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FOREWORD

The Unified Facilities Criteria (UFC) system is prescribed by MIL-STD 3007 and provides
planning, design, construction, sustainment, restoration, and modernization criteria, and applies
to the Military Departments, the Defense Agencies, and the DoD Field Activities in accordance
with USD(AT&L) Memorandum dated 29 May 2002. UFC will be used for all DoD projects and
work for other customers where appropriate. All construction outside of the United States is
also governed by Status of forces Agreements (SOFA), Host Nation Funded Construction
Agreements (HNFA), and in some instances, Bilateral Infrastructure Agreements (BIA.)
Therefore, the acquisition team must ensure compliance with the more stringent of the UFC, the
SOFA, the HNFA, and the BIA, as applicable.

UFC are living documents and will be periodically reviewed, updated, and made available to
users as part of the Services’ responsibility for providing technical criteria for military
construction. Headquarters, U.S. Army Corps of Engineers (HQUSACE), Naval Facilities
Engineering Command (NAVFAC), and Air Force Civil Engineer Support Agency (AFCESA) are
responsible for administration of the UFC system. Defense agencies should contact the
preparing service for document interpretation and improvements. Technical content of UFC is
the responsibility of the cognizant DoD working group. Recommended changes with supporting
rationale should be sent to the respective service proponent office by the following electronic
form: Criteria Change Request (CCR). The form is also accessible from the Internet sites listed
below.

UFC are effective upon issuance and are distributed only in electronic media from the following
source:

e Whole Building Design Guide web site http://dod.wbdg.org/.

Hard copies of UFC printed from electronic media should be checked against the current
electronic version prior to use to ensure that they are current.

AUTHORIZED BY:

DONALD L. BASHAM, P.E. -

Chief, Engineering and Construction ChiefEngineer

U.S. Army Corps of Engineers Naval Facilities Engineering Command
KATHLEEN T. FERGUSON; P.H. . Dr.ﬁfw. , P.E.

The Deputy Civil Engineer DireCjor, | llations Requirements and
DCS/Installations & Logistics Management

Department of the Air Force Office of the Deputy Under Secretary of Defense

(Installations and Environment)
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CHAPTER 1
INTRODUCTION
1-1 PURPOSE AND SCOPE. This UFC is comprised of two sections.

Chapter 1 introduces this UFC and provides a listing of references to other Tri-Service
documents closely related to the subject. Appendix A contains the full text copy of the
previously released Design Manual (DM) on this subject. This UFC serves as criteria
until such time as the full text UFC is developed from the Design Manual and other
sources.

This UFC provides general criteria for designing hyperbaric facilities.

Note that this document does not constitute a detailed technical design,
and is issued as a general guide to the considerations associated with designing
hyperbaric facilities.

1-2 APPLICABILITY. This UFC applies to all Navy service elements
agencies and Navy contractors designing hyperbaric facilities.

1-2.1 GENERAL BUILDING REQUIREMENTS. All DoD facilities must comply
with UFC 1-200-01, Design: General Building Requirements. If any conflict occurs
between this UFC and UFC 1-200-01, the requirements of UFC 1-200-01 take
precedence.

1-2.2 SAFETY. All DoD facilities must comply with DODINST 6055.1 and
applicable Occupational Safety and Health Administration (OSHA) safety and health
standards.

NOTE: All NAVY projects, must comply with OPNAVINST 5100.23 (series), Navy
Occupational Safety and Health Program Manual. The most recent publication in this
series can be accessed at the NAVFAC Safety web site:
www.navfac.navy.mil/safety/pub.htm. If any conflict occurs between this UFC and
OPNAVINST 5100.23, the requirements of OPNAVINST 5100.23 take precedence.

1-2.3 FIRE PROTECTION. All DoD facilities must comply with UFC 3-600-01,
Design: Fire Protection Engineering for Facilities. If any conflict occurs between this
UFC and UFC 3-600-01, the requirements of UFC 3-600-01 take precedence.

1-2.4 ANTITERRORISM/FORCE PROTECTION. All DoD facilities must
comply with UFC 4-010-01, Design: DoD Minimum Antiterrorism Standards for
Buildings. If any conflict occurs between this UFC and UFC 4-010-01, the requirements
of UFC 4-010-01 take precedence.

1-1
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CCB Application Notes:

1.

Character (s) preceded & followed by these symbols (L ) or ( q)
are super- or subscripted, respectively.
EXAMPLES: 42ml3d = 42 cubic meters

CO 27 = carbon dioxide

All degree symbols have been replaced with the word deg.

All plus or minus symbols have been replaced with the symbol +/-.

All table note letters and numbers have been enclosed in square
brackets in both the table and below the table.

Whenever possible, mathematical symbols have been replaced with
their proper name and enclosed in square brackets.
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ABSTRACT

General guidance relating to the design of hyperbaric facilities is
presented for use by experienced engineers and architects and members of the
Navy Diving Community who require information in this very specialized area.
Design guidance is provided on pressure chambers and vessels, appurtenances,
foundations piping systems, life support systems, wet pots, fire protection

systems, electrical systems, communication systems, control systems, system
cleaning, lubricants, sealants, and materials.



FOREWORD

This design manual is one of a series developed from an evaluation of
facilities in the shore establishment, from surveys of the availability of
new materials and construction methods, and from selection of the best
design practices of the Naval Facilities Engineering Command, other
Government agencies, and the private sector. This manual uses, to the
maximum extent feasible, national professional society, association, and
institute standards in accordance with NAVFACENGCOM policy. Deviations from
these criteria should not be made without prior approval of NAVFACENGCOM
Headquarters (Code 04).

Design cannot remain static any more than can the naval functions it
serves or the technologies it uses. Accordingly, recommendations for
improvement are encouraged from within the Navy and from the private sector
and should be furnished to NAVFACENGCOM Headquarters (Code 04). As the
design manuals are revised they are being restructured. A chapter or a
combination of chapters will be issued as a separate design manual for ready
reference to specific criteria.

This publication is certified as an official publication of the Naval
Facilities Engineering Command and has been reviewed and approved in
accordance with the SECNAVINST 5600.16.

W. M. Zobel

Rear Admiral, CEC, U.S. Navy
Commander

Naval Facilities Engineering Command
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CHAPTER 1. HYPERBARIC FACILITIES

1. SCOPE. This manual provides design guidance for hyperbaric facilities
and discusses the aspects of construction, fabrication, testing, and cleaning
related to design.

2. CANCELLATION. This manual supersedes NAVFAC DM-39, Hyperbaric
Facilities, dated October 1972 in its entirety.

3. BASIS OF MANUAL. This manual is essentially based on the experiences
of divers, operators, maintenance personnel, and designers of hyperbaric
facilities. This includes experience with various materials and procedures
for design, fabrication, construction, testing, cleaning, using, and
maintaining the parts and components made from these materials.

4. CRITERIA. Principal criteria related to hyperbaric facilities are in
the following documents:

Subject Source

Boiler and Pressure Vessel Code,
Section VIII, Divisions 1 and 2 . . . . . . . . . . . . . ASME

Safety Standard for Pressure Vessels

for Human Occupancy . . . . . . « +« « « « « <« <« « « . . . ANSI/ASME PVHO 1
Power Piping . . . . . . . . . . . . . . . . . . . . . . . ANSI/ASME B31l.1
Standard for Hyperbaric Facilities . . . . . . . . . . . . NFPA 56D

Manual on Fire Hazards in Oxygen-
Enriched Atmospheres . . . . . . . . . . . . . . . . . . NFPA 53M

5. FUNCTION. The hyperbaric facility shall provide a safe, reliable, and
carefully controlled environment in one or more chambers or pressure vessels
(PV) at pressures above atmospheric. The controlled environment may consist
of mixed gasses, liquids, or gasses and liquids at closely controlled
pressure, temperature, humidity, and chemical composition for the PV
occupants (humans, animals, tissue, equipment and materials) in accordance
with mission requirements.

6. MISSION. The mission may be diver training, diver treatment, medical
treatment, research and development on human and animal health improvement
and equipment and material improvement. The mission may require the
environment to be unvarying, continually varying, or cyclically varying by
manual controls or automatic controls with operator manual override of the PV
inputs. The mission may continue for hours, days, weeks or months. The PV
occupants and their needs during the mission determine the specific
requirements such as dimensions and sizes of the hyperbaric facility.



7. HAZARDS. The hazards inherent in the operation of a hyperbaric
facility include the sudden and rapid loss of pressure, fire and explosion of
combustible material, and sudden and rapid loss of life-supporting gasses,
which can result in serious injury or death to chamber subjects and extensive
damage to equipment and material. The designer, as well as the divers,
operators, cleaners, and other maintenance personnel must take every effort
to minimize these hazards.

8. PERSONNEL SAFETY. The safety of Naval personnel who will use the
hyperbaric facility must be assured before the facility is placed in
operation. For this assurance, the Navy requires that prior to use, the
hyperbaric facility must be evaluated and certified by the cognizant System
Certification Authority (SCA) as providing acceptable levels of personnel
safety to the occupants and operators. Application of the guidelines herein
will not always assure a safe hyperbaric facility nor will it always assure
acceptance of the design. The final responsibility for all aspects of a safe
design lies ultimately with the designer and cannot be delegated to any
manual or textbook.

9. CERTIFICATION. The Navy activity desiring to use the hyperbaric
facility shall apply for System Certification by submitting a formal request
to the SCA with supporting documentation associated with the design,
construction, fabrication, testing, cleaning, and development of proposed
operating and maintenance procedures. For additional information on system
certification requirements, see NAVMAT P-9290, System Certification
Procedures and Criteria Manual for Deep Submergence Systems.



CHAPTER 2. HYPERBARIC PRESSURE VESSELS
Section 1. TYPES OF HYPERBARIC PRESSURE VESSELS AND DESIGN PROCEDURES

1. SCOPE. This section presents general design information for those
pressure vessels (PV) which form a part of a shore-based hyperbaric facility.
The information includes a description of the included pressure vessels, and
a suggested series of technical disciplines and design procedures which can
form the basis of design for a structurally adequate pressure vessel. This
information is not to be construed as defining a required set of design
rules; neither is it to preclude the use of design procedures not
specifically detailed or mentioned here.

2. HYPERBARIC PRESSURE VESSELS. The hyperbaric pressure vessel is the
major component of the hyperbaric facility as it contains the subject and the
required controlled environment. The pressure vessel may be a single chamber
but more generally consists of two components, an inner chamber and an outer
lock or entrance chamber. For extended use, the PV may be a series of
chambers of various types for dry work, wet work, living, sleeping and
entrance under pressure.

3. TYPES OF HYPERBARIC PRESSURE VESSELS. Hyperbaric pressure vessels are
divided into three types according to the mission, They are:

a. Dry. A pressure vessel which has one or more chambers which
always contain gas.

b. Wet. A pressure vessel which has one or more chambers which
always contain fresh water or seawater.

c. Combination. A pressure vessel which has one or more chambers
which contain either gas or water at various times or a combination of gas
and water.

4. CLASSES OF HYPERBARIC PRESSURE VESSELS. Hyperbaric pressure vessels
are divided into two classes according to their planned use, They are:

a. Class I Man-Rated. A wet or dry or any combination pressure
vessel having, as its primary mission, human beings who are contained in and
subjected to a high-pressure environment. A chamber may be single or
multichambered.

b. Class II Non-Man-Rated. A wet or dry or any combination pressure
vessel not designed for human occupancy, but intended for the testing of
equipment or animals under hyperbaric conditions.

5. DESIGN CONSIDERATIONS.

a. Pressure vessels are complex structures containing penetrations
for piping, hatches, viewports, and other appurtenances, as well as geometric
discontinuities such as cone-to-cylinder intersections and saddles for
support systems. The physical properties of the materials from which
pressure chambers are fabricated, such as modulus of elasticity, yield
strength, ultimate strength and fatigue strength and toughness, interact in a
complex fashion. Thus, the design of pressure chambers is usually complex.



b. A pressure vessel changes dimensions in response to pressure
variations. Adjoining chambers under different pressures experience
different dimensional changes. Varying pressures independently in attached
chambers will produce unusual stress patterns. The chamber design must
provide for meeting all possible pressure and temperature loading conditions.

c. Many penetrations are required in a wide range of sizes. In
particular, the doors for personnel entrance are very large in proportion to
the size of the chamber. Service locks and viewports are large and present
special problems. The design must provide the necessary vessel
reinforcements at each of the penetrations. In addition, human engineering
should be applied to the location of doors, viewports, internal piping,
furnishings and hardware, and particularly to the accessibility of the
emergency equipment, so that the occupants can exist and function in a
reasonably hazard-free manner.

d. A major consideration in the design of a hyperbaric pressure
vessel 1s to reduce, to the practical minimum, the possibility of a
catastrophic leak while maintaining the desired operational features of the
facility. 1In the usual operational mode, the pressurization and
depressurization of the atmosphere is done at a slow controlled rate. A
sudden uncontrolled release of the pressurized atmosphere, such as caused by
a chamber rupture or large leak, could prove fatal to personnel occupying the
pressure chamber and could possibly present a considerable hazard to the
chamber operators. Thus, great emphasis must be placed upon the use of
proper design, materials, fabrication, quality assurance, inspection, and
testing of hyperbaric chambers. Proper design includes the use of modern
analytical and experimental stress analysis, metallurgy, joining techniques,
and destructive and nondestructive testing procedures.

e. The rules, regulations, and requirements for the design,
fabrication, inspection testing and identification of hyperbaric pressure
vessels are provided in great detail in the ASME Boiler and Pressure Vessel
Code (ASME code), Section VIII, Pressure Vessels, Divisions 1 and 2 (See
Reference 1, ASME Boiler and Pressure Code, 1980). If the Hyperbaric
Facility is to be man-rated, Section VIII of the Code must be supplemented by
ANSI/ASME PVHO 1, Safety Standards for Pressure Vessels for Human Occupancy
(Reference 2).

