this Appendix are for general informa-
tion only, because they pertain to the installation and
operation of pressure vessels, which are the prerogative
and responsibility of the law enforcement authorities in
those states and municipalities which have made provi-
sion for the enforcement of Section X.

(b) It is permissible to use any deviations suggested
herein from provisions in the mandatory parts of this
Section when granted by the authority having legal juris-
diction over the installation of pressure vessels.

AB-101 ACCESS FOR INSPECTION

(a) Vessels subject to external degradation (see
RD-140) should be so installed that there is sufficient
access to all parts of the exterior to permit proper inspec-
tion of the exterior, unless adequate protection against
degradation is provided or unless the vessel is of such
size and is so connected that it may be readily
removed from its permanent location for inspection:

(b) Vessels having manholes, handholes, or*cover
plates to permit inspection of the interior should be so
installed that these openings are accessible,

(c) In vertical cylindrical vessels subjectto chemical
degradation from their contents, the\bottom head, if
dished, should preferably be congave to pressure to
ensure complete drainage.

AB-102 MARKING ON THE-VESSEL

The marking requirediby‘the Code should be so located
that it will be accessible after installation, and when
installed should hot be covered with insulation or
other material that is not readily removable (see
Article RS-1).

AB-103-PRESSURE RELIEF DEVICES

The'general provisions for the installation of pressure
relief devices are fully covered in Part ROP. The following
paragraphs contain details in arrangement of stop valves
for shutoff control of pressure relief devices thatare some-
times necessary for the continuous operation of proces-

from pressure relief valves, which can only be @eneral
in nature because the Design Engineer must fit the
arrangement and proportions of such a system to the
particular requirements of the operationofthe equipment
involved.

AB-104 STOP VALVES BETWEEN PRESSURE
RELIEF DEVICE AND VESSEL

(a) A vessel, in which pressure can be generated
because of service,conditions, may have a full-area
stop valve between\it“and its pressure relief device for
inspection and.fepair purposes only. When such a stop
valve is provided, it should be so arranged that it can
be lockedtot/$ealed open, and it should not be closed
exceptrby.an authorized person who should remain
statidned there during that period of the vessel’s opera-
tioh.within which the valve remains closed, and who
should again lock or seal the stop valve in the open posi-
tion before leaving the station.

(b) A vessel or system [see ROP-100(d)] for which the
pressure originates from an outside source exclusively
may have individual pressure relief devices on each
vessel, or connected to any point on the connecting
piping, or on any one of the vessels to be protected.
Under such an arrangement, there may be a stop valve
between any vessel and the pressure relief devices,
and this stop valve need not be locked open, provided
it also closes off that vessel from the source of pressure.

AB-105 STOP VALVES ON THE DISCHARGE SIDE
OF A PRESSURE RELIEF DEVICE

A full-area stop valve may be placed on the discharge
side of a pressure relief device [see ROP-170(d)] when its
discharge is connected to a common header with other
discharge lines from other pressure relief devices on
nearby vessels that are in operation, so that this stop
valve when closed will prevent a discharge from any
connected operating vessels from backing up beyond
the valve so closed. Such a stop valve should be so
arranged that it can be locked or sealed in either the
open or closed position, and it should be locked or
sealed in either position only by an authorized person.

singequipnrent of such a complex mature thattie
shutdown of any part of it is not feasible. There are
also rules in regard to the design of discharge piping
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the stop valve in the open position before leaving the
station. Under no condition should this valve be closed

(c) Alldischarge lines should be run as direct as is prac-
ticable to the point of final release for disposal. For the

VV}I;}C t}lC VCDDC} iD ill UlJClat;Ull, CALClJt VV}lCll d DtUl}
valve on the inlet side of the pressure relief device is
installed and is first closed.

AB-106 DISCHARGE LINES FROM PRESSURE
RELIEF DEVICES

(a) Whereitisfeasible, the use of a short discharge pipe
or vertical riser, connected through long-radius elbows
from each individual device, blowing directly to the atmo-
sphere, is recommended. Such discharge pipes should be
at least of the same size as the pressure relief valve outlet.
Where the nature of the discharge permits, telescopic
(sometimes called “broken”) discharge lines, whereby
condensed vapor in the discharge line, or rain, is collected
in a drip pan and piped to a drain, are recommended.*®

(b) When discharge lines are long, or where outlets of
two or more pressure relief valves having set pressures
within a comparable range are connected into a common
line, the effect of the back pressure that may be developed
therein when certain pressure relief valves operate must
be considered [see ROP-170(e)]. The sizing of any section
of a common-discharge header downstream from each of
the two or more pressure relief valves that may reason-
ably be expected to discharge simultaneously should be
based on the total of their outlet areas, with due allowance
for the pressure drop in all downstream sections. Use ¢f
specially designed valves suitable for use on high or vari-
able back-pressure service should be considered.

tonger-tines—dteconsideration—shoutdbegivento-the
advantage of long-radius elbows, avoidance of close-up
fittings, and the minimizing of excessive line strains by
expansion joints and well known means of support to
minimize line-sway and vibration under operating condi-
tions.

NOTE: It is recognized that no simple rule can be applied gener-
ally to fit the many installation requirements, whiclr yary from
simple short lines that discharge directly into the dttosphere to
the extensive manifolded discharge piping systems where the
quantity and rate of the product to be disposed of requires
piping to a distant safe place.

AB-107 GENERAL ADVISORY INFORMATION ON
THE CHARACTERISTICS OF PRESSURE
RELIEF VALVES DISCHARGING INTO A
COMMON HEADER

Because of thé wide variety of types and kinds of pres-
sure relief valyes, it is not considered advisable to attempt
a descriptionin this Appendix of the effects produced by
dischapging'them into a common header. Several different
types\of pressure relief valves may conceivably be
conniected to the same discharge header, and the effect
of back pressure on each type may be radically different.
Data compiled by the Manufacturers of each type of pres-
sure relief valve used should be consulted for information
relative to its performance under the conditions antici-
pated.
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NONMANDATORY APPENDIX AC
DISCONTINUITY STRESSES FOR CLASS 1l, METHOD B VESSELS

ARTICLE AC-1
EXAMPLES OF DISCONTINUITY STRESSES

AC-100 EXAMPLE ILLUSTRATING THE
APPLICATION OF DISCONTINUITY
ANALYSIS

Given

A pressure vessel as shown in Figures AC-100.1 and
AC-100.2. It is constructed of all mat RTP and subjected
to an internal pressure of 15 psi at 300°F. The vessel
consists of:

(a) a hemispherical head

inside radius R = 30 in.

thickness t = 0.5 in.

(b) a cylindrical shell

inside radius R = 30 in.

thickness t = 0.5 in.

length L = 10 in.

(c) a flat head

outside radius R = 30.5 in.

Figure AC-100.1

thickness t = 6 in.
Material properties assunied:

E =10° psi
v=0.3
Required

To calculate the discontinuity stresses at the locations of
structuraltdisContinuity.

Solution
Step 1. Separate the vessel at locations of discontinuity
inte individual elements.
Step 2. Calculate the influence coefficients.
(a) Element A, Hemispherical Head:
From Article AC-3, the lateral displacement and rota-
tion atjuncture O due to edge loads Q, and M, are given as:
2R} 242

wao =06a0 = — & L T M

22 423
o = - 2, + L u
40 T R Et °

NOTE: For this case of a hemispherical shell, the lateral force H
and the radial force Q are equal. Similarly, the lateral displace-
ment § and the radial displacement w are equal.

Substituting the given dimensions and material prop-
erties gives:

wio = 40 = — 0.000121 Q, + 0.000 M,

Or0 = — 0.0004 Q, + 0.0002644 M,

(b) Element B, Cylindrical Shell:

From Article AC-2, AC-230, the radial displacements
and rotations at the edges O and L due to edge loadings Q,,
M,, Q,, and M, are given as:?’7

¥ I;_.
ol
—
. —
p = 15 psi ]
o
—
—
B . "
L@ 6.00 in. | Lt
o x —
000 It —> 'S
h 3 Il
Q0 = -
S ~ £
o - 0
g 1| s
' [ N B | |_.‘
N Y YIY Y Y Y ¥ Y f
0.5in. =t T

~—-10.000 in. = L —~f

Wpo = (1/2531))(10 + (l/zﬁzD)MO
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Figure AC-100.2

Juncture O
0.5 in. Mo 4,

Q,
Mo "9
Element A

'r‘h

10in. r Juncture L
M, OLI: M

0.5 in.

Element C

R, = 30.25 in.

050 = (1/26D)Q, + (1/26D)M,
wpp = (1/2ﬁ3D)QL + (1/2ﬁ2D)ML

OpL = (I/ZﬁZD)QL + (1/28D)Mg,

Substituting given dimensions and material proper-
ties gives:

wpo = (12097725 Q, + 3.9984962 M,) x 10 *

— 0o = (39984962 Q, + 2.6431369 M,) x 10 **

W = (12097725 Q; + 3.9984962 Mpy%¢ 10 ~*

Opr = (3.9984962 Q; + 2.6431369Mp) x 10~ *

(c) Element C, Flat Head:

From Article AC-4, AC431.1(b), the radial displace-
ment and rotation at juncture L due to edge loadings Q,
and M, are given as:

2Fy 0+ B
w, = A\N—— - 2
L 3E(t/R) T ER(t /R T
Fy 2Fy
ocL = Qp - My,
T ERE/RE T OERY(E/R)

Substituting given dimensions and material proper-
ties gives:

(a) Element A,
AC-100.3):

The lateral displacement of point O, at the midsurface
(r=R,,) of ahemispherical shell subjected to internal pres-
sure is giver))by the expression:

5, = pR*(1 — v) /2Bt

Hemispherical Shell (See Figure

Wo

Substituting the dimensions, pressure, and material
properties gives:
WAO(pressure) = 0.009767625 in.

There is no rotation resulting from the internal pres-
sure and membrane forces as shown.

HAO(pressure) =0
(b) Element B, Cylindrical Shell (see Figure AC-100.4):
The radial displacement of the midsurface of a closed

end cylindrical shell subjected to internal pressure is given
by the expression:

wBo = (1

Substituting the dimensions, pressure, and material
properties gives:

WBO(pressure) = WBL(pressure) = 0.02314125in.

There is no rotation resulting from internal pressure

and the membrane forces shown.

QBO(pressure) = 6)BL(pressure) =0

(c) Element C, Flat Head (See Figure AC-100.5):

wer, = — 0.0001452 Q; + 0.0004356 M, In Article AC-4, AC-431.1, the rotation of a flat head at
point L due to internal pressure is given by AC-431.1(a):
O = 0.0004356 Q; + 0.0017424 M; . F .
E(t /R)?

Step 3. Calculate the edge deformations due to the
internal pressure.
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Figure AC-100.3

Figure AC-100.4

Point O

N

pR?2

Point L

/ QY pR?

2R,

P

ERBEARAREEERERE; © 2Ry,

Rm

b bbb

Substituting the dimensions, préssure, and material
properties gives:

OcL (pressure) = 2006336 X 10 ~ rad

The radial displacément at juncture L is given by
AC-431.1(b):

3

t _
WCL(pressure) T )= EHCL = — 6.0190092 X 10 ~ “in.

Step 4\\Calculate the free deformations of the edges of
each¢lement caused by temperature distributions.

In this example all parts of the vessel are at the same
temperature and are of the same material; therefore,
témperature deformations need not be considered.

Step 5. Equate the total lateral displacements and rota-
tions of adjacent elements at each juncture.

WAO(total) = WBO(total)

( — 12097725 Q , + 3.9984962 M, + 97.67625)

— 1
x 107% = (12097725 Q , + 3.9984962 M, @
+231.4125) x 1074
gAO(total) = gBO(total)
( — 3.9984962Q  + 2.6431369M,) x 107* @
= (- 3.9984962Q,, — 2.6431369 M, ) x 10™*
(b) Juncture L
WBL(total) = WCL(total)
(12097725 Q + 3.9984962 My + 231.4125)
(3

1r\_4 faYeW4aYak VA : AL
A

(aJ Juncture U
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a-a1-4 L00.
UUTTUS00UT T T UUOSUTIvIT

=
- 60.90082) x 1074
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Figure AC-100.5

To illustrate the procedure, these stresses will be
computed in the cylindrical shell (element B) at both junc-

& Fa) q_L
cores—oanna o

. — ——
. —>1
Point L ol ;
—of |
—
—y
—
—ay
—
—o
—
fe— ¢ —o
—od |
R'ts =* |
—of R
—a
ts o]
—of
-—- —-:——

p (R—ty?