f. Within the constraints of these mandatory codes, a full range of
facilities can be designed and built. Relatively simple pressure vessels
such as conventional 2 lock recompression chambers, animal and equipment test
vessels and various moderate pressure, liquid- and gas-containing vessels are
usually made in accordance with Division 1. This Division requires only a
cursory determination of stress conditions and then requires the designer to
use certain specified "acceptable" geometries. The lack of knowledge
concerning the actual stress conditions is compensated for by imposing a high
factor of safety upon the nominal stresses that are calculated. For the
above classes of pressure vessels, adherence to the requirements of Section
VIII, Division 1, results in adequate and safe pressure vessels. For the
more complex pressure vessels such as hyperbaric research facilities and
vessels for pressures on the order of 1000 psi
and higher Division 2 will usually be used. The procedures of Division
2 are sometimes referred to as Design by Analysis. Regardless of chamber
complexity and variability of the material properties, a rational design
procedure can be applied to pressure chambers



that will ensure a safe and efficient structure. If the stresses throughout
the chamber under the anticipated load conditions are accurately known, then
the chamber can be built and can be expected to operate successfully with a
very high probability that failure will not occur. This concept forms the
underlying philosophy for the ASME Code, Section VIII, Division 2. This
philosophy puts the burden of proof upon the designer, requiring the designer
of a pressure vessel to determine by use of mathematical and/or experimental
means the predicted stress conditions in the vessel under the anticipated
load conditions. He must show that the stresses to be developed in the
chamber will be equal to or less than a set of stress limits which are
imposed by the Code for the particular materials to be used. The Code itself
does not specify the manner by which these stresses shall be determined. In
a few instances, the Code allows a designer to by-pass detailed analysis if
he chooses to conform his design of specific penetrations and fittings to
those detailed in some of the Code’s sections.

g. When a pressure vessel is being designed in accordance with
Section VIII, Division 2, and a cyclic ,life in excess of 5,000 cycles is
desired, it may be necessary to consider the fatigue life of the vessel. The
procedure for determining whether a fatigue analysis is required is presented
in Section VIII, Division 2, Appendix 5, Mandatory Design Based on Fatigue
Analysis.

6. MANUFACTURER'’S DESIGN REPORT.

a. Manufacturer’s Design Report. The manufacturer, or his design
agent, furnishes a design report, including calculations and drawings, which
show that the design complies with the design specification.

b. Design Report Format. There is no "specified" design report
format. However, it must be emphasized that the burden of proof of the
adequacy of a design lies with the designer. The design report should be
clear and concise, and justify the use of all design procedures and
materials. If design practices are followed that are not covered by the Code
or are in some other manner deviant from specified practices, then the
justification of such action must be documented.

7. USER’S DESIGN SPECIFICATION. Before a designer can plan a facility,
the

user, usually with the assistance of the designer, must develop a complete
"User'’s Design Specification." In this specification, the user must spell out
in considerable detail the full range of performance required of the
facility. The information to be included in this Design Specification is
listed in the ASME Code, Division 1, Section U-2, and in Division 2, Article
G-3 of Part AG and Article D-1 of Part AD. In general, the "User’'s Design
Specification" will provide as a minimum the following information:

a. Maximum internal working pressures, including static loads.
b. Required sizes and dimensions.
c. Maximum and minimum operating temperatures.

d. Cyclic life.



e. Vessel contents under normal and test conditions.
f. Basic necessary penetrations.
g. Possible earthquake and impact loads.

In addition, the user will usually specify whether a pressure vessel is
to be made in accordance with Section VIII, Division 1 or 2 of the ASME Code.



Section 2. MATERIALS FOR HYPERBARIC VESSELS

1. MATERIALS. This section contains guidelines for classifying materials
and components within the Scope of Certification & Safety Standards herein.
Classification of a material or component is dependent on its application and
service experience. A material or component which has had previous
experience or use in a Naval environment does not, however, automatically
place it in Class 1. The proposed application, configuration, design
concepts, and joining techniques must be reviewed to determine the proper
class for each material or component. In other words, previous Naval
experience in an application or configuration which cannot be correlated to
the proposed application or configuration would, in general, disqualify the
item for Class 1 and place the material or component in Class 2, which would
require additional proof testing to justify its use. It is emphasized that
the material and component classes detailed in this manual should not be
confused with the hazard level categories of MIL-STD-882. The material and
component classes of this manual were conceived to aid in assessing the
reliability of materials and components in specific hyperbaric applications.
They do not, in all cases, correspond to the MIL-STD-882 hazard level
categories which are assigned to the possible failure of such materials or
components.

The applicant must justify the materials and their applications as used
in the design of the hyperbaric facility for the expected service
environments. All of the materials considered to be within the certification
scope shall be identified. The relative location of the materials should be
included and verification of their compatibility problems are a concern.

2. MATERIAL CLASSES. It is anticipated that some hyperbaric facilities
will be designed to operate at greater depths and that new materials, new
applications for time-tested materials, and new configurations may be
employed. It is not the intent of this manual to limit the materials and
their applications. The intent is to permit the use of new materials in new
applications whenever sufficient data exist to show that the material
adequacy of the hyperbaric facility, and hence, the safety of the personnel
utilizing the facility is reasonably assured. The less the amount of
available information and experience with a material or application, the
greater the burden upon the applicant to justify the adequacy of the proposed
material or application. For the purpose of System Certification, the
possible materials and/or components are grouped into the following three
classes:

a. CLASS 1, Material of proven characteristics. In general, Class 1
materials and components are those for which considerable operating
experience is available. For pressure vessel materials and external piping
within the boundary of certification, this would include experience in
fabrication, testing and operation in a marine environment. For piping
systems, compatibility with the internal medium would also have to be known.

The following is a list of typical materials and components which are
generally considered to fall into Class 1. Untested or unusual
configurations or applications of these materials and components might,
however, place them in Class 2.



PRESSURE HULL/VESSEL MATERIALS

Ferrous
HY 80/100 Plate MIL-S-16216%* When fabricated
Forging MIL-5-23009 and welded to
Bars MIL-S-21952 requirements of
Casting MIL-S-23008 MIL-STD-1693 (YD),
Heads MIL-S-24551 or ANSI/ASME PVHO 1
Commercial HY-80 Plate ASTM-A-543**

* These military specifications include impact property requirements for

HY 80/100 material in military application. Consideration will be given to
lower impact values for HY 80/100 where the material meets the toughness
requirements of ANSI/ASME PVHO 1.

Carbon steel for pressure Plate MIL-S-24113** When fabricated
Vessels for moderate and Plate ASTM A-537** and welded to
Lower temperature service Plate ASTM A-516, Grade 70** MIL-STD-1693

Forging ASTM A-350** (YD) or ANSI/

ASME PVHO 1

** When specified to a maximum Nil-Ductility Transition (NDT) Temperature
as required for material in ANSI/ASME PVHO 1 or a dynamic tear ANSI/ASTM E
604 value of at least 200 ft-lbs from a 5/8 inch specimen tested at the
minimum design temperature.

Non-Ferrous
Plate ASTM B-209
Limited to alloys 5086 or 5456
Temper H-116

Tubing ASTM B-210
Limited to alloy 5052 or 5086

Bars ASTM B-221
Limited to 5xxx alloys
Forgings ASTM B-247

Welding Filler Material ASTM FA-5.10
Alloy Type ER 5356

Fabrication, Welding & Inspection should be to AWS D1.5 Structural Welding
Code--Aluminum.



BOLTING MATERIAL
Non-Ferrous

Ni-Cu Al Alloy (K-monel) QOQ-N-286 Fabricated to the
requirements of Screw
Thread Standards for

Ni-Cu QQ-N-281 Federal Services Handbook
H-28 and MS18116

NOTE: There should be a minimum of 5 Rockwell C hardness between the nuts
and bolts to prevent galling.

Ferrous
High Strength Bolts ASTM-A-325 Bolts should not be
galvanized at hardness
above 32. RC for
marine environment
Quenched and tempered
alloy steel bolts ASTM-A-490
Hardened washers ASTM-F-436
Heavy hex nuts ASTM-A-563

ANSI/ASTM-F-606 Standard Method for Conducting Tests to Determine the
Mechanical Properties of Externally and Internally Threaded Fasteners,
Washers and Rivets shall be used.

PIPING, ELECTRICAL AND LIFE SUPPORT SYSTEMS
MATERIALS AND COMPONENTS

Stainless Steel Pipe ASTM A-312
Alloys Grs: TP 310 & 316
Forgings ASTM A-336
Flanges & Fittings ASTM A-350
Castings ASTM A-352
Ni-Cu (Monel) Cast QOQ-N-288
Wrought Q0-N-281
Tubing MIL-T-1368 Class A, ASTM

B-466 Alloy 720

70/30 Cu-Ni Cast MIL-C-20159
Wrought MIL-C-15726 ASTM B-402,
Alloy 715
Tubing MIL-T-16420 ASTM B-466,
Alloy 715
Valve Bronze MIL-B-16541 ASTM B-62

ASTM B-61



Seawater Valves MIL-V-24287

Aluminum Bronze Cast MIL-B-23921 ASTM B-271
(min. 4% Ni) Wrought MIL-B-24059
Tubing ASTM-B-210

b. CLASS 2, Material of known properties. Materials and components

in this class have not been used extensively in similar applications but are
classed as conventional due to identification by military specifications,
federal specifications, or recognized American commercial standards such as
those published by the American Society of Mechanical Engineers or the
American Society for Testing and Materials. Materials or components
available as standard stock items built to a recognized commercial or Federal
standard will be considered in this class. Examples of materials that are
presently considered to be in this class are certain types of aluminum,
titanium, and some high-strength low-alloy steels. The determination of
acceptable properties and allowable operating stress values will be based
on the recommendations and supporting information provided by the applicant.

For pressure vessel and other structural parts, the applicant should
submit the following information in justification of the use of a Class 2
material:

(1) The applicable military, federal, or industrial specification
involved with a detailed list of exceptions or additions to comply with ANSI/
ASME PVHO 1.

(2) Material properties for the base metal in the condition to be
used and, if the material is to be welded, for the weld metal and the heat-
affected-zone material.

(3) Tensile properties including tensile strength, yield strength,
percent elongation, reduction of area, rate of loading, elastic modulus and
engineering stress-strain curve (tension and compression) for the material.
The material specimens tested should represent any applicable defects and
variations in material properties introduced by manufacturing and fabrication
processes.

(4) Impact and fracture toughness properties over a range of
temperatures sufficient to fully define the fracture characteristics of the
material for the intended service environment (e.g., transition temperature
and shelf energy values). Desirable tests would include Charpy V-notch
transition curves and dynamic tear as well as drop-weight tests per ASTM
procedures, and/or explosive bulge tests. Where appropriate, the applicant
should show that the material’s fracture toughness properties in the
applicable environment (e.g., marine, seawater, air) are adequate for its
intended use. In this regard, a fracture mechanics type of test may be
useful to study the effect of seawater on fracture resistance.

(5) Proof of weldability and fabricability (if fabrication process
includes welding). This would include results of tests such as prescribed in
MIL-STD-1693 (YD) Fabrication Welding and Inspection of Hyperbaric Chambers



and other critical Land-Based Structures for qualification of welding
procedures. These tests results should include tensile and impact properties
of both weld metal and heat-affected base metal. A list of specific
applications where the material has been successfully used in stressed
applications should also be provided. Details such as quantities and
thickness of material used, welding processes used, inspection standards
used, manufacturer’s name and location, location of the component in service
and length of service, pre-weld and post-weld heat treatments, if any, and
type of requirements and inspections required of the material supplier in the
material purchase specifications.

(6) Fatigue data, preferably data in the high strain low-cycle
range (below 10,000 cycles), which considers the effect of the environment
(e.g., seawater, air, 0olL2d, HeOl2d, fresh water, mercury).

(7) Basic process to be used in producing the material and the
electrodes if the fabrication process included welding as well as other
fasteners, if involved.

(8) Data over a sufficient time period to justify the adequacy of
the material with respect to general corrosion and to stress-corrosion
cracking in its intended environment (e.g., sSeawater, marine atmosphere air).

(9) Nondestructive test requirements to be applied to base material
and weld joint, as appropriate.

c. CLASS 3, Materials whose properties are to be proven. Materials
and components for which definitive information and experience are not
available are considered in this class. The basis for testing and the
criteria for acceptance of new materials and components will not
automatically be the same as for those currently in use. The proof of
acceptability of the material or component and justification of the
acceptance criteria must be provided by the applicant, THIS MANUAL NEITHER
SPECIFIES ACCEPTANCE TESTS FOR NEW COMPONENTS OR MATERIALS NOR ARBITRARILY
DEFINES ALLOWABLE OPERATING PARAMETERS. For example, the applicant should
demonstrate the effect of defects, manufacturing tolerances, and production
variations upon the reliability of the material or component by appropriate
model and/or prototype testing in a simulated service environment. The
applicant must establish that the new material or component possesses at
least the same factor of safety as is provided by proven materials in a
similar application.

Examples of Class 3 structural materials are those which are generally
characterized by low ductility such as ultra-high-strength metals, solid
glass, glass-reinforced plastic, acrylic plastics and ceramic material.

For pressure vessels and other structural materials, as a minimum, the
applicant should submit the following information in justification of the use
of a Class 3 material:

(1) Material chemistry requirements.

(2) Material mechanical properties.



(3) Basic process to be used in producing the material. Sufficient
information is required to demonstrate that the procedures ensure that
repeatable material properties are obtainable by the process used.

(4) Data demonstrating lack of susceptibility to failure when
subjected to dynamic shock.

(5) Effect of flaws such as cracks or defects on material
performance.

(6) Effects of temperature on material performance and resistance
to crack propagation.

(7) Results of tests to destruction of samples fabricated from the
materials and comparison of these results with the design basis predictions
of the failure point.

(8) Fatigue data in the high-strain, low-cycle range (less than
10,000 cycles) in environment (e.g., seawater, marine atmosphere, air,
HeO r2-| ) .

(9) Data covering an extended time period establishing the
adequacy of the material with respect to general corrosion and to
stress-corrosion cracking in seawater and marine atmosphere in the presence
of cracks, assuming the material is exposed to this type of environment.

(10) Fabrication characteristics including data verifying the
repeatability of results.

(11) Nondestructive test requirements to be applied to the base
material and joints as appropriate.

(12) Hazards involved in fabrication or use of material with
respect to toxicity or flammability.

3. MATERIALS PERMITTED. All three classes of materials may be used for
pressure vessel components. However, it is recommended that only Class 1 and
Class 2 materials be considered for Class I pressure vessels. The use of
Class 2 materials requires additional justification to assure high
reliability performance. Even greater justification is required when Class 3
materials are used for Class 1 vessels.

4. MATERIALS SPECIFICALLY NOT PERMITTED. The following materials are not
permitted for pressure vessel fabrication:

a. Any Class 2 or Class 3 material which cannot be shown to be
justified under the restrictions imposed by the ASME Code or other Navy
requirements.

b. Magnesium and magnesium alloys.

c. Beryllium.

d. Steel: ASTM SA-36, SA-283 and SA-515 plate.



e. Any material which will enter into a rapid chemical reaction with
seawater, gaseous oxygen, or any other media to be used inside the vessel.

f. Any material whose toughness at the minimum operational temperature
is deemed insufficient (see below).

5. MATERIAL TOUGHNESS. If a pressure vessel contained no defects or flaws,
then the ductility of the vessel’s material would not be an important design
parameter so long as the stresses induced in that material were kept below
its ultimate strength in local regions and its yield strength in general
regions. The "no flaw" or "zero defect" condition is not practical because
even raw materials have flaws. Defects are also induced in a structure
during fabrication and by certain mechanisms during its operational life.
Such mechanisms include environmental attack (corrosion, erosion, stress
corrosion, etc.) and mechanical damage (unintentional gouging, secondary
loading, fatigue loading, etc.). It is therefore important to know how a
stressed material will respond to a defect, be it either geometrical or
metallurgical.

a. Notch Sensitivity. Under certain conditions, many metals and some
other materials may fail in a brittle manner even though the same materials
show good elongation or ductility in a slow-tension test. These materials
are said to be "notch sensitive" for those conditions under which they
experience brittle fracture or exhibit low energy shear. The three common
conditions which tend to promote a brittle fracture in a material normally
considered ductile are (1) high velocity stress application, as in impact,
(2) reduced operational temperature, and (3) stress concentrations, such as
exist at the root of a notch, where plastic flow cannot take place readily.
Conditions (1) and (3) can be readily evaluated by a standard Charpy "V"
Impact Test at room temperature on materials characterized by dynamic shear
or sufficient Charpy data to establish an RAD curve, Figure 2-1. For steels
and some other materials, "notch sensitivity" increases dramatically as the
temperature is reduced over certain temperature ranges. This can be
determined reliably by Nil-ductility transition (NDT) data and Charpy test
data as follows:

(1) The NDT test performed per ASTM-A-208 will demonstrate the
temperature below which the material will act brittle and notches will
propagate as cracks at low stresses (5 to 8 KSI in steel). Typical specimens
are shown in Figure 2-2.

(2) Crack arrest transition (CAT) curves (Figure 2-3) developed
from Charpy data over a range of temperatures allow the prediction of the
performance of material in the presence of a high activity flaw at different
stress levels in as-welded structures. As welded, structures contain
residual welding stresses at the yield point of the weaker component which
may be the base material, heat-affected zone (HAZ) or weld material (Figure
2-4) .

(3) Dropweight tear energy versus yield strength curves from
dynamic tear tests, Figure 2-5, for low alloy high strength steels and for
aluminum alloys, Figure 2-6, allows the prediction of critical flaw sizes for
fracture-safe performance. Note the point where the flaw size becomes too
small to be consistently demonstrated by practical NDT processes.
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The Naval Research Laboratory (NRL) defines the three (3) critical
points on crack arrest curves as follows:

(a) Nil-Ductility Transition (NDT) Temperature. Below this
temperature the steel does not deform (around a defect of sufficient size)
prior to fracturing, and the fracture occurs immediately upon reaching the
yvield point. The fracture propagation is unstable and it propagates easily
through material stressed in the elastic region. (See Reference 3, Pellini,
Fracture Safe Design of Steel Structures, 1969.)

(b) Fracture Transition for Elastic Loading (FTE). Below
this temperature and above NDT Temperature, the defect size necessary to
initiate fracture will increase greatly but once fracture initiates it will
propagate through material stressed in the elastic zone. At temperatures
above FTE, fractures will propagate only through material stressed in the
plastic zone. At FTE large amounts of plastic deformation are required to
initiate fracture. As the temperature is lowered toward the NDT Temperature,
the amount of plastic deformation and hence the energy required to initiate
the fracture decreases.

(c) Fracture Transition for Plastic Loading (FTP). Above
this temperature, brittle or cleavage fractures do not take place in an
otherwise ductile material. That is, brittle fracture cannot take place even
though the material is severely plastically deformed.

For more detailed information on notch toughness and design, see the
applicable reports available from NRL, Code 6300, Washington, D.C. (See
References 4 and 5, Pellini, Fracture Analysis.)

6. CORROSION CONSIDERATIONS. Some shore-based byperbaric facilities will
have pressure vessels containing seawater and/or gasses which are either pure
oxygen or which have a high percentage of oxygen as one of their
constituents. The materials from which these pressure vessels are fabricated
could be subject to "wet" corrosion and/or to "dry" oxidation. Corrosion
effects are considered during the initial selection of a material, and when
determining the dimensional changes and/or defect-producing phenomenon
applicable to the environment and the life expectancy of the vessel. As
specific corrosion problems arise, they should be referred to an expert in
corrosion engineering.

Materials for containment of gasses containing over 40% oxygen at
pressures above 270 psig or which could contribute fuel in case of a fire,
should be stainless steel type 310 or 316, monel, bronze, or copper. Bronze
and copper should be used in dry gas systems only. Unless justified by
design use parameters, hyperbaric chambers of ferritic materials which are
exposed to seawater (saltwater or other electrolyte) or sea spray environment
shall be provided with a 1/16-inch corrosion allowance.

If protective materials are used, they may be organic in nature, such as
paint, or may be metallic coatings which in themselves are not subject to
corrosion, such as nickel, gold, chromium, etc. The main problem encountered
in the use of coatings is the near impossibility of maintaining the integrity
of the coating. Small faults in the film, such as pin holes, allow corrosion
to occur in the base metal under the film in the vicinity of the hole,
leading



to progressive destruction of the coating by blistering and scale and the
enlargement of the corroding surface. In the case of most metallic coatings,
small pin hole faults in the coatings cause intensified pitting and
progressive destruction of the coating and the substrate by galvanic attack.
The use of coatings, particularly inert metallic coatings, is not a
recommended procedure to be used alone to prevent corrosion in long-time
exposure situations. Regular and frequent inspection and maintenance
practices are necessary to protect the coatings employed.



Section 3. DESIGN

1. DESIGN. This section discusses the applicability of Section VIII,
Division 2, of the ASME Code to the design of pressure vessels to be used as
components of hyperbaric facilities. The design criteria contained in
Section VIII, Division 2 are explained in some detail, followed by paragraphs
dealing with the relation of these design criteria to the two classes of
pressure vessels described earlier. Examples are given of the design of two
simple pressure vessels using the stress analysis method based on the
mandatory Appendix 4 of Section VIII, Division 2.

2. METHODS OF DETERMINING STRESSES. The basic intent of design by
analysis is to determine the stress conditions in a pressure vessel under
load for each load condition for the vessel’s entire operational life. 1In
order to meet the intent and specifications of Section VIII, Division 2, the
designer must carry out a sufficiently detailed stress analysis of the vessel
to show compliance with the stress limitations imposed by the Code for the
material from which the vessel is to be fabricated. The designer may specify
any manner by which to determine the stresses in the vessel under load, so
long as use of the methodologies employed.

a. Stress Analysis Methods. In general there exist three basic
groups of stress analysis methods:

o Classical
o Experimental
o Computer Programs

(1) Classical Methods. Classical methods are defined as those
works based on continuum mechanics and as particularly applied to shell and
plate theory, that are exemplified by the works of Timoshenko (see Reference
6, Theory of Plates and Shells, 1959), Flugge (see Reference 7, Stresses in
Shells, 1966), Novoshilov (see Reference 8, Thin Shell Theory, 1964), and
Kraus (see Reference 9, Thin Elastic Shells,1967). A "handbook" type
presentation titled, Shell Analysis Manual, by E.H. Baker, et al., (see
Reference 10, Shell Analysis Manual, 1968) may be quite useful to the
designer. Appendix 4 of Section VIII, Division 2 of the Code presents
classical design based on stress analysis in nine articles as follows:

Article 4-1 - Stress analysis

Article 4-2 - Analysis of cylindrical shells

Article 4-3 - Analysis of spherical shells

Article 4-4 - Design criteria and formula for torispherical and

ellipsoidal heads

Article 4-5 - Analysis of flat circular heads

Article 4-6 - Pressure stresses in openings for fatigue evaluation
Article 4-7 - Discontinuity stresses

Article 4-8 - Thermal stresses

Article 4-9 - Stresses in ligaments

Article 4-6, Pressure Stresses in Openings for Fatigue Evaluation, is
particularly valuable in presenting a means of carrying out a fatigue evalua-
tion of certain geometries of isolated nozzles. Article 4-7, Discontinuity



Stresses, presents in a clear and concise manner a method of determining the
stresses in regions of geometry changes, at least for a body of revolution.

(2) Experimental Methods. Experimental methods are defined as
means of determining stresses using strains and/or displacements measured on
the actual structure or model of the structure. Experimental procedures are
acceptable methods for determining the stress conditions in areas where
classical methods are not available. Further, by the proper use of model
techniques, experimental methods may be used for the complete stress analysis
of the entire vessel.

CAUTION: If modeling techniques are employed, a 1 to 1 correlation
between the model behavior and the actual vessel under
the anticipated loadings must be established and form a
conspicuous part of the method justification.

Besides the comprehensive bibliography of books dealing with experimental
methods, the designer should be aware of newly developing experimental
procedures as presented by the publication Experimental Mechanics, the
monthly Journal of the Society for Experimental Stress Analysis.

(3) Computer Programs. Computer Programs are tools allowing either
numerical solutions of classical methodology or a nodal analysis of the
actual structure approximated by a network of "finite elements." computer
codes have been written which allow the solution of heretofore "unsolvable"
problems. To a great extent, the development of computer technology has
allowed the implementation of the concept of design by analysis which forms
the basis of Section VIII, Division 2. Pressure vessels, for the most part,
are complicated structures and detailed stress analyses using classical
methods require long and tedious calculations. For certain geometric
configurations, there exist no "classical" methods of solution. During the
last decade literally thousands of computer programs have been written to
carry out hundreds of different types of analysis. In the area of shell
analysis alone, there are probably close to 1000 programs that are in use.
Many programs are proprietary possessions of individual companies and others
are, for one reason or another, unavailable. However, almost all programs
developed by government funding are available from certain government
collection agencies. These agencies are:

(a) The Argonne Reactor Code Center at the Argonne National
Laboratory (AEC)

(b) The COSMIC Computer Center at the University of Georgia
(NASA)

(c) The Air Force Flight Dynamics Laboratory at Wright-
Patterson Air Force Base.

These agencies will supply a listing and cost of available programs upon
request. References 11 through 15 give an overall view of the state of the
art of computer technology applicable to pressure vessel analysis.

Finally, the designer is again cautioned that justification of the use of a
certain program to carry out the required design analysis remains the burden
of



the designer. If the program is a well known and well used one such
justification may simply be a detailed description of the model geometry,
input loads and boundary conditions applied. In other cases, the
justification may require full documentation of the program and examples of
analyses carried out by the use of the program that can be easily checked by
"classical" analysis, "exact" analysis, or data existing in the literature.

b. Stress Intensity Limits. There are two mandatory appendices of
Section VIII, Division 2, which form the entire basis of the concept of
design by analysis. These are Appendix 4, Design Based on Stress Analysis
and Appendix 5, Design Based on Fatigue Analysis. A detailed understanding
of these two appendices is necessary to understand Section VIII, Division 2.
Both appendices deal with the establishment of "stress intensity limits" and
the interpretation of stresses calculated by the designer to meet these
limits. Appendix 4 gives such information as pertains to vessels that are to
be loaded either statically or cyclically, while Appendix 5 gives further
information to be applied to vessels that are to be loaded cyclically. Note
carefully that the data presented in Appendix 4 must be applied in all cases
of loading.

(1) Appendix 4, Article 4-1 Design Based on Stress Analysis. This
article presents the methods that a designer should use in:

(a) Classifying the type of stresses that he has calculated;

(b) Converting these classes of stress into "stress
intensities"; and

(c) Comparing the calculated "stress intensities" to the
Code-allowable "stress intensity limits" for the material from which the
vessel is fabricated.

A brief description is given below of part of the information found in
Article 4-1. The designer is urged to read and fully understand the complete
article.

c. Types of Stresses. In Article 4-1 stresses are broadly categorized
into three groups:

(1) Primary stress. Such a stress is imposed by loading which is
necessary to satisfy equilibrium and which is not self-limiting. That is, as
the loading increases, the distortion of the area over which this stress acts
continues to increase until failure.