2 [R-(ts/2)]

9BL(tota1) = 9CL(tota1)

-4
(3.9984962 Q; + 2.6431369 M) X 10 @

= (0.03509Q; — 0.01169668 My, + 20.063361) x 10~*
Combining like terms and multiplying through by, 10*

results in the following system of simultaneous equations
which express compatibility at the junctures:

24.19545Q, = — 133.73625 ©)
5.2862738M, = 0 (6

12.238085Q; + 3.9634062Mp) = — 29231332 (7)
3.9634062Q; + 2.6548335M; = 20.063361 8

Step 6. Solve the above equations for Q,, M,, Q;, and M;.
The results are;

Q, = —5527331b/in.
M, = 0
Q. = —50982511b/in.

M; = 83.669186 in.-Ib/in.

NOTE: A negative sign indicates that the actual direction of the

From AC-240:
op(x) = + 6M(x)/t*

o(x) = Ew(x) /(R + t/2) + 6vM(x)/t>

o, = 0

(a) Juncture O.Atjuncture 0, M(x) ¥ M, and w(x) = w,.

NOTE: When computing o,(x) only the radjaldisplacement due to
the redundant shear forces and moments should be used. The
free displacements from Steps 3 and 4 should not be included.

4

wpo = (12.097725Q7~+ 3.9984962 M) X 10~

— 0.006686812 in.

EWBO — 6686.81 lb/in.

(1) Inside surface
oy = 6(0)/(0.5)?% =0

— 6,686.81
3025

+ 6(0.3)(0) / (0.5)%

oy = — 221.0S psi

o, 0

:
(2) Outside surface

op = — 6(0)/(0.5)* =

o

— 6,686.81
30.25

— 6(0.3)(0) / (0.5)

oy = — 221.0S psi

(b) Juncture L. Atjuncture L, M(x) = M; and w(x) = wy.
4

WBL (12.097725Q; + 3.9984962Mp) x 10 ~

— 0.028222

Ewgy = — 28222.11b /in.
M; = 83.669186 in.-Ib/in.

(1) Inside surface

loading is opposite to that chosen in Step 1.

Step 7. Compute the discontinuity stresses at each junc-
ture due to the redundants Q,, M,, Q;, and M;.
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6(83.669186 oy = 907.5psi
= (—2) = 2,008.1 psi t P
(0.5)
=_0
-r
—28222.1 6(0.3)(83.6692) )
% = “3o01s (03)? = — 330.54psi The stresses due to the redundant shear forces and
’ ’ moments were computed in Step 7 as:
oy =0
o, = 0
, = — 221.05psi
(2) Outside surface % pst
— 6(83.6692
op = (729) = —2,008.1 psi o =10
(0.5)
The total stresses are:
- ) 6(0.3)(83.6692 = = ]
o = 282221 (0.3)( . ) _ _ 2,041.02 psi op = 4538 + 0 = 4538psi
30.25 (0.5)
o, = 907.5 — 22405 = 686 psi
o, = 0
o, = 0
NOTE: E = 10° psi.
(c) The discontinuity stresses in the hemispherical gZJ Outsidg su.rface
shell may be computed by using the expressions given rom prpeure:
in AC-331 and AC-333. o = 453.8psi
(d) The discontinuity stresses in the flat head may be
computed using the expressions given in AC-431.2. 6, = 907.5psi
Step 8. Compute the total stresses. The total stresses
may be computed in any element at any juncture by 6. = 0

combining the stresses due to the redundant shear
forces and moments, as computed in Step 7, with the
stresses resulting from all other loadings. In this case
the stresses in the cylindrical shell, hemispherical.shell,
and flat head due to internal pressure may be computed
by the expressions givenin AC-211, AC-321, and'AC-431.2,
respectively. To illustrate the procedure, theitotal stresses
in the cylindrical shell at junctures:04and L will be
computed.

The stresses in the cylindrical shell due to internal pres-
sure may be computed from the expressions given in
AC-211.

o4 =, pR /2t
o = pR/t
o, =0

(@)~ Juncture O
(1) Inside surface

r

The stresses due to the redundant shear forces and
moments were computed as:

op = 0
oy = — 221.0S psi
o, =0

The total stresses are:
op = 453.8psi

o, = 907.5 — 221.05 = 686psi

(b) Juncture L
(1) Inside surface
The stresses due to the internal pressure are the
same as at juncture O.

R = 3025in. oy = 453.8psi
p = 1Spsig o; = 907.5 psi
oy = 453.8psi 5 =0
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The stresses due to the redundant shear forces and
moments are:

The stresses due to the redundant shear forces and
moments are:

6(83.669 — 6(83.669
= (72) = 2,008 psi oy = (42) = — 2,008 psi
(0.5) (0.5)
6 —2 6 -2
o -10 (2.8222 X 10 ) 6(0.3)(83.6692) oo 10 (2-8222 x 10 ) 6(0.3)(83.669)
t 3025 (025) ‘ 30.25 (025)2
= 1,476 psi = — 3,342.6 psi
o, =0
The total stresses are: o =0
op = 4538 + 2,008 = 2,462 psi The total stresses are:
o, = 907.5 + 1,476 = 2,383.5psi oy = 4538 — 2,008 & — 1554psi
o, =0
o = 907.5 — 33426 = — 2,435.1psi

(2) Outside surface
The stresses due to the internal pressure are the
same as at juncture O.

oy = 453.8 psi
o = 907.5psi
o, = 0

Step 9. When evaluating the stresses in accordance
with RD-1188.2, the stress intensities at each location
shouldbe computed from the total principal stresses
determined in Step 8.
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ARTICLE AC-2
EXAMPLES OF STRESS ANALYSIS OF CYLINDRICAL SHELLS

AC-200 SIGN CONVENTION AND x = axial distance measured from the reference
NOMENCLATURE end of cylinder, in.
Y = ratio of outside radius to inside_radius
The symbols and sign convention (see Figure AC-200) Z = ratio of outside radius tosan-intermediate
adopted in this Appendix for the analysis of cylindrical radius
shells are defined as follows: B = [3(1 - v¥)/(R + t/2)*#)" in. !
6 = rotation of cylinderswall, rad
Bi1 = Bu(BL) = dw/dx
= (sinh 2L - sin 2BL) /2(sinh* BL - sin® BL) v = Poisson’s ratio
Bi2 = B12(fL) o, = radial stressicomponent, psi
= (cosh 2L - cos 2BL) /2(sinh* BL - sin® BL) o, = tangential ((circumferential) stress compo-
BZZ = Bzz(ﬂL) nent; pSl
= (sinh 2L + sin Z,BL)/(sinh2 BL - sin” BL) o, = longitudinal (meridional) stress component,
D = E£/12 (1 - v%), Ib-in. psi
E = modulus of elasticity, psi
fi(Bx) = ™ cos px
f(Bx) = eP* (cos Bx - sin Bx)
f3(Bx) = eP* (cos Bx + sin Bx)
falBx) = e sin px
F11(Bx) = ((.:osh Bx §in Bx — sinh Bx cos Bx)/2 Figure AC-200
Fi2(Px) = sinh Bx sin fix Symbols and Sign Convention
F13(Bx) = (cosh fx sin fx + sinh Bx cos fx)/2
F14(Bx) = cosh Px cos fx
Gi1 = Gu(BL) Qg My arx)mix) O
= —(cosh L sin BL - sinh BL cos SE)/(sinh® BL - - - - }l - i
sin® BL) ~ ¥ Aﬁ ~
Gi2 = G12(PL) t
= -2 sinh L sin BL/(sinh*pBL - sin® BL)
Gyz = Gzz(ﬁL)
= -2 (cosh BL sin\BL + sinh BL cos BL)/ rut
(sinh? BL - sin®fL) R B b)
L = length of cylinder, in.; subscript to denote
evaluation of a quantity at end of cylinder
removed from reference end
M = longitudinal bending moment per unit length
of circumference, in.-1b/in.
otva.subscript to denote evaluation of a quantity at
reference end of cylinder, x = 0
p = internal pressure, psi 1A 1 1
Q = radial shearing forces per unit length of | x
circumference, 1b/in.
R = inside radius, in. x=0 x=x x=x x=L
S = stress intensity, psi
—thickmess—of Ly}illdcl, o GENER.AL NOT.E' T.he sign coTwenFion arbitr.ari.lv ch(.)ser.1 for t}.1e
w = radial displacement of cylinder wall, in. analysis of cylindrical shells in this Appendix is as indicated in
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AC-210 PRINCIPAL STRESSES AND STRESS
INTENSITIES DUE TO INTERNAL

AC-230 DISPLACEMENTS, BENDING
MOMENTS, AND SHEARING FORCES

PRESSURE

The equations for principal stresses and stress inten-
sities presented in this paragraph include the loading
effects of internal pressure only and exclude the effects
of all structural discontinuities.

AC-211 PRINCIPAL STRESSES

The principal stresses developed at any point in the wall
of a cylindrical shell due to internal pressure are given by
the equations:

oy = o = p(l —+ Z2>/(Y2 - 1) (1)

oy =0op = p/(¥* = 1) @

o3 = o, = p(1 — 2%/ (¥* - ®3)

1)
AC-212 STRESS INTENSITIES

(a) The general primary membrane stress intensity
developed across the thickness of a cylindrical shell
due to internal pressure is given by the equation:

PR p

¢ 2

S = (1)

(b) The maximum value of the primary-plus-secondary
stress intensity developed at any point across the, thick-
ness of a cylindrical shell due to internal pressufe.occurs at
the inside surface and is given by the equation:

S = Y2 /(Y* - 1) ()

(c) Note that in evaluating the general primary
membrane stress intensity, thié average value of the
radial stress has been taken_as (-p/2). This has been
done to obtain a result censistent with burst pressure
analyses. On the other_hand, the radial stress value
used in (b) is (-p)athe value at the inner surface, since
the purpose of that quantity is to control local behavior.

AC-220 BENDING ANALYSIS FOR UNIFORMLY
DISTRIBUTED EDGE LOADS

The equations in this paragraph describe the behavior
of a cylindrical shell when subjected to the action of
bending moments M, in.-lb/in. of circumference, and
radial shearing forces @, Ib/in. of circumference, uniformly
distributed at the edges and acting at the mean radius of
the shell. The behavior of the shell due to all other loadings
must be evaluated independently and combined by super-

IN TERMS OF CONDITIONS AT
REFERENCE EDGE, x =0

(a) Theradial displacement w(x), the angular displace=
ment or rotation 6(x), the bending moments M(x), and the
radial shearing forces Q(x)at any axial location of the.cyl-
inder are given by the following equations in ternisiof w,,
6,, M,, and Q,:

wix) = (Q,/28°D)Fy(pv)

+ (Mo /2/32D)F12(ﬁx)
+ (6, / B)Fi3(fx) A wyFi4(Px)

€3]

0(x) /8 = (Q,/2p°D)Fy(px)
+ Z(Mo / 2ﬂ2D)F13(ﬂx)
+ (90 /ﬂ)F14(ﬂx) - ZWOFll(ﬂx)

M(x)/ 25D = (Q,/28°D)Fi3(pv)

+ (Mo/ ZﬂzD)Fm(ﬂx)
— (6, / P)F11(Bx) — w,Fpo(Px)

(Qo / 2ﬂ3D)F14(ﬁx)
— 2(M, / 287D ) Fy ()
= (6, / B)F1o(Bx) — 2w,Fy3(Px)

Qx) /2°D
(4)

(b) Inthe case of cylinders of sufficientlength, the equa-
tionsin (a) above reduce to those given below. These equa-
tions may be used for cylinders characterized by lengths
not less than 3/f. The combined effects of loadings at the
two edges may be evaluated by applying the equations to
the loadings at each edge, separately, and superposing the
results.

wx) = (Q,/28°D), (4v)