(a) Primary general membrane stress. This is a membrane
stress existing in a shell at a position removed from any gross geometric
discontinuity.

(b) Primary local membrane stress. This is a membrane
stress existing close to a geometric discontinuity which decreases rapidly
away from that location.



(c¢) Primary bending stress. This is a bending stress that is
induced directly by the pressure load acting upon a specific geometry and
is not induced by discontinuity conditions.

(2) Secondary stress. Such a stress is generally imposed by
constraints between adjacent parts of a shell and is self-limiting. That is,
if local yielding takes place as the load is applied, local distortion
relieves the stress in this area and the load is redistributed to the
surrounding material.

(3) Peak stress. Such a stress is imposed by very local geometric
discontinuities such as cracks, grooves, and fillets, and by certain types of
thermal loading conditions.

(4) Code identification. The Code identifies those five (5)
stresses by the following symbols:

Primary general membrane stress - Py
Primary local membrane stress - Prlq
Primary bending stress - Py
Secondary stress -0
Peak stress - F

d. Stress classification. Table 4-120.1 of the Code, "Classification
of Stresses for Some Typical Cases," is shown here as Table 2-1. It should
be of assistance in classifying the types of stresses in pressure vessels for
hyperbaric facilities.

In the most general cases of shell analysis, the five types of stresses de-
scribed above will contain shear stresses as well. If so, then each group of
stresses must be converted into principal stresses, [sigmall, [sigmal2, and
[sigma]l3. Fortunately, most pressure vessels usually consist of shells of
revolution and, except in the vicinity of penetrations and nonsymmetrical
supports or loads, the stresses as calculated are principal stresses, usually
denoted by [sigmal rtq, [sigmal (*1lq, or [sigmal frq.

In many types of shell analysis, particularly those carried out by computer
methods, the stress determined at any point will be a total stress. The
designer should break down this total stress to the five component types
described.

For each classification of stress as defined above, there may be more than
one set of stresses. This can arise, for instance, if a pressure vessel is
loaded by more than one type of load. One example of this is a pressure
vessel with high internal pressure and having significant thermal gradients
in its walls. The designer may choose to develop the stresses induced by the
thermal gradients separately from the stresses induced by pressure, thus
giving two sets of stresses at any point in the shell.

e. Determining stress intensities. After grouping the principal
stresses at each point of interest in the vessel in their respective classes,
the stresses in each group are added to achieve one set of three stresses for
each class, i.e., [sigma]flq, [sigmal (29, and [sigma] (37. The "stress
intensity" for each class is then calculated as the greatest absolute value
of the differences of any two of the three stresses, i.e.,



TABLE 2-1
CLASSIFICATION OF TRESSES FOR SOME TYPICAL CASES

|
| vessel

T
|origin of

T
| Type of Stress

T |
|classification]|

T
| Location

| component | | stress | | |

| |

| |

|Cylindrical |Shell plate Internal General membrane P

|or spherical|remote from | pressure |Gradient through | Q |

| shell |discontinuities| |plate thickness |

| |

| | Axial thermal |Membrane Q

| | |gradient | Bending | Q

|

| Junction with Internal Membrane Prln

| |head or flange |pressure | Bending | 0

|

|

|Any shell or|Any section External load |General Membrane

| head |across entire |or moment, or |averaged across full | |

| | vessel | internal pres-|section. Stress com- |

| | | sure | component perpendic- | P rmq

| | | |ular to cross section]| |

| | | | | |

| | | External load |Bending, across full |

| | | or moment | section. Stress com- |

| | | |ponent perpendicular | P e

| | | |to cross section | |

| I I | | |

| |Near nozzle or |External load |Local membrane | Prlq |

| |other opening |moment, or in-|Bending | 0

| | | ternal | Peak (fillet or |

| | | presssure | corner) | F |

|

| Any location Temp. diff. Membrane 0

| | |between shell | | |

| | |and head | Bending | 0

|

|

| Dished head |Crown Internal Membrane P

|or conical | | pressure | Bending | Pbq |

| head

| Knuckle or jun-|Internal Membrane Prlq [1]

| |ction to shell |pressure | Bending | 0

|

|

|Flat head Center region |Internal Membrane P

I | | pressure | Bending | P b |

| Junction to Internal Membrane PLq

| | shell | pressure | Bending | Q

|

|

| perforated |Typical liga- Pressure Membrane (av. thru P

|head or |ment in a uni- | | cross section) |

| shell | form pattern | |Bending (av. thru | P by |

| | | |width of lig., but | |

| | | |gradient thru plate | |

| | | | Peak | F |

| | | | | |

| | Isolated or | Pressure | Membrane | Q



|atypical | | Bending

| Ligament | | Peak
| | |

39-26



TABLE 2-1

CLASSIFICATION OF STRESSES FOR SOME TYPICAL CASES (CONTINUED)

| T T T T 1
| vessel | Location |origin of | Type of Stress |classification]|
| component | | Stress | | |
| | | | | |
| | | | | |
|Nozzle |cross section |Internal | General membrane |

| |perpendicular |pressure | (av. across full sec-|

| |to nozzle axis |or external |tion.) | P rmq

| | | Load | Stress component | See 4-138|
| | | | perpendicular to | |
| | | | section | |
| |

| | External load |Bending across P

| | | or moment |nozzle section | See 4-138|
| | | | | |
| |

| |Nozzle wall Internal General membrane PrmSee 4-138

| | | pressure |Local membrane | P rLq |
| | | | Bending Q |
I I | | Peak | F |
| | Differential Membrane Q

| | | expansion | Bending | 0

| | | | Peak | F |
Cladding Any Differential Membrane F

| | | expansion | Bending | F

Any Any Radial Equivalent linear Q

| | | temperature | stress [3] |

| | |distribution([2] |Nonlinear portion of | F

| | | | stress distribution |

| | | | | |
| | | | | |
| Any | Any | Any | Stress concentration | F

| | | | (notch effect) | |
| | | | | |
NOTES :

[1] Consideration must also be given to the possibility of wrinkling and

excessive deformation in vessels with large diameter-to-thickness ratio.
[2] Consider possibility of thermal stress ratchet.
[3] Equivalent linear stress is defined as the linear stress distribution

which has the same net bending moment as the actual stress distribution.



| [sigmal (17 - [sigmal 27 |
S = greatest of | [sigmal 29 - [sigmal 37 |
| [sigmal 3 - [sigmallq |

Note carefully that the wording of the Code at this point may be misleading,
for Prpnq and Prlq may now represent not the sum of the stresses as defined
previously, but rather "stress intensities."

Figure 4-130.1 "Stress Categories and Limits of Stress Intensity" from the
Code is shown here as Figure 2-7. Note that for each class, and for the suc-
ceeding sums of each class, there is a "Stress Intensity Limit" (shown in a
circle), which is a multiple of the "Design Stress Intensity Value," Spn,
for the material as previously defined. The correct interpretation of Figure
2-7 is that the following conditions must be met for all points throughout
the body of the vessel.

(a) Prm-| < / = Srm-|

(b) Pplq < /

1.5 Srm-|

(c) Prm-| (or PrL-|) + Prb-| </ =1.5 Srm-|

1]
w
o

(d) PrL‘| - Prb‘| + Q < / Srm-|

(e) PrL-| +Prb-| + Q +F </ Sra-|.

For a vessel subjected to static loading only, the failure to meet any
condition except (e) means that the vessel is unacceptable. For a vessel
subjected to cyclic loading sufficient to require a fatigue analysis, the
failure to meet any condition including (e) means that the vessel is
unacceptable.

Appendix 5, Article 5-1, "Design Based on Fatigue Analysis." This article
presents the methods of determining the adequacy of a code vessel to sustain
a given number of load cycles. The application of its provisions are
mandatory if a fatigue evaluation is required. The requirement for a fatigue
analysis is established by examining the operational conditions of the vessel
from the viewpoint of the specifications of Paragraph AD-160, "Fatigue
Evaluation" in Article D-1, "General" of Part AD, "Design Requirements," of
Section VIII, Division 2. Before a fatigue analysis can be carried out, a
complete stress analysis of the vessel must be conducted and all the stress
intensity limits established. This means, in essence, that at this design
stage the vessel is adequate to sustain a static load condition.

The amplitude of alternating stress intensity must now be determined. This
is the portion of the quantity formed of P;Lq + Prbqy + Q + F that is cyclic
in nature. There will be some conditions where the entire sum of these
quantities is cyclic as in start-up and shut-down operations. For most
conditions, only part of those quantities will be cyclic and the amplitude of
alternating stress intensity can be reduced by the amount of the steady
stresses. Thus in the nature of the operation of pressure vessels, there is
usually a history of operation at different amplitudes of alternating stress
intensities, each operating for a given number of cycles. For instance,
consider the following:



Pri Secondary
Stress mary - Membrane Peak
Categary General Membrane | Local Membrane Bending plus Bending
Description | Awverage primary Average stress Component of Self-equilibrating (1) [ngrement added

{For ex- stress across across any P"imaf‘!: stress | strets necessary to primary o second-
amples, solid section. solid section. propartional to satisty con- ary stress by a con-
woe Tabla Exclues discon- Considers dis- to distance tinuity of structure. centration {motch),

2.1} tinuitie$ and continuilies from centroid Occurs at struc-

{4-120.1} conceniratigns. but not cen- of sl_:iid Lural discontinui- (2) Certain theemal
Produced only by centrations. section, Ex- ties. Can be stresses which may
mechanical loads. | Produced only cludes discon- | aysey by mechan- cause fatigue but

by mechanical tinuities and ical load or by not distortion of
loads. concentrations.|  giHerential ther- wessel shape.
Produced ofly | mal expansion,
by mechanical Excludes focal
loaxds. Stress Concentra-
tions.
Symbol
Note (4) P i Pe Q f
Combintion | | || i r I l |
of stress — - — | )
components t | :

and aliow- 1 ! ,

able limits I ! )

of stress ¢ J b

irmensities. *

)
P E.5kS .
|
)
1
I
Bo+ry Hsesy L oo _ A ——
[
Note 13
Use design loads
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NOTES:

(13

(2)

i3)
{4}

5]

This limitation applles to te range of stress intensity. When the secongary stress is due to a temperatwre excursion al the point at which the
streases are being analyred, the value of 5, shall be taken & the average of the 5, valoes tanulated in Part AM 1or the highett and the | oweit
termperature of the metal during the transient. When part or all of the secondary stress is due to mechanical load, te valvr of 5, shall be
taken a5 the 5, value for the highest temperature of the metal during the transient.

The stresses in Categoey (3 are those parts of the tolal siress which are produced by thermal gradients, structural discominuities, ol | and
do not include primary strasses which may also exist at the same noint. [t should be noled, however, that a detailed stres analysis frequently
gives the combination of primary and secondary stresses divectly and, when appropriate, this calculaued vilue repretents the total of P, tor
£ )+ Py + Q and not Q alone. Similarly, if the stress in Category F is produced by a stress concentration, the quantity F 15 the additional
stress produced by the notch, over and above the nominal stress. For example, if a plate has a nominal stress imtensity, $, and has 2 rolth
with a stress concentralion Factor, K thenPy = 5, P, = Q. Q =0, F =P, (K—1) and the peak stress imtensity squals P, + P K- 1)
= Py

S, is abtained from the fatigue curves, Figs. 5-110.1, 5-110.2 and 5-110.3. The altowable stress intemsity for the full range of fluziualion
is 25,

The symbals F, Py, Py, Q. 2nd F do not repeesent single quantities, but rather sets of six guantities representing Lthe 511 Siress COmponents
oy, Oy, O Tp T a0d T,

The k faclors are given in Table AD-150.1.

FIGURE 2-7
Stress Catepories and Limits of Stress Intansity
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A hyperbaric vessel is designed to operate for 20 years. It is specified
that during that period it will start up and shut down 3,000 times, and will
reach the following number of steady-state pressures and resulting maximum
stress intensities:

No. of
Operations Pressure, psi Prlq + Prbq + Q + F, psi
1000 0 - 1000 - 0 0 - 60,000 -0
1000 0 - 1000 - 0 0 - 52,000 -0
500 0 - 700 -0 0 - 42,000 - 0O
500 0 - 500 -0 0 - 30,000 -0

(Note that the difference between the two 1000 items could reflect
a difference due to a thermal stress quantity.)

For each of the operations shown above, the figures given in the column
headed by Prlq + Prbq + Q + F, psi identify the "alternating stress intensity
range." The amplitude of each alternating stress is half of this wvalue,
identified by the symbol Sraq.

For most of the Code-authorized materials Design Fatigue Curves have been
established.* Figure 5.110.1 of the Code is shown here as Figure 2-8.

This curve and the others like it in this appendix are based upon
experimental fatigue data generated over many years. The values of Sraq,
shown here represent amplitudes of alternating stress intensities. (Note
again that this is half the value of the alternating stress intensity range.)
These curves have been adjusted for mean stress values and only the
alternating component of stress need be considered. For any given value of
Sraq, there is an acceptable number of cycles of operation and this number
constitutes the design life of the vessel. For instance, referring to Figure
2-8, i1f a pressure vessel were to operate at a constant Sray value of PrLq +
Prbq + Q + F = (74,000)/2 = 37,000 psi, and the vessel were fabricated from
carbon steel with an ultimate tensile strength of less than 80,000 psi, then
the fatigue life of that vessel would be approximately 10,000 cycles; i.e.,
the load could vary from 0 - 1,000 psig-0, 10,000 times. The Code requires
that all fatigue loadings applicable to the figures shown in Article 5-1, are
to be interpreted from a linear cumulative damage criteria. That is, all
cycles of stress must be accounted for in the total fatigue life of the
vessel. In the example in the above paragraph, 10,000 cycles of operation is
the entire design fatigue life of the structure. Now consider the loading
conditions described above.

* These curves are based on tests which did not include the presence of a
corrosive environment which might accelerate the fatigue failure.
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1000 cycles at Sraq 30,000 psi

1000 cycles at Spaq 26,000 psi
500 cycles at Sraq 21,000 psi
500 cycles at Sraq 15,000 psi.

Each of these cycles has used up a certain amount of the fatigue life of the
vessel. In order to determine the adequacy of the vessel to carry out its
mission over 20 years, the procedure is as follows: For each of the Sraq’s
shown, go to the appropriate fatigue design curve and find the number of
cycles, Nriq, permitted at this amplitude level. Designate the actual number
of cycles of operation at this Sriq level as Npiq. The cumulative usage
factor, component Upiq, is then simply nplq/Nprlqy. The total usage factor U
then equals the summation of all the Uriq’s and this figure must be less than
or equal to 1.0. In this case,

for Srlq = 30,000 psi, Nflq = 20,000 cycles, nrlq = 1000 cycles
for Sr29 = 30,000 psi, Nf2q = 20,000 cycles, np2q = 1000 cycles
for Sr34 = 30,000 psi, N394 = 20,000 cycles, np3q = 500 cycles
for Sr44 = 30,000 psi, N4 = 20,000 cycles, nr4q = 500 cycles
Thus 1000
Urly = — = 0.05
20,000
1000
Ur2q9 = — = 0.033
30,000
1000
U39 = — = 0.005
100,000
1000
Ur4q = — = 0.001
500,000

and U = Ur1-| + Ur2-| + Ur3-| + Ur4-| = 0.089 1.0
and the vessel is quite adequate.

In most cases, the designer may design right up to the Code allowable
stresses. This is possible because in the generation of the Design Fatigue
Curves, a safety factor of 2.0 on stress and/or 20.0 on cyclic life,
whichever is greater, has been employed. The designer is urged to read
Reference 1 (ASME Boiler and Pressure Vessel Code, 1980) for a fuller
understanding of the origin and methods of employment of the concept of
design by fatigue analysis.

NOTE: In reading Article 5-1, the designer should take particular note of
Paragraphs 5-111, 5-112, and 5-140, which deal with the limitation
on fatigue strength reduction factors and progressive distortion of



nonintegral connections. Incorporated in this Article and deeply
imbedded in the philosophy of Section VIII, Division 2, is an
emphasis on the creation of a pressure vessel as free as possible
from sharp, local, geometric stress risers such as notches, fillet
welds, and partial welds. This is seen continually throughout the
design and fabrication sections of the Code. The avoidance of such
discontinuities from pressure vessels to be employed in hyperbaric
facilities takes on even more importance when corrosion effects are
considered.

3. DESIGN REQUIREMENTS. Part AD, "Design Requirements" of Section VIII,
Division 2, contains 10 articles, each of which deals with specific design
requirements for a Code-approved vessel. These 10 articles are listed below
and selected items are discussed.

a. Article D-1, "General."

(1) AD-115, "Corrosion." The designer is cautioned that he must
make allowance for the loss of material due to corrosion effects, and that he
must consider effects for the entire lifetime of the vessel. This loss must
be compensated for by the addition of material to the wall thicknesses of the
vessel above that needed to meet the stress intensity limitations as
determined by analysis. Throughout the Articles dealing with design, it is
emphasized that the analysis to be carried out should deal with the vessel
geometry in the "as-corroded" condition.

(2) AD-140, "Design Criteria." Particular attention should be
given to paragraph AD-140(c), where the definition of primary local membrane
stress is given.

(3) AD-150, "Load Combinations." The designer should become
familiar with Table AD-150.1, "Stress Intensity Limits for Various Load
Combinations" Table 2-2 in this manual. The information contained in this
table will be of use to the designer in the initial steps of his design
procedure, and for setting test pressure limits.

(4) AD-155, "Minimum Permissible Temperatures for Ferrous
Materials Other Than Austenitic." This paragraph, basically, sets the lower
limit of test, design, or operating temperature for such materials. This
limitation on temperature is solely based on toughness requirements. If the
design of the vessel calls for operation at low temperatures, it is the
absolute obligation of the designer to show that the material he chooses has
the required toughness at the lowest temperatures to be seen by the chamber
during its operational 1life.

(5) AD-160, "Fatigue Evaluation." This paragraph specifies the
conditions under which a vessel may be exempted from the necessity of being
evaluated for fatigue. Further, it makes a particular point of the dele-
terious effect that certain construction features may have upon the fatigue
life of a vessel.



TABLE 2-2
STRESS INTENSITY k FACTORS FOR VARIOUS LOAD COMBINATIONS

Condition Load Combination k Factors Calculated Stress
(See AD-110) Limit Basis
Design A The design pressure, the dead 1.0 Based on the corroded
load of the vessel, the contents thickness at design
of the vessel, the imposed load metal temperature

of the mechanical equipment, and
external attachment loads

B Condition A plus wind 1.2 Based on the corroded
load thickness at design
metal temperature
C Condition A plus earth- 1.2 Based on the corrode
quake load thickness at design
metal temperature
D Condition A plus loads 1.2 Based on the corrode
resulting from wave action thickness at design

metal temperature
(NOTE: The condition of
structural instability or
buckling must be considered)

conditions. This is the basis and Appen- thickness at
of fatigue life evaluation dix 5 operating pres-

sure and metal
operating temp-

erature
Test A The required test pressure, the 1.25 for hy- Based on actual
dead load of the vessel, the drostatic test design values at
contents of the vessel, the and 1.15 for test temperature

imposed load of the mechanical pneumatic test.
equipment, and external attach- See AD-151 for
ment loads special limits.

NOTE:

(1) When the rules of this Division are used in design of human occupancy
pressure vessels and/or pressure vessels permanently installed in ocean-
going ships, barges, and other floating craft [per AG-100(b) (2)], dynamic
loads resulting from wave action included under Conditions D shall be the
most probable largest loads encountered during the vessel’s life and having
a probability level per wave encounter not greater than 10L -84, which

T
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|
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| operation A The actual operating loading See AD-160 Based on corroded
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| corresponds to one occurrence in 20 years.
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(a) AD-160.1, "Operating Experience." The designer is
cautioned that certain design features are inherently poor from the viewpoint
of fatigue. Specifically mentioned are:

o Nonintegral construction, such as the use of pad
type reinforcements or of fillet-welded attachments
as opposed to integral construction
o Use of pipe threaded connections
o Stud bolt connections
o Major abrupt thickness changes between adjacent members.

These considerations take on added emphasis when considered from the
viewpoint of corrosion. Each of the above geometries can present locations
for the action of either crevice corrosion or corrosion due to the entrapment
of corrosive agents. It is for these reasons that such construction
practices are not recommended for use in pressure vessels in hyperbaric
facilities.

(6) AD-160.2, "Rules to Determine Need for Fatigue Evaluation of
Integral Parts of Vessels." The designer is cautioned that all parts of
Condition A or all parts of Condition B must be met for a vessel constructed
in such a manner to be exempt from a fatigue evaluation.

b. Article D-2, "Shells of Revolution Under Internal Pressure." This
article is quite clear in its exposition and needs no further interpretation.
The equations contained therein, together with Table AD-150.1 can assist the
designer in the setting of the initial shell thicknesses for his preliminary
design. Inherent in the term, "minimum thickness," used throughout this
article should be the understanding, "in the as-corroded condition." Note
carefully, that the formulae presented deal almost solely with internal
pressure and that paragraphs AD-200.1 through AD-206 require that provision
be made for other types of loading. These types may encompass local moment
loads, thermal stress, and others. By and large the Code leaves the manner
of determining the additional thickness required for such loadings to the
designer.

c. Article D-3, "Shells of Revolution Under External Pressure."
Generally, the normal loading for pressure vessels forming parts of
hyperbaric facilities will be internal pressure. However, there may be
instances particularly in the case of multi-chambered vessels, where a
pressure differential may exist such that one vessel or part of one vessel
could be subjected to an effective external pressure. In such an instance,
the provisions of this article together with the data found in Appendix 2 of
the Code should be applied.

d. Article D-4, "Welded Joints." This article classifies the types
of welded joints which may be incorporated into a Code-approved vessel. The
classifications are primarily intended to correlate with inspection
procedures but also present good engineering practice. In this article, as
in others, the designer is urged to keep his design "smooth"; that is, free
from sharp local discontinuities and the use of fillet or partial penetration
welds in the main pressure wall of the vessel. Particular attention should
be directed to Paragraph AD-420 and Figure AD-420.2 which deal with material
thickness transition zones.



e. Article D-5, "Openings and Their Reinforcement." This article
presents information, which, if used fully and rigorously, will insure a
satisfactory design of penetrations when the vessel is subject to a pressure
load only. Adherence to the rules presented in this article apply to all
"isolated" penetrations and do not apply, except in the most general sense,
to openings or penetrations that are so closely spaced as to be considered
"multiple" openings. "Multiple" openings are to be understood as two or more
openings, which, when considered individually, cause stress fields which
significantly over-lap the area or vicinity of the adjacent openings.
Further, compliance with the specifications of this article, though required,
does not satisfy the design requirements for a fatigue analysis of these
components nor do these specifications deal with external piping loads. Both
of these factors must be considered carefully by the design engineer.

The designer is urged to read and understand this article completely.
Particular attention should be paid to paragraphs AD-520, -530, -540, and
-550. These paragraphs deal with the establishment of required additional
reinforcing materials and the geometric limits of their application.
Paragraph AD- 560 deals with requirements for nozzles with separate
reinforcing plates (pads, etc.). Though Code-allowable with severe
limitations, the designer is urged to not use such configurations for
pressure vessels for hyperbaric facilities.

f. Article D-6, "Nozzles and Other Connections." Here, as in article
D-5, rules are presented that deal with acceptable nozzle configurations.
The designer will note, as before, that heavy emphasis is placed on full
penetration and butt weld joints. For most Code-approved vessels, partial
penetration welds for nonload carrying pipe connections are allowed.

CAUTION: This practice is not recommended for pressure vessels
for hyperbaric facilities. Paragraph AD-640, "Threaded
Connections," gives design data concerning the use of
threaded connections in the main pressure wall of the
vessel. The designer is cautioned to consider the
effects of corrosion, fatigue, and possible leakage
when applying these specifications to hyperbaric vessels.

g. Article D-7, "Flat Heads, Bolted and Studded Connections." This
article gives guidance in the select on of the initial design thicknesses for
flat head sections and makes specific recommendations as to their connections
to the main body of the vessel. It further makes recommendations and sets
limitations for bolted flange connections. The provisions of paragraph
AD-710 should be used in conjunction with the provisions of Appendix 3,
"Rules for Bolted Connections," of the Code.

h. Article D-8, "Quick-Actuating Closures." This is a very short
article mainly dealing with the prevention of unintentional opening or
operation of the device. The data detailed in this article provides
guidance in the design of devices described in pertinent paragraphs of
Chapter 3 "Appurtenances" of this manual.



i. Article D-9, "Attachments and Supports." This article provides
rules and recommendations as to the means of securing attachments and
supports to the main vessel. As before, partial-penetration welds and fillet
welds are permitted in certain applications. Again the designer is cautioned
concerning the use of such weld configurations; particular note should be
taken of paragraph AD-940, "Design of Supports."

j. Article D-10, "Access and Inspection Openings." Paragraph
AD-1000, General Requirements," states that

"All pressure vessels for use with compressed air, and those 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."

The content of this paragraph certainly applies to hyperbaric vessels. In
most cases, however, the need for such manways, etc., will be obviated by the
presence of the doors or hatches incorporated into such vessels. Where there
are specific areas in portions of multi-chambered vessels where interior
inspection may pose a problem, the designer is required to supply such
inspection ports.

4. APPENDIX 3, "RULES FOR BOLTED FLANGE CONNECTIONS." The first three
articles in this appendix present rules and methods of designing bolted
flange connections of specific types and geometries. The methods, both of
design and analysis, are described in some detail and for the flanges
described the designer may follow these articles as presented. He should
bear in mind however, that, (1) some of the gasket materials and geometries
may not be compatible with the liquid or gaseous media to be employed in the
vessel, and (2) he must still justify his design from the viewpoint of
fatigue.

5. APPENDIX 6, "EXPERIMENTAL STRESS ANALYSIS." It is within the intent
and specifications of Section VIII, Division 2 that the stress condition
throughout the vessel, while under load, be known. Mathematical analysis can
be carried only so far. It is true that great strides have been made in the
development of mathematical stress analysis techniques in recent years and
that this development of analytic procedures is progressing at an increasing
rate. There remain, however, areas in a complicated pressure vessel for
which no mathematical stress analysis technique is available. For such
areas, the designer may choose to prove his design upon either a model or, if
he has sufficient confidence in his past experience, on the finished pressure
vessel itself. Appendix 6 discusses briefly two basic methods of
experimental stress analysis, (1) use of strain gages, and (2) use of
photoelastic techniques. There are of course many other experimental
techniques that may be employed. References 16 through 23 deal with the
broad field of experimental stress analysis, and the designer may find the
method he chooses to employ described in them. One method of experimental
analysis, combining two techniques, is described briefly below. This method,
when used properly, develops accurate data in an economical manner.



a. The area to be analyzed is coated with a brittle lacquer coating
(see Reference 21, Holister, Experimental Stress Analysis, Principles and
Methods) .

b. The pressure in the vessel is raised very slowly in small
increments until a crack pattern just starts to develop in the coating. (The
crack will form perpendicular to the direction of the principal tensile
stress at that point.) The pressurization is halted and the crack is marked,

lengthwise along the crack, with grease pencil and numbered No. 1.

c. The pressurization procedure is continued until a definitive crack
pattern is established.

d. The crack pattern will give a comprehensive picture of the
directions of the principal stresses in the area. Further, by the
observation and sequential numbering procedure described above, coupled with
the relative density of cracks in the area, the location of the maximum
stress can be determined.

e. At the point of maximum stress, and at other points of interest,
scratch marks are made in the form of a cross (along the crack and perpen-
dicular to the crack), thus indicating where gages are to be located.

f. The pressure in the vessel is lowered to zero and the coating is
removed, leaving the scratch pattern.

g. Bi-axial, electrical resistance, strain gages are then mounted at
and in line with the cross scratches.

h. The pressure in the vessel is increased incrementally while the
strains in the gages are read by a suitable instrument, such as a strain
indicator.