©
+ (MO /ZﬂzD)fz (Bx)
0) /8 = = (Qq/26°D)f; () @
~ 2(M, / 26°D)f, ()
M(x)/26°D = (Q,/28°D)f, (px) 3)

position.
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Q@) /26’ = (Q,/26°D)f (B) Bu = 2/pL
4
—o(M /282D)f (Bx) ® AP
AN VA b1 = o/ \PL)
AC-231 EDGE DISPLACEMENTS AND ROTATIONS By, = 6/ (L)
IN TERMS OF EDGE LOADS 2
(a) Theradial displacements w,and w; and rotations 6, G = - 1/pL
and -6, developed at the edges of a cylindrical shell
susta.mmg the action o.f edge lo.ads Q, M,, Q;, and M, Gp = — 3/(,BL)2
are given by the following equations:
2
Wy = <311/2ﬁ3D)Qo + <B12/2ﬁ D)Mo 0 Gy = — 6/ (L)

+ (Gn/zﬁSD)QL + (G12 / ZﬁZD)ML Introducing these expressions fortheé influence func-
tions, B’s and G’s, into the equations)’(a) above, yields
expressions identical to those obtainéd by the application

-6, = (B12 / zﬂzD)Q , + (B /2BD)M, of ring theory. Accordingly, the-sesultant expressions are
5 2 subject to all of the limitationsiinherent in the ring theory,
+ <G12/2ﬁ D)QL + (Gp /2pD)My, including the limitations due to the assumption that the
entire cross-sectionalarea of the ring, t x L, rotates about
_ 3 2 its centroid without“distortion. Nevertheless, in the
WL = (Gll/zﬁ D)Qo + (Glz/zﬁ D)Mo 3) analysis of verywshort cylindrical shells characterized
3 2 by lengths not‘greater than 0.5/, the expressions may
+ (B 20°D + (B 24°D |M
( n/2p )QL ( 12/26 ) L be used without introducing significant error.
0L = (Ga/26°D)Q, + (Gaa/2BD)M, AC-240 PRINCIPAL STRESSES DUE TO
@ BENDING

+ (312/ 252D)QL + (By /26D)M

(b) The influence functions, B’s and G’s, appearing\in
the equations, (a) above, rapidly approach limiting
values as the length L of the cylinder increasés. The
limiting values are:

Bip = Bjp =1

2

By
Gy = Gpp

(1) Thus for cylindrical shells of sufficient length, the
loading conditions prescribed at one edge do not influence
the displacements at-the other edge.

(2) In thescas€ of cylindrical shells characterized by
lengths not l€éssthan 3/, the influence functions, B’s and
G’s, are sufficiently close to the limiting values that the
limiting\values may be used in the equations, (a)
abowve; without significant error.

(¢} In the case of sufficiently short cylinders, the influ-
ence functions, B's and G’s, appearing in the equations, (a)
above, are, to a first approximation, given by the following
expressions:

The principal stresses developed at the surfaces of a
cylindrical shell at any axial location x due to uniformly
distributed edge loads (see Figure AC-200) are given by
the equations:

o1 = of(x) = Ew(x)/(R + t/2) .
+ 6vM(x) / t2

oy = op(x) = + 6M(x)/t )

o3 =0, =0 (3)

In these equations, where terms are preceded by a
double sign (*), the upper sign refers to the inside
surface of the cylinder and the lower sign refers to the
outside surface.
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ARTICLE AC-3
EXAMPLES OF STRESS ANALYSIS OF SPHERICAL SHELLS

AC-300 SCOPE U = ratio of inside radius to an intermediate
radius
(a) In this Article, equations are given for stresses and w = radial displacement of midsutface, in.
deformations in spherical shells subjected to internal or x = length of arc for angle aymeasured from refer-
external pressure. ence edge of hemisphere
(b) Equations are also given for bending analysis of = R, in.
partial spherical shells under the action of uniformly Y = ratio of outside~radius to inside radius
distributed edge forces and moments. Z = ratio of outside radius to an intermediate
radius
AC-310 NOMENCLATURE AND SIGN £ = subscript-to denote meridional direction
CONVENTION a = meridional angle measured from the refer-
ence edge, rad
The symbols and sign convention adopted in this Article B £ 1/4
are defined as follows: [3(1 - uz) /R%tz] , 1/in.
Y, = tan™* (=ky), rad
4o = \/1 + k12 6 = lateral displacement of midsurface, perpendi-
B(at @) = [(1 + v})(K;1 + K2) - 2K5] cular to center line of spherical shell, in.
Clat a) = \/sinqbo /sin (¢, — a) i - ;;I)etatlon of midsurface, rad
D = ﬂe3xural rigidity, in.-1b v = Pogson's ratio
= EC/12(1 - v7) o, = radial stress component, psi
E = modulus of elasticity, psi o, = tangential (circumferential) stress compo-
Flat o) = \/sin (¢,)sin (¢, — a) nent, psi
H = force per unit length of civcumference, o, = longitudinal (meridional) stress component,
perpendicular to center line of sphere, 1b/in. psi
Ky = 1 — 2 ¢ = meridional angle measured from center line
1= = oot (¢ =) of sphere, rad
ky = 1 1 - 2w ¢, = meridional angle of second edge, rad
— cot'gh ‘3
24 > ¢, = meridional angle of reference edge where
Ky =, _ 1 ‘;2" dot (¢, — a) loading is applied, rad
ky = 1% 2v The sign convention is listed below and shown in
ey cot g, Figure AC-310 by the positive directions of the pertinent
M = miegidional bending moment per unit length quantities.
of circumference, in.-Ib/in.
N = membrane force, Ib/in. H, H, = force perpendicular to %, positive outward
0 = subscript to denote a quantity at reference M, M, = moment, positive when causing tension on the
edge of sphere inside surface
p = uniform pressure, internal or external, psi N, N, = membrane force, positive when causing
Q = radial shearing force per unit of circumfer- tension
ence, Ib/in. p = pressure, positive radially outward
R = inside radius, in. 6 = lateral displacement, perpendicular to % of
R, = radius of midsurface of spherical shell, in. sphere, positive outward
S = stress infnncify’ pci a — Y‘nf‘:finn’ pncifiun when qrnnmpqniad hy an
t = asasubscript, used to denote circumferential increase in the radius or curvature, as
direction caused by a positive moment
t = thickness of spherical shell, in.
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Figure AC-310

AC-321 PRINCIPAL STRESSES RESULTING FROM
INTERNAL PRESSURE

¢
| The principal stresses at any point in the wall of a sphe-
" rical shell are given by the following equations:
: o = op = p<Z3 + 2) /2(Y3 - 1) (1)
M Rm
o R
a
Ho _ 6y = 0y = p(Z3 + 2) /23 = 1) )
+6 —— é

o

+eb

Spherical Segment, For Values of ¢,
0.9

iy

m,rad < ¢, < (1 -0—-}\9 ) morad ()

Mo\

+6——
+9b

Hemisphere For ¢, = n/2, rad

(c)
Frustum, For Values of b6 oL:

¥ < (1 —07'9) , rad, andA¢, - ¢y ) = n/A, rad

AC-320 PRINCIPAL STRESSES AND STRESS
INTENSITIES RESULTING FROM
INTERNAL OR EXTERNAL PRESSURE

In“this paragraph equations are given for principal
stresses and stress intensities resulting from uniformly
distributed internal or external pressure in complete
or partial spherical shells. The effects of discontinuities
in geometry and loading are not included and should

-2/ - ) 3)
AC-322 STRESS INTENSITIES RESULTING FROM

INTERNAL PRESSURE

(a) The average primary stressintensity in a spherical
shell resulting from internal pressure is given by the equa-
tion:

o = o = p(1

Savg = 075p(F° + 1)/ (¥ = 1)

(b) The maxiftmum value of the stress intensity in a
spherical shell{resulting from internal pressure occurs
at the inside’ surface and is given by the equation:

1)

AC;323 PRINCIPAL STRESSES RESULTING FROM
EXTERNAL PRESSURE

The principal stresses at any point in the wall of a sphe-
rical shell resulting from external pressure are given by
the following equations:

S LspY3 /(Y3 —

max

(1)

o = ap = - p*(U° + 2) /27 - 1)

(2)

0 =0 =-pr(U° +2)/20° - 1)

oy = o, = pY3<U3 - 1)/(Y3 - 1) 3)
AC-324 STRESS INTENSITIES RESULTING FROM

EXTERNAL PRESSURE

(a) The average primary stress intensity in a spherical
shell resulting from external pressure is given by the equa-
tion:

Savg = 075p(Y* + 1) /(¥ = 1)
(b) The maximum value of the stress intensity in a

spherical shell resulting from external pressure occurs
at the inside surface and is given by the equation:

be evaluated independently. The stresses resulting
from all effects must be combined by superposition.
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= 15pY3 /(Y3 - 1)

Smax

NUTE. TTIe equatlOnsS I AU-525 dlld AL-52% IT1dy D€ USEd OIlly 11
the applied external pressure is less than the critical pressure
which would cause instability of the spherical shell. The value of
the critical pressure must be evaluated in accordance with the
rules given in Article RD-3.

AC-330 BENDING ANALYSIS FOR UNIFORMLY
DISTRIBUTED EDGE LOADS

(a) The equations in this paragraph describe the beha-
vior of partial spherical shells of the types shown in
Figure AC-310, when subjected to the action of meridional
bending moment M, (in.-lb/in. of circumference) and
forces H, (in.-1b/in. of circumference), uniformly distrib-
uted at the reference edge and acting at the mean radius of
the shell. The effects of all other loading must be evaluated
independently and combined by superposition.

(b) The equations listed in this paragraph become less
accurate and should be used with caution when R,,/t is
lessthan 10 and/or the opening angle limitations shown in
Figure AC-310 are exceeded.

AC-331 DISPLACEMENT, ROTATION, MOMENT,
AND MEMBRANE FORCE IN TERMS OF
LOADING CONDITIONS AT REFERENCE
EDGE

The displacement 6, rotation 8, bending moments\M,
and M,, and membrane forces N, and N, at any Jocation
of sphere are given in terms of the edge loads M,and H, by
the following equations:

2

——F(at a)e

i [cos (Aa) =vK sin(/la)]}

R, A (1)
+ H{ WI: ——A, sing), F(ata)e ~
X [cos (da + 7y .0 K sin(da + 7)1}
¥E
0 = M {R ~Eh Clata)e ~ ** cos (Aa)}
(2)
¥ H{ Ak A,singy Clata)e Aa
X cos (Aa + 7,)}
My = M{ C(ata)e %K cos (Aa) + sin (/10:)}
(3

+H{ 2k A, sin g C(ata)e ~

Ny = —MO{RZ—AICIC(ata)e_msin(/la)wt(% - a)}
X sin(da + 7))}
242 - Ja
Ny= M, R—le(ata)e
{cos (Aa) — (KIZ 2 sm(/la)]}
(5)

+ Ho{kile sin ¢, C(ata@)e ~ Aa

AC-332 DISPLACEMENT AND ROTATION OF
REFERENCE EDGE IN TERMS OF LOADING
CONDITIONS AT REFERENCE EDGE

(a)-At the reference edge a = 0, and ¢ = ¢,. The equa-
tions for the displacement and rotation (see AC-331)
simplify to those given below:

K+
2

y [cos(/la +a N (
sin(da + y)1}

2 . .
217 sin R, A sin
5, = M0—¢0 + Hy—" hl1, | @
Etky Et kK
3 242 sin
6 = Mt g2 @
R,,Etk; Etky

(b) Inthe case where the shell under consideration is a
full hemisphere, eqs. (a)(1) and (a)(2) above reduce to
those given below:

2

24 2R A

5. = M=~ —m (68
0 ° Et ° Et
3 2
4 24

O = M, R + H, ()
mEt Et

AC-333 PRINCIPAL STRESSES IN SPHERICAL
SHELLS RESULTING FROM EDGE LOADS

The principal stresses at the inside and outside surfaces
of a spherical shell at any location, resulting from edge
loads M, and H,, are given by the following equations:
N, oMy

T

o1 = of(ata) = €Y

X [Kjcos (Za + 7,) + sm(Za + 7,)I}
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6y = ofata) = — )

H,sin¢

M(x) = 5

£, (Px) + Mfy(Px) (5)

o3 = ofata) = 0 (3)

In these equations, where terms are preceded by a
double sign (%), the upper sign refers to the inside
surface of the shell and the lower sign refers to the
outside surface.

AC-340 ALTERNATEBENDING ANALYSISOFA
HEMISPHERICAL SHELL SUBJECTED
TO UNIFORMLY DISTRIBUTED EDGE
LOADS

If a less exacting but more expedient analysis of hemi-
spherical shells is required, equations derived for cylin-
drical shells may be used in a modified form. The equations
listed in this paragraph describe the behavior of a hemi-
spherical shell as approximated by a cylindrical shell of the
same radius and thickness when subjected to the action of
uniformly distributed edge loads M, and H,ata=0,x=0,
and ¢, =90 deg = /2 rad.