CAUTION: The experimenter is cautioned that brittle lacquers are
extremely sensitive to temperature and humidity effects.
Further, great care and patience must be exercised in
observing and marking the crack pattern as it develops. If
this is not done it is possible that the maximum stress point
may be missed. Finally, he is cautioned not to read the
crack pattern in a quantitative sense in an attempt to
determine the stresses directly without the use of the strain
gages. Such a procedure is theoretically possible but is
definitely not recommended.

Whatever method of experimental analysis is employed, the designer/
experimenter is urged to maintain clear and definitive records for
incorporation in the Design Report.

NOTE: The designer should note that Paragraph 6-102, "When
Reevaluation is Not Required, " clearly states that if
detailed experimental data exist for the exact or a very
similar configuration, then a new experimental evaluation
need not be carried out. The burden of proof for the
justification of the use of such data, again, lies completely
with the designer.



6. EXAMPLE OF DESIGN BY ANALYSIS AS APPLIED TO A SPHERICAL CHAMBER. The
following example, showing the steps taken and the application of Code
requirements for the design and analysis of a simple chamber may be of some
help to a designer of such vessels in fully understanding the concept of
design by analysis (See Figure 2-9).

a. Specification Data. Assume that the following data has been
extracted from a User’s Design Specification for a certain hyperbaric
facility pressure vessel.

(1) The vessel shall be designed for human occupancy.

(2) It shall be basically spherical in shape with an inside radius
of 90.00 inches.

(3) It shall be equipped with a nominal 4.0 inch diameter input

pipe.

(4) It shall be equipped with a nominal 4.0 inch diameter output
pipe.

(5) It shall be a combination (wet or dry) chamber.

(6) It shall have three view-ports.

(7) It shall have a 40.0 inch minimum inner diameter entrance way.

(8) The vessel shall be designed to meet the following operating
conditions.

(a) Seawater shall be the primary pressurizing media.
(b) 1000 psig is the maximum design pressure.

(c) The pressurizing media shall, at different times, range
in temperature from 30 deg. F to 150 deg. F.

(d) The chamber must be capable of sustaining 10,000 cycles
of operation at 1000 psig and 150 deg. F.

(e) The operational life of the chamber is to be at least 20
years.

(f) The chamber shall be supported by a cylinder
approximately 10 feet in diameter and 5 feet tall.

(g) Neither wind loadings nor earthquake loadings need be
considered.

(h) The piping will be so designed that no moment loadings
shall occur on the spherical shell.

(i) Figure 2-9 shows a sketch of the centerline and mean
dimensions of the proposed chamber.
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b. Materials and Initial Calculations. Carbon steel, ASTM
Specification A-516 grade 70, a Category 1 plate material, is chosen as the
material from which to fabricate both the chamber and the support cylinder.
From Table ACS-1 of Section VIII, Division 2*, the design stress intensity
value, Spmq, is shown as 23,300 psi at 100 deg. F and 23,100 psi at 200 deg.
F. Linearly interpolating sets Spm at 150 deg. F at 23,200 psi. Based on
this, the Stress Intensity Limits for the vessel become (see para. 2.e of
this Section):

Pmq < / = 23,200 psi
Prlq < / = 34,800 psi
Prm-| (or PFL'|) + Prb < / = 34,800
PFL'| + Prb-| + Q < / = 69,600 pSi
(1) Stress Intensity Range. From Figure 5-110 1, for a life of
10,000 cycles, a permissible Sraq = 37,000 psi. Thus, since the pressure
loading is from 0 to 1000 psig, the full allowable stress intensity range is

2Sray = 74,000 psi.

(2) Membrane Stress Intensity Limit. From Table AD-150-1, the
factor to apply to the Membrane Stress Intensity is 1.0.

(3) Minimum Shell Thickness. From paragraph AD-202 of Article
D-2, the minimum shell thickness of the sphere is calculated from:

0.5 PR
trspq = ———— (for internal pressure loading only)
S - 0.25P
where trspq = minimum required thickness of sphere, inches
P = design pressure, psi
R = 1inside radius of shell, inches
S = factor from Table AD-150-1 times Spmq, in this case
1.0 Srm-| ’ psi
0.5 PR(1000.0) (90.0)
trSpj =
23,200 - 0.25(1000.0)
trspq = 1.98 inches, use 2.0 inches.

(4) Total Dead Weight. The weight of the seawater in the full
chamber would be approximately:

* Note: Henceforth all references to Tables and Figures made in this
analysis shall be assumed to be those found in Section VIII,
Division 2, unless otherwise noted.



4
lwdwater = - [pi]RL3d [UPSILON]
3

where lwdwater = weight of water, lbs

R = inside radius of sphere, feet

[UPSILON] = density of seawater, lbs/ftl3d
4
thus Lbwdwater = - [pi] (7.5)L3d (64.0) = 113,100 lbs.
3

The weight of the sphere (neglecting penetrations) is calculated by

lwlsp = 4[pil (r) 2! (trspy ([UPSILON])

where
lwd sp = weight of sphere, lbs
r = mean radius of sphere, inches
[UPSILON] = density of steel, 1lb/in. L34
Thus Lidsp = 4[pil (91.0) 24 (2.0)(0.283) = 58,900 1lbs.

Assume that the penetration reinforcements and entranceway, etc., add
another 10,000 1lbs of dead weight load to the structure. Thus the total
dead weight load to be sustained by the cylindrical support skirt is

Wrtotalqy = 113,100 + 58,900 + 10,000 = 182,000 1bs.

(5) Support Skirt Compressive Stress. The average compressive
stress in the support skirt is given by
Li! total
[sigma] fcompq = --—----------
[pl ] D rsq t rsq

[sigma] fcompq = compressive stress, acting longitudinally in the
support skirt, psi

Drsq = mean diameter of skirt, inches

trsq = thickness of support skirt
M1

rW-| total
solving for tpsq EpSy = ————mmmmmm e —
[Ppi]Dpsq [sigma] Fcompn
and arbitrarily* setting [sigma] fcompq = 2,000 psi
182,000
L T = 0.241

[pi] (120.0) (2000.0)

set tpsq = 0.25 inches.



NOTE: At this point the designer should be guided by the restriction of
Article D-9.
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To ensure against elastic buckling an approximate formula from Roark (see
Reference 24, Formulas for Stress and Strain, 1965) is employed

t rsq
[sigma] fcrq7 = 0.3 E ----
rrsq
where [sigma] rcrq = critical compressive stress, psi

E = modulus of elasticity, psi
rrsqy = mean radius of cylinder, inches
[sigmal rcrq = 0.3(29 x 10Led) (0.25)/60.125
[sigma] fcrq = 36,175 psi >> 2,000 psi
Thus the support skirt will not buckle under the dead weight load.
(6) Penetrations & Openings, Reinforcement. Paragraph AD-510 of

Article D-5 sets the diameter limits on penetrations and openings that
require no reinforcement. This limit is

D = 0.2¢§mt

max

where Rm = mean radius of the vessel at the location of the
opening, Inches.

[
It

nominal thickness of the head, as calculated from the
formula in Article D-2, inches.

For the sphere R = 91.0 and t = 2.0 inches, thus

D x - 0.2/(91.0)(2) = 2.69 inches.

ma

This means that penetrations for the 4.0 inch inlet and outlet pipes as well
as the penetration for the 40.0 inch entranceway will require additional
material to act as reinforcement. Penetrations with a diameter equal to or
less than 2.69 inches require no reinforcement so long as the conditions
stipulated in AD-510(b) and (c¢) are also met. These conditions deal with
spacing limitations between adjacent unreinforced openings or proximity of
unreinforced openings to the edge of outer holes and/or local stress areas.
It must be emphasized that this limitation is based solely on pressure
loading. In the words of paragraph AD-500

"... These rules do not include design requirements for piping
loads that may be imposed on the nozzle and/or shell portion and
that may be added to the pressure loadings. Such additional
loadings should be carefully considered by the designer."

Paragraph AD-520 "Required Reinforcement for Openings in Shells and Formed
Heads." This delineates the area replacement concept inherent in the



reinforcement design procedure. This paragraph states:
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"(a) Design for Internal Pressure. The total cross-sectional
area of reinforcement, A, required in any given plane for a
vessel under internal pressure shall be not less than

A dt rer
where

d = the diameter in the given plane of the finished
opening in its corroded condition, inches.

trrq = the thickness in inches which meet the require-
ments of Article D-2 in the absence of the
opening.

F = 1.00 when the plane under consideration is in the
spherical portion of a head or when the given
plane contains the longitudinal axis of a cylin-
drical shell. For all other planes through a
shell, use the value of F determined from Figure
AD-520.1 except that, for reinforcing pads,
F=1.

(c) Not less than half of the required material shall be on
each side of the centerline of the opening. (See also
AD-540.1 (c).)"

Paragraph AD-540.1 "Boundary Along Vessel Wall" states reinforcement limits:

"(b) Two thirds of the required reinforcement shall be within a
distance on each side of the axis of the opening equal to
the greater of the following:

(1) r + 0.5[SQRTrmq t] where Rpmy is the mean radius of shell or
head, t is the nominal vessel wall thickness, and r is the
radius of the finished opening in the corroded condition.

(2) the radius of the finished opening in the corroded
condition plus the thickness of the vessel wall plus
the thickness of the nozzle wall."

Inherent in the above statements is that for pressure loading only, any
thickness of shell beyond that calculated may be considered as reinforcement
material within the stipulated boundaries.

(7) Inlet and Outlet Nozzles. It shall be assumed that the pipes
leading to the proposed inlet and outlet nozzles have a 4.0 inch inner
diameter and a 0.10 inch thick wall. Because the wall thickness of the
sphere was set at 2.0 inches, the minimum required for the pressure loading,
all reinforcement material for the penetration must be emplaced in the nozzle



itself. It is decided to choose a nozzle configuration as shown in Figure
AD-540,1(b), shown here in Figure 2-10. This choice was made for two
reasons: first, such a configuration will not be difficult to fabricate;
second, it is a type of nozzle which can be analyzed for fatigue conditions
due to pressure loadings by the "Stress Index Method" described in Article
4-6. To design such a nozzle, the following procedure should be followed:

o The area on either side of the nozzle centerline (AD-530)
that must be replaced is

A =0.5dtrry = 0.5(4.0)(2.0) = 4.0 in. L2
where
A = Cross-sectional area of reinforcement
d = Diameter of finished opening in corroded
condition, in.
trrqy = Minimum thickness which meets requirements

AD-702 in the absence of the opening

o Referring to Figure 2-10 here, set tmq =
2.5* + inches. The length along the
shell which can be considered for reinforcement
is marked as the "offset" on the figure
or in this case 2.4 inches.

o To determine the height of the nozzle to
beginning of the transition zone, the limit of
reinforcement normal to the vessel wall must
first be established. Paragraph AD-540.2
"Boundary Normal to Vessel Wall" states that:

"The limit of reinforcement, measured normal to
the vessel wall shall conform to the contour

of the surface at a distance from each surface
equal to the following limits:

(a) For Figures AD-540.1(a), (b), and (d):

Limit 0.5/ r t_+ 0.5 T
mn 2
where

inside radius [of nozzle]
m - 0,5 Tt

T

b= nominal nozzle thickness as indicated
r_ = mean radius =t + 0.5 ¢
n n

T, = transition radius between nozzle and
wall

tp = nominal thickness of conmecting pipe
For this nozzle

r = 2.0 inches

t_ = 2.5 inches

o

= 2.0 + 0.5(2.5) = 3,25

r, = 1,0 (see Article 4-6, para. 4-613(e)).

2
Thus Limit = 0.5/ (3.25)(2.5) + 0.5(1.0)

Limit = 1.925 inches."”



* This 1s a trial and error method.

+ Note: This tmq is not the same as defined in Paragraph AD-540.1(c)
quoted previously.
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o Thus the effective area of material reinforcement is
Arrq = 2.4 x 1.925 = 4.62 inl2d
which is more than adequate.

o The designer must also check to see that his
design conforms to the boundary limits along
the surface of the shell as prescribed by the
provisions of Paragraph AD-540.2(a), (b), and
(c). Of particular importance is AD-540.1 (c)
quoted in Paragraph 6.b. (6) above:

For this nozzle this limit is

For this nozzle this limit 1s

2.0 + 0.5/ (91.0)(2.0)
2.0 + 6.73 = 8.73 inches.

This limit, which 1s easlly met in this case,
can be also used by the designer in initlally
establishing the "offset" length as described
above,

o The inner corner radius, rrlq, is established by
Paragraph 4-613(d) as between 10 percent and
100 percent of the shell thickness. 1In this case,
rrly was set to 0.5 inches which is 25 percent of
the shell thickness.

o The transition radius r3q is established by
Paragraph 4-613(f) (2) as 2(sin [theta])l3d times the
offset. For this configuration nozzle,

[theta] = 90.0 degrees and the offset is 2.4 inches.
Thus rpr34 = 4.8 inches.

o The final 4.0 inch nozzle configuration is

shown here in Figure 2-10. The choice of an
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inserted nozzle configuration was based on a
desire to minimize machine and welding costs,
and meet the specifications of Paragraph AD-611
and Figure AD-610.1.