AC-341 DISPLACEMENT ROTATION, MOMENT,
AND SHEAR FORCES IN TERMS OF
LOADING CONDITIONS AT EDGE

@

5, = H,/26°D + M, /26D

6, Ho/ZﬁZD + M, /pD

H, sin® ¢
Topp A0

M, sin ¢

x (3)
A

S5(x) =

H, sin ¢
28%D

M,
0(x) = f3 (B -+ ﬁ—Dfl(ﬂx) )

Qx) = Hysingfy (Bx) — 2pMf, (Bx) (©)

where fj, f2, f3, and f; are defined in Article AC-2 and
Ry, = (/2 — $)R,,

X

AC-342 PRINCIPAL STRESSES IN A
HEMISPHERICAL SHELL DUE TO EDGE
LOADS

The principal stresses in a hemispherical*shell, due to
edgeloads M,and H,, at the inside and outside surfaces ofa
hemispherical shell at any meridionallocation, are given
by the equations:

o, = oplatx) = _£6M(atx) /> @)

6y = oy(atx) =, E5(x)/R,, * 1/6M(atx)/t2 @)

63 = ofatx) = 0 3)

In these €quations, where terms are preceded by a
double-sign (+), the upper sign refers to the inside
surface-of the hemisphere and the lower sign refers to
thetoutside surface.

AC-343 LAYERED SPHERICAL SHELL AND HEAD
FORMULAS

The equations developed for solid wall spherical shells
or heads as expressed in this Article may be applied to
layered spherical shells or heads provided that the
shell or head is constructed to prevent slip between
the layers in the area of discontinuity.
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ARTICLE AC-4
EXAMPLES OF STRESS ANALYSIS OF FLAT CIRCULAR HEADS

AC-400 SCOPE

(a) In this Article, equations are given for stresses and
displacements in flat circular plates used as heads for
pressure vessels.

(b) Equations are also given for stresses and displace-
ments in these heads due to forces and edge moments
uniformly distributed along the outer edge and uniformly
distributed over a circle on one face. The radius of this
circle is intended to match the mean radius of an adjoining
element such as a cylinder, cone, or spherical segment.

AC-410 NOMENCLATURE AND SIGN
CONVENTION

The symbols and sign conventions adopted in this
Article are defined as follows:

elastic modulus, psi

geometry constant given in Table AC-440.1
radial bending moment, in.-1b/in. of circumference
pressure, psi

radial force, Ib/in. of circumference

outside radius of plate, in.

radial distance from center of plate, in.
thickness of plate

thickness of connecting shellat the head junction,
in.

radial displacement,-in:

longitudinal distahce from midplane of plate, in.
rotation, rad

Poisson’s ratio

radial stress, psi

= tangeritial (circumferential) stress, psi
longitudinal stress, psi

+ 1 IOT X

V‘]‘P

O¢

Tensile-stresses are positive. The positive directions of
the.coordinates, radial forces, moments, and displace-
ments are shown in Figure AC-410. The pressure is
assumed to act on the surface where x = -t/2.

AC-420 PRESSURE AND EDGE LOADS ON
CIRCULAR FLAT PLATES

AC-421 PRESSURE LOADS ON SIMPLY
SUPPORTED FLAT PLATES

The principal stresses and deformations for a flat plate,
simply supported at its periphery and loaded in the
manner shown in Figure AC-421,"are given for a radial
location r at any point x.in\the cross section by the
following equations.

Radial bending stress

3
6, = p (x3) [(3 + v)(R2 - r2>] €3]
4t
Tangential ‘bending stress
3
b = pﬁg[(g + )R — (1 + 3v)r2] @)
4t
Longitudinal stress
_ o, L) 3)
Rotation of the midplane
3(1 -
0= - %[ﬁ(l +0) - RG + )| @
4t°E
Rotation of the midplane at the outer edge
3
0 = + pu(ﬁ) ©)
2E t
Radial displacement
w =+ (x)0 (6)

AC-422 EDGE LOADS ON FLAT PLATES

The principal stresses and deformations of a flat plate
subjected to uniformly distributed edge loads, as shown in
Figure AC-422, are given for radial location rat any point x
in the cross section by the following equations:

Radial and tangential stresses

Q _

“

12(x)M

&

In the following paragraphs equations are given for the
principal stress and the deformations of flat plates under
axisymmetric loading conditions.
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Rotation of the midplane

N = 12(1 - v)(r)M )

| +w

$)

Figure AC-421

Simple
Support

Figure AC-422

Et3

Radial displacement

(1 = ()

Et

(3)

Q + (w)o

AC-430 FLAT PLATE PRESSURE VESSEL
HEADS

Flat plates used as pressure vessel heads are attached to
avessel shell in the manner shown by the typical examples
in Figure AC-430.

Since the support conditions)yat the edge of the plate
depend upon the flexibility/of the adjoining shell, the
stress distribution in-the plate is influenced by the
shell thickness and geometry. The structure formed by
the head and the-shell may be analyzed according to
the principles~of discontinuity analysis described in
Article AC-¥. In‘the following paragraph equations are
given for the-quantities necessary to perform a disconti-
nuity analysis.

AC-=431 DISPLACEMENTS AND PRINCIPAL
STRESSES IN A FLAT HEAD

The head is assumed to be separated from the adjoining
shell element and under the action of the pressure load.

Figure AC-431 illustrates this condition. The effects of
the adjacent shell are represented by the pressure reac-
tion force, the discontinuity force Q, and the discontinuity
moment M. These act at the assumed junction point (a).
The pressure acts on the left-hand face over a circular area
defined by the inside radius of the adjacent shell. The
support point lies on this same face at the midradius
of the adjacent shell. The equations in this paragraph

Figure AC-430

. '
| ts
>+ X ] R P
¢ oy
i
l | { R
L —

|

T——
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Figure AC-431

(a) For aplate simply supported at point (a), the radial
stress o, for aradial location rless than (R - t,) at any point

o . g 4L dafs P} 4L
ATaUCto pProssSurcpacttrg-over—tarearca aciirea- oy - trc

(o)
/T\. M Support radius (R - t;) is given by the following equation:
Point (a) 2
}——‘—1 Reaction Force _ xp - 33 + v)r )
s [~ t(t / R)? 4R?
) ‘ : - (b) For these same conditions, the tangential stress o,
P — x R and the axial stress o, are given by the following equa-
( R—tg R—t, — tions:
. r
— xp 3(1 +,6v)r? @
I (e /R 2 aR*
S .
— <
6y = AN b (3
= )

are given in terms of the head dimensions R and t and
multiplying factors F; to F4. These factors reflect the
extent of the pressure area and the location of the junction
point. The numerical values for F; to F4 are given in Table
AC-440.1. These are functions of the ratio of the shell thick-
ness t, to the head radius R.

AC-431.1 Displacements of a Flat Head.

(a) Foraplate simply supported ata point (a), the rota-
tional displacement 8, and the radial displacement wg-0f
point (a) due to pressure p acting over the area defined
by the radius (R - t;) are given by the following
equations:

F

g, = _— (8]
? B /R
t
WP = — Egp (2)

(b) The rotational displacements 6 and the radial dis-
placement w of point (a)/due to a uniformly distributed
radial force Q and moment M acting at point (a) are given
by the following equations:

0O~ F — 25, G
ER(t / R)? ER*(t /R)?
2F; Fy
= + M )
3E(t /R) < ER(t / R)?

AC-431.2 Principal Stresses in a Flat Head. When the
values of the discontinuity force Q and the moment M have
been determined by a discontinuity analysis, the principal

stresses in g flat p]:\h—‘h can be calculated as follows:

(c) The radial stress g, and the tangential stress o, for
any radial location atany pointxin the cross section, due to
uniformly distributed radial force Q and a uniformly
distributed qioment M acting at point (a), are given by
the equatien:

Ky

O'r=6t=t

1 — @]Q _ i‘;,(x)M (4)
t t

AC-440 GEOMETRY CONSTANTS

The geometry constants F; through F, are functions of
Poisson’s ratio and t;/R. These are:

30 -n)(2-2)a- s -fa-H-v)

B

162
Bo=20-pHa -9 -7
+4(1 + v) |1 + 2(11122__2(]]}
Fy= 201 - 0@ - OB - f& — HA — )]
Bo= <18 - fG = O = )

In these expressions
f=1t/R

Table AC-440.1 lists these functions for various values
oft;/R. These tabular values have been computed using 0.3
for Poisson’s ratio.
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AC-450 STRESS INTENSITIES IN A FLAT
PLATE

t;/R Fy F; F3 Fy

0.00 1.0500 2.4750 4.2000 1.0000
0.02 1.0113 2.4149 4.1290 0.9930
0.04 0.9730 2.3547 4.0589 0.9861
0.06 0.9350 2.2943 3.9897 0.9793
0.08 0.8975 2.2339 3.9214 0.9726
0.10 0.8604 2.1734 3.8538 0.9659
0.12 0.8238 2.1129 3.7872 0.9593
0.14 0.7878 2.0524 3.7213 0.9527
0.16 0.7523 1.9920 3.6563 0.9462
0.18 0.7174 1.9316 3.5920 0.9398
0.20 0.6831 1.8713 3.5286 0.9335

The principal stresses due to pressure p, discontinuity
force Q, discontinuity moment M, and other coincident
loadings should be combined algebraically and the
stress differences determined according to the proce-
dures of RD-1182. The calculated stress intensity
values should not exceed the allowable values given-in
RD-1187.
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NONMANDATORY APPENDIX AD
LAMINATE THEORY

AD-100 SCOPE

Laminate theory is defined as a mathematical treatment
of the mechanics governing the behavior of a unidirec-
tional orthotropic lamina, and the interrelation
between multiple lamina as they act together to form a
multidirectional laminate. As addressed in this Appendix,
laminate theory shall be used to:

(a) determine the in-plane and flexural modulus
components that define the stress-strain and moment-
curvature relationships for laminates;

(b) examine the strength of the laminate based on the
strain state of individual lamina reacting to imposed
moment and stress resultants;

(c) determine the effective engineering constants of the
laminates.

As an illustrative example, a twelve ply laminate, having
the lamina properties, ply orientation, stacking sequence,
and imposed loads shown in Figure AD4500, shall be exam-
ined.

AD-200 STANDARD NQOTATION

The following conventions are observed for ply
numbering and reference axis.

AD-201 LOCATION AND NUMBERING OF PLIES

A multidirectional general laminate is represented
diagrammatically in Figure AD-201. Ply numbering is
from Z= ~h/2 to Z = h/2, with ply No. 1 at the bottom.

AD-<202 REFERENCE AXIS

Coordinate reference axis designation is illustrated in
Figure AD-202.

Figure AD-201

A

on
On-1
p4
{ Upper surface
]
P4 t V]
h/2 N-1 Ply No. k : k k —
Lower surface
y VvV __a— Midplane oM +1 > 1
A A A
l— Core (zero stiffness)
-hi2 |z, om
2o
92
- —
v Ply No. 1 04
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Figure AD-202
Reference Coordinates

AD-400 LAMINA (PLY) PROPERTIES

Laminate theory as applied in this Section requires that

2

A

GENERAL NOTES:
(a) x, y are on-axis coordinates.
(b) 1, 2 are laminate (off-axis) coordinates.

on-axis: refers to the principal orientation of the fibers ofa
specific laminate and is referenced as the x-y axis: x being
parallel to the fibers, y being transverse to the fibers.

off-axis: refers to the principal material axis of the laminate
and is referenced as the 1-2 axis. As referenced in this
Appendix, the 1 axis is the vessel or nozzle longitudinal
axis, and the 2 axis is the hoop or circumferential axis.

AD-300 BASIC ASSUMPTIONS

In the application of laminate theory as use@in this
Section, certain assumptions are made:

(a) interlaminar or transverse shear is not addressed;

(b) laminate stress resultants and moment resultants
are taken as averages of ply stresses.across the thickness
of the laminate;

(c) ply stress is based on hemogeneity within each ply
where the fiber and matrix are'not recognized as distinct
phases;

(d) the laminate istassumed to consist of perfectly
bonded lamina, i.e.,)displacements are continuous
across laminate beundaries and no lamina slips relative
to another;

(e) singe\the stress distribution across a multidirec-
tional laminate is not constant due to the variation in
ply miédulus, the stress-strain relationship is defined
in tepms of an average stress.

AD-310 NOMENCLATURE
Refer to Article RD-12.

four elastic constants and five strength constants be deter-
mined for the orthotropic lamina. The strength constants
shall be determined by the appropriate ASTM standard
listed in Article RT-7. The elastic constants shall be deter-
mined in accordance with Article RT-7 or Nonmandatory
Appendix AK. For the illustrative example, they shall be
assumed to be as shown in Table AD-500.
(a) Elastic constants required are:

longitudinal shear modulus
longitudinal tensile modulus
transverse tensile modulus
longitudinal Poisson’s ratia

M S

(b) Strength constants required are:

S = longitudinal shear strength

X = longitudinal tensile strength

X. = longitudinal ‘compressive strength
Y = transverse/tensile strength

Y. = transyerseé compressive strength

(c) Physical constants required are:

h, =(laminate thickness
tp = thickness of each layer
Z, = distance from laminate midplane to ply surface

AD-500 ILLUSTRATIVE EXAMPLE

Figure AD-500 and Table AD-500 describe a general
laminate, with core, to be used for this example.

The loads applied to the laminate are taken to be the
equivalent of a 50 psi internal pressure on a 30 in. inside
diameter cylindrical shell.

Stress Resultants Moment Resultants

N, = 375 Ib/in. My =0
Nz =750 lb/ln M2 =0
Ng=0 Mg =10

AD-501 DETERMINATION OF STIFFNESS MATRIX

The modulus components that define the stress-strain
and moment-curvature relationships for a general lami-
nate are expressed in general terms as follows:

a5 = [ad (M
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Figure AD-500

L£12
072 = + 75 deg Z”A[
091 =~ 75 deg Z10
849=+15d
h/2=0.120in. 10 * Z9
6g=-15deg Zg
6g =+ 45deg Z7
67 = - 45 deg ¥
Zg .
? 66 = - 45 deg i 6 Midplane
Z
0g = + 45 deg 5
h/2= 0.120in. 24
64 =-15deg z
3
0.020 in. 03 =+ 15 deg z,
f 69 =~76 deg z
69 =+ 75 deg _‘LZ !
0
Table AD-500 Qe = B/ (1 = uwy) = 0438 x 10°psi (g)
Assumed Lamina Elastic and Strength Properties
Property Assumed Value — — 6 i )
- oo — Qxy ny 0.438 X 10" psi
" . x 10” psi
E, 1.525 x 10° psi p ®
E, 0.439 x 10° psi Q, = E; = 0439 X 10 psi
Vs 0.281 L
. 0,020 in AD-501.2 Determination of Transformed Modulus
; 1'19 000' . Components. Based on the orientation of each ply, calcu-
0 0’00 p_ late the transformed modulus components of each lamina
Y 10,000 psi ¢ using the transformation equations shown below and the
Xe 119,000 psj on-axis modulus components determined in AD-501.1.
Ye 10,000,psi The transformed modulus components in terms of their
S 5,220 psi power functions and on-axis components are shown
v, [Note (1)] 0:084 below.
NOTE: (1) v, = Eyvy/Ex _ 4 . 4 252
v Qpp = Q,c080 + nysmﬁ + ZQxycos 6 sin“0
+ 4stcos2 0 sin” 0
Q, = Q,,cos”0sin”0 + ny cos” @ sin” 6
The followihgoutline may be used to solve for the inte- +Q (COS4 0 + sin46) — 4Q_cos® O sin%0
grals and détermine the modulus components of an aniso- 4 Ss
tropic laminate from the orthotropic properties,
oriexitation, and stacking sequence of the individual Qs = Q. 020 sin@ — Q, cos O sin> O

lamina.

AD-501.1 Determine On-Axis Modulus Components of
the Lamina. From the lamina elastic constants:

Qx Ex/(l - vxvy>

= 5223 x 10%psi

+ Qxy (cos Osinc0 — cos® O sin 9)

+2Q (cos Osin’0 — cos® O sin 9)

Q1 = Qy

= 1561 x 10%psi (5

Qy = E)'/(l - va)’)
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_ . 4 4 2962
Qyy = Q,,sin'd + nycos 0+ ZQxycos Osin”0

1 . .
Qg = Euzsm2€ + pysin4d

(16)
+4O”c03293in29 — 00083 x mépc;
Qs = Quu cos@sin’ 0 — ny cos’ 6 sin 0 Qy = Qpp = 0.698 X 106psi a7
+Q, (cos393in9 — cos@ sin39)
4 Qyy = My — Hyc0s20 + pjcosdl
+2Q (cos305in0 — cosf sin30) 6 (18)
= 472 x 10°psi
Q1 = Qg 1 _
Qy = SH sin20 — pysin4d (19)
L2 = Qe = 0907 x 10%psi
_ 2.2 2.2
Qg = Q, cos“Osin”6 + ny cos” @ sin” 0 Qg = Qg = 0.0083 ' 106psi (20)
2.2
- 2Qxy cos” @ sin” 60 )
— — ; 21
raQ, (c052 0 — sin 9) Qg = Qu¢ = 0907 x 10°psi 21
However, by the substitutions of certain trigonometric Qe = Hg ~~Hizcos4d = 0.698 X 106psi (22)

identities, multiple angle functions can be developed that
offer certain advantages in the calculations. These will be
used in the illustrative example:

%(SQW +3Q, + 2, + 4QSS>

H

The transforiied modulus components for all 12 plies
are determined in similar fashion and listed in
Table AD-501.

©) AD-501.3 Determination of In-Plane Modulus
= 287 X 106psi Components. The in-plane modulus components A;
that couple stress to strain are determined from an arith-
1 6 . . metic summation of the off-axis modulus of each lamina as
Hy = E(Qxx - ny) = 183 X 107psi a9 a function of the distance of each lamina from the laminate
midplane.
_ l _ _ A = Z(Qn) (Zk - Z 1)
Hy = S(Qxx +Q, — 2Q, 4st) an - Q) (kz _ 2
= 0518 x 10%psi 1Wort™ = =0 (23)
+(Q11)02(Z2 - Z) + ...
1 + Qo (%12 — Z11)
My = §(Qxx +Q, +6Q,, — 4Q55) 12)
6/
= 0957 x 10°pki A= 2 (Qy) (Z = Z 1) = 690 x 10°Ib/in.
1
- 1 _ Su s
Hs = S(Qxx +Q, - 2Q, + 4st) (13) A = Z(Qu)k (Zx = Zx — 1) = 230 x 10°Ib/in.
= 0057 x 10°psi
Ag = 2 Qe (% = Z—p) = 0
The substitution of the trigonometric identities into the
transfermation relations yields the following values for s
plyNG. 1. Ay = 2 (Q) (Z = Z—1) = 230 X 10°Ib /in,
Qi1 = My + pycos20 + pgcosdd
(14) _ _ _ Su g
= 1ss x 108psi Ay = 2 (Q) (% — Z— 1) = 690 x 10°Ib/in.
6 cary A = N(0 )\ (7 Z ) — 0
Q, = My — Hzcosdd = 0.698 X 107 psi S 20 AR A k=1
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Table AD-501
Transformed Modulus Components, 10° psi

Ply No. Q11 Q12 Q16 Q21 Q22 Q26 Q61 Qe Qee
1 1.547 0.698 0.0083 0.698 4.718 0.907 0.0083 0.907 0.698
2 1.547 0.698 -0.0083 0.698 4.718 -0.907 -0.0083 -0.907 0.698
3 4.718 0.698 0.907 0.698 1.547 0.0083 0.907 0.0083 0.698
4 4.718 0.698 -0.907 0.698 1.547 -0.0083 -0.907 -0.0083 0.698
5 2.354 1.476 0.915 1.476 2.354 0.915 0.915 0.915 1476
6 2.354 1.476 -0.915 1.476 2.354 -0.915 -0.915 -0.915 1476
7 2.354 1.476 -0.915 1.476 2.354 -0.915 -0.915 -0.915 1.476
8 2.354 1.476 0.915 1.476 2.354 0.915 0.915 0.915 1.476
9 4.718 0.698 -0.907 0.698 1.547 -0.0083 -0.907 -0,0083 0.698
10 4.718 0.698 0.907 0.698 1.547 0.0083 0.907 0.0083 0.698
11 1.547 0.698 -0.0083 0.698 4718 -0.907 -0.0083 -0.907 0.698
12 1.547 0.698 0.0083 0.698 4,718 0.907 0.0083 0.907 0.698
A6 = 2 Q) (% — Z—1) = 0 By, = ~ YW@, (2 - 22 = 0lb
6V 22 = 3 Q) (Zk k-1) =
Ay = 2. Qe (Z — Z—1) = 0 1 2 2
k By65 5 Y (Q), (Zk = Zk - 1) = 0bb
S .
Ass = D, (Qee), (Zk = Zx— 1) = 230 x 10°1b/in. . ) )
Ber = 7 Y Qe (Zk - Zi - 1) = 0lb
AD-501.4 Determination of Coupling Modulus
Components. The coupling modulus components By L
that couple moment to strain and stress to curvaturé Bgy = 3 Z (Qéz)k (Z;f - Z,%_ 1) = 0lb
are determined from a summation of the off-axis
modulus of the individual lamina as a function\of the
: : : 2 2
square of the distance of the lamina from theMaminate Bgg = — Z (Qéé)k (Zk - Zi _ 1) = 0lb

midplane.

1 2 2 AD-501.5 Determination of Flexural Modulus
By1= — Zii — Zj; =
1 2 Z(Qll)k( k K 1) Components. The flexural modulus components D;
1 2 ) that couple moments to curvature are determined
~ (@, (28 +20) . ; term!
2 11791 \“1 0 24) from a summation of the off-axis modulus of the individual
& ) lamina as a function of the cube of the distance of the
+ (Qll)gz (Zz - Zl) + .. lamina from the laminate midplane.
-1 3 _ 43
+ (g (72 - 711) D= X Q) (8 -2
1 3 3
= _[(Qll)gl(zl - ZO)
B —lz:(Q)(Zz—z2 )—olb ’ (25)
1O W\ = %=1 + Qg (73 - 7)) +
3 3
1 2 2 + (Q ) Ziy — 713 ]
B = > Z (Qp), (Zk - Zi 1) = 0lb 11 912( )
1 ) ) Dy = 5 T (@ - 2_,)
Bis = 2 2 (), (Zk - Z - 1) = 0b 3 \
= 276 X 107 Ib-in.
B —lv(n\/7,2_7,2_\—mk I
R S Do = 5 QLB - B )

838 x 10%Ib-in.
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3 2% - 2 )

— 113 102 1hin

S
(o)}
I

%
Ags

Agg/h = 9.58 x 10%psi

Dy = éZ(Qm)k (Zf - Zp_ 1)

= 838 x 10%Ib-in.

Dy = §Z<Q22)k (Z,f -z 1)

= 439 X 10°Ib-in.

Dy = 3 Z(Qe)y (B - 2 )

= 175 X 10Ib-in.

Do = 3 Z(Qa) (2 - 2 _ 1)

= 118 X 10%Ib-in.

Dy = é 2 (Qe), (2 -2 _))

= 175 X 10°Ib-in.