8) Viewport Mounting Ring. Assume that the viewport configuration to be
employed is of the type portrayed in Figure 3-6 in Chapter 3,
"Appurtenances." Such a configuration requires a penetration through the
shell. Assume that this penetration must have a 10.0 inch diameter. It is
decided to use a flat plate insert reinforcing ring as shown in Figure 2-11.
The taper transition was established by the requirements of Paragraph AD-420
and Figure AD-420.2, which deal with the joining of two sections with
significant differences in thickness. Basically, the length of the taper
must be at least 3 times the rise, on each surface, from one shell part to
its adjoining part. Such a reinforcement does meet the area replacement
specifications.* It does not meet the specifications of Article 4-6 and
thus must be evaluated for fatigue by some method other than the "Stress
Index Method."

(9) Entranceway-shell Intersection. The minimum thickness of the
cylindrical portion of the entranceway is established from Paragraph AD-201
by:

PR
t ming =
S - 0.5P

where all terms are described in Paragraph 7.b. (3) preceding. Thus
(1000) (20.0)

t ming = =0.88 inches
23,200 - 0.5(1000)

1.00 inch.

use t

The designer is now confronted with the intersection of a minimum thickness
main shell and a basically minimum thickness cylinder. Thus, reinforcing
material must be added to compensate for the opening. The area of
reinforcing material to be emplaced on a plane on each side of the opening is

Aprq = 0.5(40.0)(2.0) = 4.0 inlk2d

*  NOTE: At this time Section VIII, Division 2, sets the limit on height
of reinforcement only for those types of nozzles and other
reinforcements detailed specifically in Figures AD-540.1 and
AD-612.1. This is being changed. In the meantime, use Section
VIII, Division 1, para. UG-40(c). (Basically, 2.5 times the
nominal wall thickness of the vessel normal to each surface.)
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Further, two-thirds of this material must be emplaced at a distance from the
centerline of the 40.0 inch opening equal to 26.73 inches. It was decided to
use a balanced reinforcement (equal thickness of reinforcement on the top and
bottom surface) as shown here in Figure 2-12. This is a forged section. The
1.0 inch wall 40.0 inch inner diameter cylinder is welded to the top of the
forging with a full penetration weld. (See Article D-4 and Figure
AD-610.1(a).) A 2.0 inch radius fillet weld is laid in and ground as shown.
Again the taper transition is equal to 3 times the height of the rise to the
top of the reinforcement surface. As in the case of the viewport reinforcing
ring, this configuration must use some other method than the "Stress Index
Method" for a fatigue evaluation.

(10) Door. The "door" falls into the classification of an
appurtenance and its design should be governed by the criteria described in
Chapter 3, "Appurtenances" of this manual. TIts design will generally be
quite complex and may require experimental evaluation to meet the
requirements of Section VIII, Division 2. It must be so evaluated because it
does form a part of the main pressure boundary of the vessel. However, as
an example of how "design by analysis" may be applied in this case a
torispheroidal or equivalent elliptical head and flange arrangement shall be
designed. The flanges are to be secured by some clamping arrangement. Bolts
could apply for a Class II vessel; some "C" type clamp arrangement could
apply for a Class I vessel. This example shall not go into the method of
hinging or clamping the "door."

o Design of head - the head was chosen to be an
ellipsoidal one where D/2h = 2. Here D is the
inside diameter of the 40.0 inch cylinder and
h is one-half the minor axis of the ellipse.

Thus h = 10.0 inches. Further, this head has an
L/D = 0.90 and a r/D = 0.17, where L is the inside
radius of the spherical portion of the head

and r is the inside radius of the toroidal section.
Thus L = 3.60 inches and r = 6.8 inches.

o To determine the minimum thickness of this head
apply paragraph AD-204.3. This paragraph requires
that tming is the larger of

KPD
t =
28
or
PD
t =
25 - P

where t = minimum thickness, inches
P = internal pressure plus a static head, psi
d = inner diameter of major axis, in this case

the inner diameter of the cylinder, inches
S = factor from Table AD-150.1 times Spmy, in
this case 1.0 Spm psi



FIGURE 2-12
Details of Reinforcement for 40.0-Inch-Diameter Penetration



K = a factor depending on the ratio of P/S as
determined from Figure AD-204.1 for heads
with D/2h = 2.

Here P = 1000 psi and S = 23,000 psi, thus P/S = 0.043.
Enter Figure AD-204.1 with this figure, K is established

as approximately 1.05. Thus we have

1.05(1000.0) (40.0)

trlqy = = 0.913 inches
2 (23,200)
or
(1000.0) (40.0)
tr2q = = 0.889 inches
2 (23,200) - 1000
trly governs, so we set trheady = 1.0 inch.

o This head or "door" is shown here in Figure 2-13.
o Design of the flange -- The flange could be designed
using the provisions of Article 3-3 of Appendix 3.
However it was decided to use a different type of

flange than those covered by these provisions.
(See Paragraph 3-300.) It was decided to use a
flat-faced flange with sealing by some type of
pressure energized ring-seal backed up by a compressed
"O" ring seal. This seal arrangement is

shown conceptually in Figure 2-13. No attempt
will be made to dimensionally detail them, since
they are basically part of the "door" system and
that in itself is being only approximated in this
design. The upper flange was developed as a 1.5
inch thick ring with an inner radius of 20.0
inches and an outer radius of 23.5 inches. It is
attached to the head by a full penetration weld
with an overlay fillet weld with a smooth, ground,
1.0 inch radius as shown in Figure 2-13. The
bottom flange is basically the same but with a
taper transition 4.0 inches long, at 10 degrees

to the surface of the cylinder as shown. The bolt
circle or clamp contact line is set at a radius

of 22.5 inches. The design of this flange in this
manner was really based on experience. The flat-
face, metal to metal flange was chosen so as to
allow a significant preload to the bolts or clamp
and the flange. If a sufficient preload is
established, then the bolts or clamp will not under-
go any significant load cycles and can be exempted
from fatigue considerations, which for bolts under
Section VIII, Division 2, can be quite limiting.
(See Paragraph 5-120, "Fatigue Analysis of Bolts,"
and also see Article 3-5.)
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FIGURE 2-13

Details of Entranceway and Door
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c. Stress Analysis. The above procedure, basically, forms the first
phase of a design by analysis. A configuration has been established and
dimensions specified. Notice that the vessel has been designed to be
"smooth." That is, there are no gusset plates, fillet welds, added
reinforcing plates, etc. An attempt has been made right from the start to
eliminate any sharp notches or other severe highly localized stress areas.

It is to be understood that all welding practice must follow that defined in
Section VIII, Division 2 and also Section IX, "Welding Qualifications" of the
ASME Code and NAVSHIPS 0900-000-1000. Further, to ensure a good design all
welds must be ground smooth and in the case of butt welds, ground smooth and
flush and all imperfections removed. The next step in the design by analysis
procedure 1is to carry out a detailed stress analysis where necessary, and if
so desired and possible, apply the few areas of the Code where a detailed
analysis is not required. These areas are restricted to nozzle designs
conforming to all of the following:

Subject only to internal pressure loading

Provisions of Paragraph AD-540.1, 540.2(a) and (b)
Figure AD-540.1

Provisions of Paragraph 4-600(a), 4-611, 4-612,
4-613, or if experimental data is available for
similar but slightly different nozzle configurations
the provisions of Paragraph 4-622 may be

applied.

O O O O

(1) Loading Conditions. The only loading conditions applied in
this analysis were the maximum design pressure of 1000 psig and the dead
weight load of the sphere full of seawater. This was done for simplicity.
The designer is cautioned that in the case of an actual vessel, he must
consider all loads specified in the User'’s Design Specification. These can
include thermal loads, pipe loads and seismic loads among others.

(2) Requirement for a Fatigue Evaluation. Paragraph AD-160.2 re-
quires that all parts of Condition A or all parts of Condition B must be
satisfied for such a vessel to be exempt from a fatigue evaluation. The
first part of Condition A is not met. This part requires that the expected
(design) number of full range pressure cycles including start up and shut
down plus other types of pressure and temperature gradient cycles must not
exceed 1,000 cycles. The pressure design basis of this chamber is 10,000
cycles of pressure from 0 to 1,000 to 0 psig, thus violating this
restriction. Part (a) of Condition B requires that the expected design
number of full range pressure cycles, including start up and shut down, does
not exceed the number of cycles in the applicable fatigue curve for the
material in Appendix 5 corresponding to a Sray value of 3 times the Spm
value for the material at the operating temperature. Spm was previously
established as 23,200 psi. 3 S is 69,600 psi. Entering Figure 5-110.1,
shown here as Figure 2-8 with a Sraq value of 69,600, it is found that the
number of cycles of permissible operation is approximately 1,700 cycles.
Thus Condition B is not met and the vessel must be evaluated for fatigue.



(3) Method of Analysis. All components of this vessel, and
basically the vessel itself, comprise bodies of revolution. For this reason,
it was decided to analyze the structure using a digital computer program
which is capable of determining stresses and displacements in shells of
revolution loaded by symmetric or nonsymmetric loads. The program used for
this problem is based on the multi-segment, numerical integration method as
applied to differential equations describing the general shell of revolution
boundary value problem. These shell parts may have the following shapes:
cylindrical, spheroidal, ellipsoidal, parabaloidal, conical, and toroidal.
For non-symmetric loadings, the loads must be broken down into their Fourier
components, each component requiring a computer run. There are many well
proven computer programs which generate extremely good solutions as compared
to exact or experimentally derived solutions, The designer must select the
computer program applicable to his problem and his available equipment.

The vessel was mathematically described by three models. Model No. 1 shown
here in Figure 2-14 includes both 4.0 inch diameter nozzles, the main
spherical shell and the cylindrical support skirt. Model No. 2, shown here
in Figure 2-15, includes the 40.0 inches diameter entranceway, the forged
reinforcement ring, the tori-spheroidal "door" and part of the main shell.
Model No. 3, shown here in Figure 2-16, includes the 10.0 inch diameter
penetration reinforcement plate and part of the main shell. The validity of
using these three models to accurately analyze the vessel rests upon the
relatively large distances (as measured along the spherical surfaces) between
any of the penetrations or attachments to the shell. For this spherical
shell, the decay length is approximately 17.0 inches. Decay length is
defined as that length along the shell in which a uniform moment applied to
an edge reduces to approximately zero. All penetrations and attachments are
spaced well beyond this distance.

(a) Model No. 1. This model, as shown in Figure 2-14 is
composed of 12 parts. These parts and their thicknesses are as follows:

Part No. Type of Shell Thickness, inches

1 Cylinder 0.25

2 Cylinder 0.25

3 Sphere 2.0

4 Sphere Variable (to model the 1.0 inch
fillet radius on nozzle)

5 Torus Variable (geometrically a
rectangular ring)

6 Cylinder Variable (to model the 4.8 inch
radius transition zone)

7 Cylinder 0.1

8 Sphere 2.0

9 Sphere (see 4 above)

10 Torus (see 5 above)

11 Cylinder (see 6 above)

12 Cylinder 0.1
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FIGURE 2-14
Model No. 1 for Input to Computsr Program
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Figure 2-17 shows a detail of the geometric model of the 4.0 inch nozzle
section. This illustration portrays exactly what the computer sees. As can
be noted, by comparing this figure to Figure 2-10, the actual geometry of the
structure was closely followed.

The loadings and boundary conditions applied to model No. 1 are shown in
Figure 2-14. The cylinder representing the support skirt is fixed at its
base. Parts 7 and 12 are loaded only by a meridional membrane force of 1,000
and 1006.6 1lb/in. respectively representing the membrane forces in the pipes
leading from the nozzles. These pipe sections were modeled sufficiently long
such that no moment or shear loads are present at their ends. The pressure
acting inside the sphere is uniformly variable and is equal to the 1000 psig
applied pressure plus the pressure head of the water. The dead weight load
of the shell was neglected for two reasons: (1) it is small compared to the
other loads, and (2) it remains a constant factor and thus need not be con-
sidered from ,the viewpoint of fatigue. This latter point is valid as long
as the prior point is valid. Remember, all the load induced stresses must
meet certain static stress limitations prior to meeting the 2 Sraq fatigue
stress limitation. Some of the maximum stresses and the location and
direction in which they act are shown in Figures 2-17 and 2-18. Here
[sigma] [PHI] is a meridional stress acting in the plane of the paper, along
the surface of the shell. [sigma][theta] is a circumferential stress acting
perpendicular to the plane of the paper along a circumferential line of the
shell. Membrane stress, whether in the [PHI] or [sigma] direction, is an
average stress assumed to act uniformly through the thickness of the shell.
This is true of course for all the models.

(b) Model No. 2. This model, as shown in Figure 2-15, is
composed of 13 parts as follows:

Part No. Type of Shell Thickness, inches
1 Sphere 2.0
2 Sphere 2.0
3 Sphere Variable (to model the taper

transition joint and part of
the reinforcement)

4 Torus Variable (geometrically, a
spherical section and a
cylindrical section)

5 Cylinder 1.0

6 Cylinder 1.0

7 Cylinder Variable (to model the flange
taper transition)

8 Torus Variable (geometrically a flat

rectangular ring modeling
part of the flange)

9 Conical 1.5 (rest of flange)
10 Conical 1.5 (same as 9)

11 Torus (Same as 8)

12 Torus 1.0

13 Torus 1.0
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FIGURE 2.17
Details of 4.0-Inch Nozzle From Model No. 1
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gg = 21,000 pei

ag = 34,700 pai
ap = 38500 pai
20"
20.0" R
Op= 28,400 pei
5 = 38,760 poi \ 0p = 34,860 poi
gp =21 10 psi
FIQURE 2-18

Soma Maximum Stressss in Model No. 1
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Figure 2-19 shows a detail of the geometric model of the 40.0 inch diameter
reinforcement configuration which is composed of Parts 3, 4, and 5 from Model
No, 2. Again notice the close geometric modeling.