* 2311/]’12 =0

sl
=
=

I

Biy* = 2By, /i =0
B = 2 _
16 = 2B/ =0
By¥ = 2B, /W =
21 = 2By /K" =0
By,* = 2By, /W =
22" = 2By /K =0
Bye* = 2B, [HESEL 0
26 = 2Bye [H0=
Be¥ = 2BS /K = 0
61 = 2Bg1 /M =
Beol = 2Ber /K = 0
62, = 2Bgy /h° =

Bgs™ = 2Bgg /1

Il
o

1 3 6.
Des = 3 X (Qgq), (22 - 22 _ ) Di* = 12Dy /K = 240 x 10%psi
= 838 x 10%Ib-in. ; S
Dyy* = 12Dy, /K = 727 X 10°psi
AD-502 NORMALIZED MODULUS COMPONENTS
Itis often convenient to work with normalized units.For D" = 12D16/h3 = 1.02 X 105psi
this example, the stiffness matrix, stress resultants, and
moment resultants will be normalized. (Superscript * Do = 12Da: /1 = 727 105 bsi
denotes normalized unit. 21~ 2/ =727 X pst
& .
A" = Ay /h = 287 x-10
11 1/ pst Dy = 12Dy /1 = 381 x 10%psi
AR = Ap /h =958 X 10°psi
12 12/ pst Dys* = 12Dy /1> = 1.52 x 10°psi
A" = Ag/h =0
16 16/ Dg;* = 12Dg; /1 = 1.02 x 10°psi
Ayt 2 A /h = 958 X 107 psi
2] 2/ P Dgy* = 12Dgy /B> = 1.52 x 10°psi
6 .
Ary* = Ay /h = 287 x 10°psi
2 2/ P Dgg* = 12Dgg /B> = 727 x 10°psi
Ay = Ayg/h = 0 .
26 26 / N* = Nj/h = 1,562psi
Agl" = Ag1/h =0
61 61/ Ny = Ny /h = 3,125psi
Agy” = Ae/h =0
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Figure AD-503

-1
§ = (D — BATIB)

€ k; €* k¥
W, 4, B, N A3 B}
M; B; Dy M¥ 3B} D}

(b) Normalized
Stiffness Matrix

(a) Stiffness Matrix

=
|

* = Ml/(hz/é) =0

|
=}

Mt = My /(K /6) =

|
o

Mg* = Mg/ (W /6) =

AD-503 STIFFNESS MATRIX FORMAT

The stiffness matrix will take one of the formats shown
in Figure AD-503, depending on whether the matrix is
normalized or not.

AD-504 DETERMINATION OF COMPLIANCE

Compliance is the reciprocal of modulus and is obtaihed
from a matrix inversion of the stiffness matrix. The.matrix
inversion is best done using a digital computer, but
complies with the following inversion process.

In-plane compliance

_ _ N1
a =A""+ A7'B(D - BAZ!B) BA™!
Coupling compliance
_ I
g =— ATIB@® = BA™B) Ba”!

Flexural compliance

Figure AD-505

N; M; N* M
0 0
€ @ BU € * au* /33'1*
T * *T *
k; By 8; kj Bj 8;

AD=-505"COMPLIANCE MATRIX FORMAT

The compliance matrix will take one of the formats
shown in Figure AD-505, depending on whether the
matrix is normalized or not.

AD-506 MATRICES FOR ILLUSTRATIVE EXAMPLE

The complete stiffness and compliance matriees for the
illustrative example are listed in Table AD-506.

AD-507 STRAIN ANALYSIS

It is necessary to determine beth{ on-axis and off-axis
interlaminar strains resulting fromvimposed loads on the
laminate. Begin by assuming'a linear strain variation
across the laminate thickness and calculate the off-axis
strains at the lower and™upper surface of each ply. On-
axis strains at theply-surfaces are then determined
from the off-axis-strains using the transformation rela-
tions.

AD-507.)- Determination of Off-Axis Strains. From the
normalized compliance matrix, determine the laminate
strains and curvatures resulting from the imposed
loads. (The choice of compliance or normalized compli-
ance is the designer’s option.)

0, _ Ky % kay % gy ¥
€ * = allNl +a12 N2 +016N6

+ gﬂn* M+ gﬁm M+ gﬂlé Mg
= 0.000204
620* = a21*N1* + (122*N2* + azé*Né*
1, 1 I 1 I 27
+§ﬂ21* Ml* + Eﬂzz* MZ* + gﬁ26* Mé* (27)
= 0.001019
€60* = aél*Nl* + aéz*Nz* + 0’66*N6*
| — 1, L J— 28
+§ﬁ61* Ml* + gﬁéz* Mz* + gﬂéé* Mé* (28)
= 00
* A A A
kl = ﬁll Ni© o+ ﬂlz N+ ﬂ16 Ng (29)
= 00
T T T
k™ = By N+ Bt N+ Byt N (30)

(a) Compliance Matrix (b) Normalized

Compliance Matrix

- [VAY



https://asmenormdoc.com/api2/?name=ASME BPVC.X (ASME BPVC Section 10) 2023.pdf

ASME BPVC.X-2023

Table AD-506
Matrices for Illustrative Example

Normalized Stiffness Matrix, psi

A* B*
3B* D*

2.874 E+06 9.578 E+05 0.000 E+00 7.830 E-10 2.711 E-10 2.823 E-18

9.578 E+05 2.874 E+06 0.000 E+00 2.711 E-10 7.228 E-10 -1.506 E-11

0.000 E+00 0.000 E+00 9.579 E+05 2.823 E-12 -1.506 E-11 2.485 E-10

2.349 E-09 8.132 E-10 8.470 E-18 2.400 E+06 7.272 E+05 1.022 E+05

8.132 E-10 2.168 E-09 -4.518 E-11 7.272 E+05 3.809 E+06 1.521 E+05

8.470 E-12 -4.518 E-11 7.454 E-10 1.022 E+05 1.521 E+05 7273-E+05

Normalized Compliance Matrix, 1/psi
a* 1/3ﬁ*
B+ 5*

3.915 E-07 -1.305 E-07 -2.297 E-39 -3.976 E-23 6.424 E-24 3.341 E-24
-1.305 E-07 3.915 E-07 -6.279 E-39 6.173 E-24 -2.311 E=23 6.668 E-24
-1.546 E-39 -6.466 E-39 1.044 E-06 3.020 E-24 5.610\E-24 -1.205 E-22
-1.192 E-22 1.933 E-23 8.485 E-24 4.438 E-07 -8:292 E-08 -4.500 E-08

1.850 E-23 -6.935 E-23 2.052 E-23 -8.292 E-08 2.802 E-07 -4.696 E-08

1.037 E-23 1.659 E-23 -3.616 E-22 -4.500 E-08 -4.696 E-08 1.391 E-06

Stiffness Matrix
A (Ib/in) B (Ib)
B (Ib) D-(Ib-in.)

6.897 E+05 2.299 E+05 0.000 E+00 2255E-11 7.806 E-12 8.132 E-20

2.299 E+05 6.897 E+05 0.000 E+00 7.806 E-12 2.082 E-11 -4.337 E-13

0.000 E+00 0.000 E+00 2.299 E+05 8.132 E-14 -4.337 E-13 7.156 E-12

2.255 E-11 7.806 E-12 8.132 E-20 2.764 E+03 8.377 E+02 1.177 E+02

7.806 E-12 2.082 E-11 -4.337 E-13 8.377 E+02 4.388 E+03 1.752 E+02

8.132 E-14 -4.337 E-13 7.156 E<12 1.177 E+02 1.752 E+02 8.378 E+02

Compliance Matrix
a (in./1b) B (1/1b)
BT (1/b) § (1/Ib-in.)

1.631 E-06 -5.437 E-07 -2.871 E-38 -1.242 E-20 2.008 E-21 1.044 E-21
-5.437 E-07 1.631 E-06 -7.848 E-38 1.929 E-21 -7.223 E-21 2.084 E-21
-1.932 E-38 -8.083 E~38 4.350 E-06 9.437 E-22 1.753 E-21 -3.765 E-20
-1.242 E-20 2.013E=21 8.838 E-22 3.852 E-04 -7.198 E-05 -3.906 E-05

1.927 E-21 -7.224)E-21 2.137 E-21 -7.198 E-05 2.433 E-04 -4.076 E-05

1.080 E-21 1.728 E-21 -3.766 E-20 -3.906 E-05 -4.076 E-05 1.208 E-03
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Table AD-507.2
Off-Axis Mechanical Strain

Lower Ply Surface Upper Ply Surface
Ply No. & & &6 & & &6
1 2.04 E-04 1.02 E-03 -0.19 E-09 2.04 E-04 1.02 E-03 -0.17 E-09
2 2.04 E-04 1.02 E-03 -0.17 E-09 2.04 E-04 1.02 E-03 -0.14 E-09
3 2.04 E-04 1.02 E-03 -0.14 E-09 2.04 E-04 1.02 E-03 -0.11 E-09
4 2.04 E-04 1.02 E-03 -0.11 E-09 2.04 E-04 1.02 E-03 -0.80 E<10
5 2.04 E-04 1.02 E-03 -0.80 E-10 2.04 E-04 1.02 E-03 -0.51E-10
6 2.04 E-04 1.02 E-03 -0.51 E-10 2.04 E-04 1.02 E-03 -0:23 E-10
7 2.04 E-04 1.02 E-03 -0.23 E-10 2.04 E-04 1.02 E-03 5.88 E-12
8 2.04 E-04 1.02 E-03 5.88 E-12 2.04 E-04 1.02 E-03 3.44 E-11
9 2.04 E-04 1.02 E-03 3.44 E-11 2.04 E-04 1.02 E-03 6.29 E-11
10 2.04 E-04 1.02 E-03 6.26 E-11 2.04 E-04 1.02,E-03 9.14 E-11
11 2.04 E-04 1.02 E-03 9.14 E-11 2.04 E-04 1.02 E=03 1.20 E-10
12 2.04 E-04 1.02 E-03 1.20 E-10 2.04 E-04 1,02 E-03 1.48 E-10
ket = ﬁm*TNl* + ﬂéz*TNZ* " ﬁéé*TNé* € = 62—6(2 c0s20) — 612762(2 sin 20) (38)
+ 861" M" + 562" My" + 856 Mg (1)
- 00 For the\lower surface of ply No. 1:

AD-507.2 Off-Axis Mechanical Strains. For each ply,
determine the longitudinal, transverse, and shear
strains at both lower and upper surfaces of the ply in
accordance with the general equation:

€ = el-o* + Zk* i = 1,2,6 32)
where Z is the distance from the laminate midplane to the
ply surface in question, divided by the midplane dimen-
sion.

For the lower surface of ply No. 1:

6 = % + Zk™ = 0000204 (33)
6 = &% + Zk¥= 0001019 (34)
€g = 660* + Zkg" = 00 (35)

For all 12 plies/ the off-axis mechanical strains are as
shown in Table’ AD-507.2.

AD-507:3" On-Axis Mechanical Strains. From the off-
axisStrains and the transformation relationships, deter-
mine'the longitudinal, transverse, and shear strains at
bath lower and upper surfaces in accordance with the
general equations:

€; = 0.000965
€, = 0.000259
e, = 0.000408

For all 12 plies, the on-axis mechanical strains are as
shown in Table AD-507.3.

AD-508 STRENGTH ANALYSIS

The strength of the laminate will be examined in terms
of the quadratic criterion in strain space. The laminate
could also be examined in terms of the quadratic criterion
in stress space, but that is not included in this example.

AD-508.1 Quadratic Criterion in Strain Space. The
failure criterion in strain space is:

Gijeiej + Giei -1 =0 (39)

Expanding this for mechanical strain only yields:

2 2 2
Gua€x T Guyex€y + Gyaes€y + Gy + Gt

+Gyex + Gyey, — 1 =0

(40)

where
g + € € — € €,
€x 1 2 4 4 2(cos2t9) + —6(sin26’) (36)
2 2 2 o - N
ss = F«;SQSS
6 = T2 - T T(eos20) + “(sm20) GN) xR TOU

G = 2 2
™7 BaQua T ByQuaQun + FuQuQu + FyQy,
ny =F xexexy + F nyxeyy + F nynyyx + F nynyyy
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Table AD-507.3
On-Axis Mechanical Strain

Lower Ply Surface Upper Ply Surface
Ply No. Ex g, & Ex g, &s
1 9.65 E-04 2.59 E-04 4.08 E-04 9.65 E-04 2.59 E-04 4.08 E-04
2 9.65 E-04 2.59 E-04 -0.41 E-03 9.65 E-04 2.59 E-04 -0.41 E-03
3 2.59 E-04 9.65 E-04 4.08 E-04 2.59 E-04 9.65 E-04 4.08 E-04
4 2.59 E-04 9.65 E-04 -0.41 E-03 2.59 E-04 9.65 E-04 -0.41 E-03
5 6.12 E-04 6.12 E-04 8.16 E-04 6.12 E-04 6.12 E-04 8.16 E-0%4
6 6.12 E-04 6.12 E-04 -0.82 E-03 6.12 E-04 6.12 E-04 -0.82 E=03
7 6.12 E-04 6.12 E-04 -0.82 E-03 6.12 E-04 6.12 E-04 ~0.827E-03
8 6.12 E-04 6.12 E-04 8.16 E-04 6.12 E-04 6.12 E-04 816 E-04
9 2.59 E-04 9.65 E-04 -0.41 E-03 2.59 E-04 9.65 E-04 -0.41 E-03
10 2.59 E-04 9.65 E-04 4.08 E-04 2.59 E-04 9.65 E-04 4.08 E-04
11 9.65 E-04 2.59 E-04 -0.41 E-03 9.65 E-04 2.59 E-04 -0.41 E-03
12 9.65 E-04 2.59 E-04 4.08 E-04 9.65 E-04 2.59.Ey04 4.08 E-04
Gy, = FQy + FQy

G

Xy
= 2 2

where the Qs are the on-axis modulus components of the
lamina as determined in AD-501.1 and the F terms are
from the tested strength constants of the lamina:

F 1/ XX,

XX

FJ’)’

5
ny = ny\/FxxPyy

YY,

(4

1/

where F;} is taken to be -0.5;
Fy = 1/8°
Fp = Fy
Fr=1 _ 1
X X,
B=1_ 1
Y e

and where ¢,, €, and are the on-axis longitudinal, trans-
verse, and shear strains at the lower and upper surfaces of
each ply:

Equation (40) can be solved using the root of the quad-
ratic\equation

AR* + BR + C = 0

= 2 2 2
Gux€x T _Giu€x€y + Gpaex€y + Gpey + Giees

Gyex + Gygg
-1

B
C

Solve“for the positive root only. For the illustrative
example:

Fs = 0.3669 x 1077

F,=0

Fy = 0.7062 x 107*°

Fy, = -0.4202 x 107°

Fy* = -0.5

F, =0

F,, = 0.1 x 1077

Gss = 7,072.75

Gy =0

G = 1,926.43

Gy = 3,508.02

G, =0

Gyx = 3,508.02

G,y = 23,832.2

For the lower surface of ply No. 1:
A = Gxxex2 + nyexey + nyexey + nye)% + Gsses2

1,926.43(9.65 x 10‘4)2 + 2(3,508.02)(9.65 x 10‘4)

x(2.59 x 10‘4) + 23,832(2.59 x 10‘4)2

42
and +7, 072(4.08 % 10 )
R_ ~B% VB® — 4AC = 0.00632
— ZA
B = Ge, + Ge, =0
where XX pans
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C=-1 U1 = (112*/(122* = 0.333
Longitudinal flexural modulus
R — B + +B® — 4AC
= A Ef, = 1/8," = 2253 x 10°psi

_ 0+ /0 — 4(0.00632)( — 1)

= 12,6
2(0.00632)

Failure occurs when R = 1. A strength ratio of 12.6 indi-
cates a safety margin of 12.6 times.

Strength ratios R at the lower and upper surfaces of all
12 plies are listed below.

Ply No. Lower Upper
1 1.26 E+01 1.26 E+01
2 1.26 E+01 1.26 E+01
3 6.29 E+00 6.29 E+00
4 6.29 E+00 6.29 E+00
5 7.68 E+00 7.68 E+00
6 7.68 E+00 7.68 E+00
7 7.68 E+00 7.68 E+00
8 7.68 E+00 7.68 E+00

6.29 E+00 6.29 E+00
10 6.29 E+00 6.29 E+00
11 1.26 E+01 1.26 E+01
12 1.26 E+01 1.26 E+01

AD-509 EFFECTIVE ENGINEERING CONSTANTS

The effective engineering constants for laminate'may be
written in terms of the components of normalized compli-
ance. Note that the stiffness properties ofian'asymmetric
laminate may be difficult to determineiexperimentally,
due to the bending-extensional ¢eupling, and should
notbe improperly used. The equations below are for prop-
erties in the off-axis (1-2) refererice coordinates. If effec-
tive elastic properties in other orientations are desired,
the transformation relationship will have to be employed.

Effective longitudinal tensile modulus

By =ifay" = 2554 x 10°psi
Effective-transverse tensile modulus

Ey = 1/ap* = 2.554 x 10%psi
Effective shear modulus

Eg = 1/ag" = 0957 x 10°psi

Longitudinal Poisson’s ratio

U1 = alz*/an* = 0.333

Transverse flexural modulus

Ef, = 1/65" = 3.568 x 10°psi

AD-510 STRAIN-SPACE FAILURE ENVELOPES

If desired, the laminate may be examined in terms of
overlapping failure envelopes. To accomplish this, it is
necessary to transform the quadraticstrength parameter
of AD-508 to the on-axis orientation of the plies to be
examined. This transformation ‘€an be accomplished
using a procedure similar\to”the transformation of
modulus components.

Multiple angle functions in terms of the quadratic
strength parameterlare calculated:

1
Un = 5 (364 3G, + 26, + 4G,) = 140729
1
Uy, = ;(Gxx ~ Gyy) = — 109529
1
Uss = < (Gu + Gy — 2Gy — 4Gy) = — 11935

1
Uy = g(Gxx + Gy + 6Gy — 4Gy) = 231447

1
Usg = E(Gxx + Gy = 26y + 4Gg) = 5879.19

Transformation of the quadratic strength parameters in
strain space in multiple angle functions is accomplished
by:

G11 = Upp + Upycos 20 + U33 cos 40

G12 = U44 - U33COS49
G16 = %UZZ sin 26 + U33 sin49

Gy = Gpp

G22 = Ull - U22 cos 260 + U33COS49

1
G26 = EUZZ sin 29 - U33 sin 49

Transverse Poisson’s ratio
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Gep = Gy6

To determine the coordinates for the strain-space
envelope for a particular ply orientation, assume

N | =

L 40
UIFTCOSTU

pal L
Y66 T Y85

= %(Gx + Gy) + I/Z(Gx — Gy)COSZH

(6 + G,) = 1/2(Gy - G))cos20

1 £ oail pa 1 laotodl e pa
varadCSOTCTUTCT T OT C aIra CarcuratC e poSIav e aIra IIcga

tive values of the corresponding strain from the equation

G11€12 + 2Gpe6 + G22€22 + Gig + Gpeg — 1 =0

using the quadratic equation as in AD-508.

For the illustrative example, strain-space envelopes are
calculated for ply orientations of 75 deg, 15 deg, and‘45
deg. Values of longitudinal strengths were assumed, and
the positive and negative roots of the quadratic’equa-
tion, +€, and -¢,, were calculated.

The coordinates for each orientation.are shown in
Table AD-510, and the failure eny€lope plots are
shown in Figure AD-510.
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Table AD-510

Strain-Space Envelope Coordinates

Off-Axis Angle

STRx

STR1y

STR2y

75
75
75
75
75

75
75
75
75
75

75
75
75
75
75

75
75
75
75
75
75

15
15
15
15
15

15
15
15
15
15

15
15
15
15
15

15
15
15

0.001
0.002
0.003
0.004
0.005

0.006

0.0061
0.0062
0.0063
0.0064

0.0065
0.0066
0.0067
0.0068
0.0069

-0.001
-0.002
-0.003
-0.004
-0.005
-0.006

0.001
0.002
0.003
0.004
0.005

0.006
0.007
0.008
0.009
0.01

0.011
0.012
0.013
0.014
0.015

0.016
0.0161
0.0162

0.149346 E-01
0.136969 E-01
0.01208

0.100063 E-01
0.730893 E-02

0.353535 E-02
0.305251 E-02
0.253858 E-02
0.198726 E-02
0.138975 E-02

0.732755 E-03
-0.533163 E-05
-0.864546 E-03
-0.193794 E£02
-0.362526"E~02

0163937 E-01
0166149 E-01
0.164572 E-01
0.158425 E-01
0.146042 E-01
0.122896 E-01

0.646058 E-02
0.629778 E-02
0.611052 E-02
0.589812 E-02
0.565956 E-02

0.539339 E-02
0.050977 E-01
0.047699 E-01
0.044065 E-01
0.040027 E-01

0.355174 E-02
0.304356 E-02
0.246227 E-02
0.177994 E-02
0.937895 E-03

-0.246854 E-03
-0.407783 E-03
-0.584638 E-03

-0.163937 E-01
-0.166149 E-01
-0.164572 E-01
-0.158425 E-01
-0.146042 E-01

-0.122896 E501
-0.119527E-01
-0.115847 E-01
<0.111793 E-01
=0.107277 E-01

-0.102166 E-01
-0.962438 E-02
-0.891106 E-02
-0.798358 E-02
-0.644216 E-02

-0.149346 E-01
-0.136969 E-01
-0.01208

-0.100063 E-01
-0.730893 E-02
-0.353534 E-02

-0.671415 E-02
-0.680493 E-02
-0.687125 E-02
-0.691243 E-02
-0.692743 E-02

-0.691484 E-02
-0.687273 E-02
-0.067985 E-01
-0.668868 E-02
-0.653846 E-02

-0.634107 E-02
-0.608647 E-02
-0.575876 E-02
-0.533001 E-02
-0.474153 E-02

-0.381036 E-02
-0.367479 E-02
-0.352329 E-02

15
15

0.0163
0.0164
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Table AD-510
Strain-Space Envelope Coordinates (Cont’d)

Off-Axis Angle STRx STR1y STR2y
15 0.0165 -0.130991 E-02 -0.287409 E-02
15 0.0166 -0.180535 E-02 -0.240401 E-02
15 -0.001 0.671415 E-02 -0.646058 E-02
15 -0.002 0.680493 E-02 -0.629778 E-02
15 -0.003 0.687125 E-02 -0.611052 E-02
15 -0.004 0.691243 E-02 -0.589812 E-02
15 -0.005 0.692743 E-02 -0.565956-E-02
15 -0.006 0.691484 E-02 -0.539339“E-02
15 -0.007 0.687273 E-02 -0.050977 E-01
15 -0.008 0.067985 E-01 ~0.047699 E-01
15 -0.009 0.668868 E-02 -0.044065 E-01
15 -0.01 0.653846 E-02 -0.040027 E-01
15 -0.011 0.634107 E-02 -0.355174 E-02
15 -0.012 0.608647 E-02 -0.304356 E-02
15 -0.013 0.575876¢E=02 -0.246227 E-02
15 -0.014 0.533001,E-02 -0.177995 E-02
15 -0.015 0.474153 E-02 -0.937894 E-03
15 -0.016 0.381035 E-02 0.246858 E-03
45 0.001 0.795831 E-02 -0.810515 E-02
45 0.002 0.769693 E-02 -0.799062 E-02
45 0.003 0.729982 E-02 -0.774036 E-02
45 0.004 0.674829 E-02 -0.733568 E-02
45 0.005 0.600768 E-02 -0.674192 E-02
45 0.006 0.500899 E-02 -0.589007 E-02
45 0,007 0.358084 E-02 -0.460877 E-02
45 0.008 0.077214 E-02 -0.194692 E-02
45 0.0081 -0.977554 E-04 -0.109171 E-02
45 -0.001 0.810515 E-02 -0.795831 E-02
45 -0.002 0.799062 E-02 -0.769693 E-02
45 -0.003 0.774036 E-02 -0.729982 E-02
45 -0.004 0.733568 E-02 -0.674829 E-02
45 -0.005 0.674192 E-02 -0.600768 E-02
4% -0.006 0.589007 E-02 -0.500899 E-02
45 -0.007 0.460877 E-02 -0.358084 E-02
45 -0.008 0.194691 E-02 -0.772134 E-03
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Figure AD-510
Failure Envelopes — Example Laminate in Strain Space

0
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- 0.02 O =75 deg
[0 = 15 deg

—0.02 —0.01

- —0.02
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NONMANDATORY APPENDIX AF
EXAMPLES FOR DESIGN RULES FOR CLASS Il VESSELS

AF-100 GENERAL

Nonmandatory examples of calculations required
under RD-1150, Vessel Parts Subject to Design Analysis.
Symbols and values defined below are used in these exam-
ples.

D, = outside diameter
E; = 1.35 x 10°
= tensile modulus in the longitudinal (axial) direc-
tion, psi
E, = 3.15 x 10°
= tensile modulus in the circumferential (hoop)
direction, psi
F = design factor: 5 for all external pressure calcula-
tions and 10 for all internal pressure and reinforce-
ment calculations
L = 60 in.
= length of cylinder
P = 50 psi
= internal pressure
P, = allowable external pressure
R = 24 in.
= inside radius, shell or head
r = 4in.
= inside radius, nozzle (in.)
Ss = 1,000 psi
= secondary bond shear strength
t = thickness, in.
vy = 0.27
= Poisson’s ratio, longitudinal (axial) direction
v, = 0.23

Poisson’s ratio; eircumferential (hoop) direction

AF-200 CYLINDRICAL SHELLS UNDER
UNIFORM INTERNAL PRESSURE (SEE

t; = 044in.

(b) Circumferential Stress

_ PR
0.001E,

[5)

B 50 x J4
0.001 X 3.5 x 10°

t, =0.38in. < 045

Therefore let t = t;\=-0.45 in.

NOTE: Both t; and{t, are greater than 0.25 in., the minimum
laminate thickness allowed.

AF-210’ SPHERICAL SHELLS UNDER
INTERNAL PRESSURE (SEE RD-1171.2)

Assume hand lay-up sphere with E; = E, = 2.2 x 10° psi:
PR
2(0.001 E)
50 X 24
2(0.001 X 22 % 106)

t 0.27in.

AF-300 CYLINDRICAL SHELLS UNDER
EXTERNAL PRESSURE (SEE
RD-1172.1)

Assume: E,, = 1.35 x 10° E,r= 1.39 x 10°, t = 0.275, Vy =

0.18, V, = 0.32, D, = 48.55, L = 60, F=5
Calculate y

3/2 1/2
(246 % 10%) " (1.35 % 10%) 1/2

zZ

[(1 - 0.18) x 0.32]

P 06 2
RD-1171.1) (13910°)
60%
Select the greater of (a) or (b) below: X 7855
(a) Longitudinal Stress ( 2 Xt)
; PR = 1214
1 -_—
2(0.001E
( W) v =09
U X 24

2(0.001 X 135 X 106)

200



https://asmenormdoc.com/api2/?name=ASME BPVC.X (ASME BPVC Section 10) 2023.pdf

ASME BPVC.X-2023

P

a

AF-410 THICKNESS OF HEADS UNDER
EXTERNAL PRESSURE (SEE

s3/4 s 1/4
0.84 X 0.8531 X 0.9 X (2.46 X 107) (L35 X107) (0.275)

32
[(1-0.18) x 0.323/* x 60 x (%) xS

= 1.58 psi

AF-310 SPHERICAL SHELLS UNDER UNIFORM
EXTERNAL PRESSURE (SEE
RD-1172.2)

Assume hand lay-up sphere with E; = E; = 2.2 x 10° psi.
Therefore, let E = 2.2 x 10° psi and F = 10. Also, assume:
t = 0.25 in. Therefore, R, = R + t = 24.25 in.

Allowable pressure:

041Z x ¢
F

A 3(1 - 1./1112) ROZ

22 x 100

_ 10
J3(1 = 027 x 0.23) 2425

Py

2

0.41 0.25

Py =S5.72psi

AF-400 THICKNESS OF HEADS UNDER
INTERNAL PRESSURE (SEE
RD-1173.1)

Assume hand lay-up head with E; = E, = 2.2 x:10° psi.

Therefore, let E = 2.2 x 10° and let D = 2R-="inside

diameter = 48 in.
(a) Ellipsoidal Head

_PD

t [ —
2(0.001E)

50 x(38
2(0.001 22 x 106)

t =0.5Sin.

(b) Hemispherical Head
. _ IR

~ 2(0.001E)
S50 X 24

2(0.001 X 22 X 106)

t =0.27in.

RD-1173.2)

Assume hand lay-up head with E; = E, = 2.2 x 10° psi.
Therefore, let E = 2.2 x 10° psi, and F = 10. Also, assume:
t=0.25in.s0: D, =2R+t=48.25in.and K, = 0.9 for 2:1
ellipsoidal heads, per Table RD-1173.2.

0.41%2
Py =
2
V31 = ) (K,D,)
22 x 10%) W\
041 ———10.25
10

30 = 027 x_023)(09 x 4825)

Py “51.78 psi

AF-420 REINFORCEMENT OF OPENINGS AND
NOZZLE ATTACHMENTS (SEE
RD-1174.2)

(a) EKength of Secondary Overlay on Nozzle. For internal
pressure, let F = 10; also, let r = 4 in. = inside radius of
nozzle.

-

Ly, =1in. < 3in.
Therefore, let L, = 3 in.

(b) Thickness of Secondary Overlay on Nozzle. Assume
secondary laminate modulus E = E; = E, = 2.2 x 10° psi.
Therefore, let E= 2.2 x 10° psiand S, = 0.001E = 2.2 x 103
psi = allowable stress of secondary overlay.

Pr

S(l

50 X 4
22 x 103

t, =

t, =0.09in. < 0.25in.

Therefore, let t;, = 0.25 in.

NOTE: In both (a) and (b) above, the minimum allowable dimen-
sion governs.
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(c) Thickness of Reinforcement Pad on Shell or Head.
Assume secondary laminate modulus

il L L 2 9 106
T—=1LCT1 = L7 = 22

H Tl £ 1 .
pPoT— e cToTe,—1CT

tyy = 027in. < 05S.

Therefore let + = ¢ — N 58 in

E, = 2.2 x 10% and ¢ = 0.25 in. = shell thickness. Select
the greater of (1) and (2) below:
(1) Compute

PR
tpl =
0.001E,
50 x 24
22 x 103
tpl = 055 in.

(2) Compute as follows.
Step 1. Compute Beta factor

; 43010 - vy)

2 JRt
4/3(1 - 027 x 0.23) 4
- 2 J24 x 025
B = 1.06

Step 2. Determine K, from Figure RD-1174.3 for
B =1.06.K, =88.

Step 3. Compute maximum stress at opening. Let
S, = 0.001E, = 2.2 x 103 psi = allowable stress for the
laminate in the circumferential direction. S,,,x = S2K;
= 1.94 x 10* psi.

Step 4. Determine the moment M associated with Sz,

M = Soat
6
194 x 10* x 028?
6
M = 2017in. ~Ib

Step 5. Determine reinforcément pad thickness. Let Ef
=2.25 x 10° psi = flexural modiilus of reinforcing laminate
in the circumferential direction. Sy = 0.001E,
= 2.25 x 103 psi = allowable stress.

14 14
(d) Length of Reinforcing Pad. Assume L.
in. = longest chord length of opening.

=2r=8

L P
Ly = =5
F
78 X 50
= 7 x 1000
10
Lp = 3.14in. < 6in.

according to the requirements of RD-1"74.2(f)(2)(-b),
therefore, let L, = 6 in.

AF-500 HEAD-TO-SHELLJOINT OVERLAY
SUBJECT TO INTERNAL PRESSURE
(SEE RD-1175.2)

(a) Thickness of Overlay

P(R + t)
0.001E,

t, =

50(24 + 0.25)
0.001 x 22 x 10°

t, = 0.55in.
(b) Length of Overlay

L

0
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NONMANDATORY APPENDIX AG

GUIDE TO INFORMATION APPEARING ON CERTIFICATE OF

AUTHORIZATION (SEE FIGURE AG-1)

Table AG-1
Guide to Information Appearing on Certificate of Authorization (See Figure ’AG-1)

Item

Description

&
(2)

(3)

4

(5)

(6
(7).(8)

Certification Mark granted by the Society, with RP Designator.

-The name of the Manufacturer; this description could include “doing business as”* (PBA) or an abbreviation of the name.
- The full street address or physical location, city, state or province, country, and zip code.

This entry describes the scope and limitations, if any, on use of the CertificationiMark and Designator, as illustrated below.
RP Designator

- Manufacture of Class I reinforced plastic pressure vessels at thé.above location only.

- Manufacture of Class II reinforced plastic pressure vessels at'the above location only.

- Manufacture of Class I and Class II reinforced plastic pressure vessels at the above location only.

- Manufacture of Class II reinforced plastic pressure vessels\at field sites controlled by the above location.

- Manufacture of Class I and Class Il reinforced plastic pressure vessels at the above location and Class Il reinforced plastic
pressure vessels only at field sites controlled by that-location.

- Manufacture of Class Il reinforced plastic pressurevessels at the above location only and at field sites controlled by that
location.

- Manufacture of Class III reinforced plastie\pressure vessels at the above location only.

- Manufacture of Class I and Class III reinferced plastic pressure vessels at the above location only.

- Manufacture of Class I, Class 11, and, Class Il reinforced plastic pressure vessels at the above location only.

- Manufacture of Class I and Class LI reinforced plastic pressure vessels at the above location only and Class II reinforced
plastic pressure vessels at the above location only and at field sites controlled by that location.

The date authorization was_granted by the Society to use the Certification Mark stamp indicated.
The date authorization to use’the Certification Mark stamp will expire.
A unique Certificate number assigned by the Society.

The signatures of theicurrent chair and managing director.
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Figure AG-1
Sample Certificate of Authorization

ineers

The American Society of Mechanical Eng

CERTIFICATE OF
AUTHORIZATION

The named company is authorized by The American Society of Mechanical
Engineers (ASME) for the scope of activity shown below in accordance with the
applicable rules of the ASME Boiler and Pressure Vessel Code. The use of the
Certification Mark and the authority granted by this Certificate of Authorization are
subject to the provisions of the agreement set forth ingthe application. Any
construction stamped with this Certification Mark shall havetbeen built, strictly in
accordance with the provisions of the ASME Boiler and PressureMessel/Code.

CERTIFICATION MARK @

COMPANY: @

SCOPE: O

AUTHORIZED: ®

EXPIRES:" ©

CERTIFICATE NUMBER: ®

@

CHAIR, BOARD ON CONFORMITY ASSESSMENT

%

MANAGING DIRECTOR, CONFORMITY ASSESSMENT
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NONMANDATORY APPENDIX AH
GUIDANCE FOR THE USE OF U.S. CUSTOMARY AND SI UNITS IN
THE ASME BOILER AND PRESSURE VESSEL CODE

AH-100 USE OF UNITS IN EQUATIONS

The equations in this Section are suitable for use with
either the U.S. Customary or the SI units provided in
Mandatory Appendix 7, or with the units provided in
the nomenclatures associated with the equations. It is
the responsibility of the individual and organization
performing the calculations to ensure that appropriate
units are used. Either U.S. Customary or SI units may
be used as a consistent set. When necessary to convert
from one system of units to another, the units shall be
converted to at least three significant figures for use in
calculations and other aspects of construction.

AH-200 GUIDELINES USED TO DEVELOP SI
EQUIVALENTS

The following guidelines were used to develop SI
equivalents:

(a) SI units are placed in parentheses after.the U.S.
Customary units in the text.

(b) In general, separate SI tables are provided if inter-
polation is expected. The table designation (e.g., table
number) is the same for both the U;S: Customary and
SI tables, with the addition of suffix\"M” to the designator
for the SI table, if a separate tablé)is provided. In the text,
references to a table use only the primary table number
(i.e., without the “M”). For'seme small tables, where inter-
polation is not required; S} units are placed in parentheses
after the U.S. Customary unit.

(c) Separate-Skiversions of graphical information
(charts) are provided, except that if both axes are dimen-
sionless, assingle figure (chart) is used.

(d) Immost cases, conversions of units in the text were
donedusing hard SI conversion practices, with some soft
conversions on a case-by-case basis, as appropriate. This
wasimplemented by rounding the Sl values to the number
of significant figures of implied precision in the existing
U.S. Customary units. For example, 3,000 psi has an
implied precision of one significant figure. Therefore,
the conversion to SI units would typically be to 20 000
kPa. This is a difference of about 3% from the “exact”

included in the SI equivalent if there was any question.
The values of allowable stress in Seetien II, Part D gener-
ally include three significant figupes.

(e) Minimum thickness and radius values that are
expressed in fractions of aninch'were generally converted
according to the following table:

Proposed SI

Fraction, in. Conversion, mm Difference, %

Yar 0.8 -0.8
Yes 1.2 -0.8
Yo 1.5 5.5
Yo 2.5 -5.0
Y 3 5.5
n 4 -0.8
%6 5 -5.0
Yan 55 1.0
Y 6 55
%6 8 -0.8
% 10 -5.0
e 11 1.0
Y 13 -2.4
%6 14 2.0
% 16 -0.8
Wie 17 2.6
A 19 0.3
A 22 1.0
1 25 1.6

(f) For nominal sizes that are in even increments of
inches, even multiples of 25 mm were generally used.
Intermediate values were interpolated rather than
converting and rounding to the nearest mm. See examples
in the following table. [Note that this table does not apply
to nominal pipe sizes (NPS), which are covered below.]

or soft conversion of 20 684.27 kPa. However, the preci-
sion of the conversion was determined by the Committee
on a case-by-case basis. More significant digits were
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Size, in. Size, mm
1 25
1% 29
1% 32
T 38
2 50
2Y, 57
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