The loadings and boundary conditions applied to Model No. 2 are shown in
Figure 2-15. The two 11,000 1b/in. ring loads shown acting at the junction
of Parts 8-9 and 10-11 represent the simulated bolt or clamp loads. The
internal pressure was set at 1000.0 psig. The boundary condition at the

edge of the shell represents the symmetry condition found along any diametral
line in a uniform sphere under uniform internal pressure. Some of the maxi-
mum stresses and the location and direction in which they act are shown in
Figures 2-19 and 2-20.

(c) Model No. 3. This model, as shown in figure 2-16, is
composed of four parts as follows:
Part No. Type of Shell Thickness, inches
1 Sphere 2.0
2 Sphere 2.0
3 Conical Variable (to model the taper
transition and part of the
reinforcement)
4 Conical 4.0

The loadings and boundary conditions applied to Model No. 3 are shown in
Figure 2-16. The basic loading was 1000 psig internal pressure. The addi-
tional 446 psig pressure shown acting upon Part 4 represents the bearing
pressure of the inserted window upon the reinforcement flange. This figure
is attained by assuming the total bearing load caused by the 1000 psig acting
on the area of the window is borne by a 4.0 inch ring surface of the

reinforcement plate.
10.0 inch diameter reinforcement
It was assumed that the inserted

and act as a rotation constraint.

2. Some of the maximum stresses
radial displacement of the inner

The only restraint applied to the inner edge of the

ring was one fully constraining rotation.
window configuration would be fairly thick

The shell edge was considered in Model No.
are shown in Figure 2-21. In addition the
edge of the reinforcement ring and the

moment that will be applied to the flange of the inserted window is shown.

This 4.8 mil displacement and the 15,000

in the design of the window.

(4) Categorization of
analysis" procedure,

in-1b
moment load should be used

in.

Stress. At this point in the "design by

the stresses as calculated above should be broken down
into the stress categories as earlier defined.

All stresses developed in

this analysis were principal stresses because the models were composed of

shells of revolution.

The computer program used breaks the stresses down

into total stresses acting on the surfaces and the membrane stress in each

direction all along the shell.
this case,
sufficient documentation.
this chapter. However,
Model No. 2 (see Figure 2-15)

The submission of the computer printout,
with some particular points of interest further defined,

in
should be

The computer printout shall not be included in
as an example at the junction of Parts 4 and 5 in
the computer has printed out,
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0‘¢ = 32,016 psi
0y = 32,016 psl

\% * 30820 psi

0g = 26,780 pxi

‘_____...-——-"'"'08 = 32,026 psl

FIGURE 2-20
Some Maximum Stresses in Model No. 2
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o = 31,225 psi

FIGURE 2-21
Soms Maximum Stresses in Model No. 3
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SIGMA PHI STRESSES SIGMA THETA STRESSES
Membrane Inner Outer Membrane Inner Outer
9,905 -1,948 21,757 29,371 25,815 32,926

For this point the stresses can be categorized as follows:

9.905 psi in [PHI] direction

p rmq
Prlq = 29,371 psi in [theta] direction*

Prbq = 0

Q = 11,852 psi on the inner surface in the [PHI] direction
= -3,555 psi on the inner surface in the [theta] direction
= +11,852 psi on the inner surface in the [PHI] direction
= +3,555 psi on the inner surface in the [theta] direction

We must also consider that there is a radial stress, [sigmal rq, equal to the
pressure and considered as a compressive stress acting on the inner surface
and perpendicular to it. This is a surface stress and some thought must be
given as to where it is placed. For instance, at any point being considered
where there exists only a membrane stress, Ppm, the [sigma] should be put
into the Q category. The same reasoning applies to where there are only Ppm
and Prbq stress components, as in the case of a flat head or some knuckle
positions. 1In such a case, it would be best to consider [sigma] frq or a Prbq
stress. For the example being discussed, we have additional Q stress

Q = 1000 psi on the inner surface in the r direction

Finally, the peak stress components must be considered. This is usually done
by denoting these as stress concentration factors, KfPHI]q, and Kr[thetalB,
acting in the [PHI] direction and the [theta] direction, respectively. F
components are developed by multiplying the sum of the principal stresses in
that location in each direction by the factor (Kp[PHI]q - 1.0) or (Kr[thetaly
- 1.0), respectively. For instance, assume that the stresses as shown in the
computer printout line above, were calculated by hand or by some cruder
computer program incapable of accurately modeling the fillet radius. The
effect of the reentrant corner on the outside surface would have to be
determined in some manner. Assume that this geometry was estimated to induce
a Kr[PHI]q of 1.6 and Kr[thetalq of 0.0. Then

F

(Kr[PHI]q - 1) (total principal stress in [PHI] direction

F

(1.6 - 1) (21,757) = 13,054 in the [PHI] direction on the
outside surface.

* This figure is a local membrane stress because the computer printout
shows that this stress decays very rapidly as distance is measured from
the geometric discontinuity.



(5) Stress Intensities. For each of the categories of stress as

defined as acting at this point, the maximum stress intensities are
developed. For these particular set of stresses, the stress intensities
become:

Pmmq =| 9,905 - 0| = 9,905 psi
Prlq =| 29,371 - 0| = 29,371 psi
Prlq + Prby =| 29,371 - 0] - 29,371 psi.

For the inner surface

Prlq + Prby + QO = greatest of

| (9,905 - 11,852) - (29,371 - 3,555) | = 27,863 psi
| (29,371 - 3,555) - (-1000) | = 26,815 psi
| (-000) - (9,905 - 11,852) | = 948 psi.

Thus Prlq + Prby + Q = 27,863 psi on inner surface.
For the outer surface

Prlq + Prby + QO = greatest of

| (29,371 + 3,555) - (0.0) | = 32,926 psi
| (9,905 + 11,852) - (29,371 + 3,5555) | = 11,169 psi
| (0.0) - (9,905 + 11,852) | = 27,757 psi.

For the inner surface F = 0, thus

Thus Prlq + Prby + Q + F = 27,863 psi.

For the outer surface F = 13,054 in the [PHI] direction only; thus,

Prlq + Py + Q + F = greatest of

| (9,905 + 11,852 + 13,054) - (29,371 + 3,555 + 0) | = 1,737 psi
| (29,371 + 3,555) - (0.0) | = 32,926 psi
| (0.0) - (9,905 + 11,852 + 13,054) | + 34,811 psi.

Thus for the outer surface

PFL'| + Prb-| + Q + F = 34,811 pSi.



This procedure is not as cumbersome as it seems, but it does take a little
getting used to. Most computer programs will calculate the total stresses at
any point. All the terms in each of the quantity brackets, (), above are
actually the same as those shown as the inner and outer stresses in the
computer printout.

EXCEPTION: There is the one exception to this where one of the brackets

contains the F component which was calculated separately.
This is the exact procedure you would follow if you were doing
your discontinuity stress calculations by hand as shown by the
example in Article 4-7, Paragraph 4-730 of Section VIIT,

Division 2. The maximum stress intensities occurring in each

part of the three models were calculated and are shown in
Tables 2-3, 2-4, and 2-5.

To be very conservative, stress concentration factors of kfPHIq, krlthetalq =
2.0 were assumed to act at all welds where there occurred a thickness change.
This is a highly conservative assumption and is only made here for example’s
sake. For good full penetration welds, particularly butt welds, that are
ground smooth and flush and all imperfections removed there really should be
no noncalculable stress concentration at all. This is only true, of course,
if the stresses that you have calculated are based on a model geometry that
truly mathematically modeled the weld geometry.

(6) Stress Intensity Limits. The stress intensity limits for this
vessel were determined as

P g < / = 23,200 psi
P LA < / = 34,800 psi
Py (or Prlq) + Prby < / = 34,800 psi
Prlq + Py Q </ = 69,600 psi
Prlq + Ppby + Q + F < / = 74,000 psi

Examining the values listed in Tables 2-3 through 2-5, it is noted that, even
with the very conservative assumptions of high stress concentration factors
at all the welds where a change of thickness takes place, the maximum stress
intensities shown are quite acceptable with but two exceptions. These occur
in Parts 8 and 11 in Model No. 2, listed in Table 2-5. The stress
concentration of 3.0 used here is a realistic one, These parts are the
portions of the flanges inwards from the bolt circle or clamp contact ring.
Geometrically, the flanges are flat annular plates. The high stresses occur
at the bolt circle position and are almost wholly bending stresses. If bolt
holes are present and the diameter of these holes are smaller than the
thickness of the flange, as is the usual case, then the stress concentration
at the hole would be greater than 2.2* and would approach 3.0 as the holes
got smaller as compared to the plate

* Note: See Reference 25, Peterson, Stress Concentration Design Factors,
Figure 85, page 101, 1966.



(flange) thickness. If a clamp arrangement is employed, local high spots in
either the clamp or the flange could cause such a stress concentration. In
either case, it becomes necessary to increase the thickness of flanges so as
to reduce the nominal stress to an acceptable level, Such an acceptable
stress is calculated by dividing 2 Sraq by the stress concentration, K,
expected to act at the point of interest, as

[sigma] fnomy = ------- = - = 24,667 psi.

Because the stress in the flange is almost completely a bending stress, the
additional thickness required for the flange can be determined by the
relationship between bending moment, thickness and stress in a plate or
shell. This relation is

6M
[sigma] rB-| = =/- rt-|2
where [sigma] By = the bending stress on the surface, psi

M = the moment acting in the shell at the point of interest,

t = the thickness of the shell, inches.

It can be assumed that a small thickness addition to the flange will not
change the bending moment in the shell at this point. Thus,

6M 6M
[sigma] mimq = -—---------——- = ===
2 2
(t + [DELTA]T) t rregq
where [DELTA]T = the increase in shell thickness
trregq = t + [DELTA]t.

Because M in each case is assumed identical the equations for [sigma] By and
[sigma] momq may be equated resulting in:

Because M in each case is assumed identical the equations for g and Y om B2V

be equated resulting in:

om

For the flange as initially designed, t = 1.5 1inches, og = 32,015 psi

T om - 24,667 pal

/32,015
e e =
£ =1.5 24,667 1.71 1inches.

Teg



Thus set the new thickness of the flange at
trflangeqy = 1.75 inches.
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Maximum Strass Intensities in Model No. 1

TABLE 2-3

Part
No.

(1)

Location snd Directien

Pm(nr PL) + P

b

Fy

P Q

Py,

+ Pb +Q+F

10

11

12

Along entire lemgth in ¢
direction

At junction to sphere on
inner surface in the
¢ direction,

At junction to eylindrical
support skirt on outer
surface in the @ direction

at the weld jolnt to the
nezzle on the inner surface
in the & directien

At the inmer corner of the
nozzle, in the B direction

At the weld where the nozzle
jolns the pipe o¢n the inner
gsurface in the 8 direction

Same as 6 above

At junction to cylindrical
support skirt om the cuter
gurface, In the @ direction

At the wled joint to the ne
nozzle on the inner surface
in the & direction

At the i{nner corner eof the
nozzle, In the 8 direction

Ar the weld where the
nozzle joints the pipe, on
the inner surface, in rhe
8 direction

Same as 11 abovae

1,215

1,215

22,760

17,625

19,660

21,070

22,790

17,741

19,880

21,206

28,400

21,600

35,705

39,300

22,160

24,375

35,940

39,750

22,310

1,215

55,300(2)

43,2002

71,410

39,5004

44,3209

48,750

71,8800

39,7504}

b, 620

Kotes:

(1) Direction here means the direction of the largest vetue (in an absolute aense) of the two
pripcipal stresses composing the stress intensity; i.e. the larger of oy nrcj in S-Icri - ujl.

(23 This includes a stress concentratlon factor of 2.0 assumed to act at the weld.

13) This includes a stress concencration factor of 2.0 ecting at the weld.

It is very

conservative value 1f the weld is ground smooth and flush apd all imprefections removed.

*

{4} Yo stress concentration is assumed since gecmetry was closely modeled.
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TABLE 24
Maximum Stress Intansities in Model No. 2

Part
No.

Location and Directiantl] :

P

Pm(or Pl) + P

b PL + Pb +Q

+ +
B+ B +Q+F

10

11

12

13

Along entire length of 22,750
shperical section, same
in both directions

At weld where sphere joins -
forged reinforcement

transition, in # direction

cn inner surface

Same as ? abowe

At the top part of the 2.0 in .
radius overlay fillet weld,

on the cuter surface in the

8 direction

Same as 4 above

At the weld joining the -
eylinder to the taper
transition of the Flange,

oty the outer surface in

the 8 direction

Same as 6 above

At the bolt circle or clamp
centact point on the inner
surface in the ¢ direction

Same as B above

Same as 9

At the bolt circle or
clamp centact point
on the cuter surface
in the @ direction

At weld, where torofdal
section of head joins
flange, on the outer
surface Iin the

@ direction

At the tangent 13,990
intersection between

the spherical part

of the head and

the terus

23,400

29,370

22,030

1,048

10,090

10,090

30,920

12,015

30,920

32,926

26,780

30,920

12,015

32,016

26,405

22,750

61,8402

65,852 (%)

53,560

92,7603

96,0453

64,0322

26,405

Notes: (1) See note (1) Table 1.2.

{2) See note (3) Table 1,2,

(3) Thie Includea a ptress comcentration factor of 3.0 to reflect presence of bolt heles of

clamp contact surface.
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(7) Stress Index Method. One of the reasons for selecting the
nozzle geometry for the 4.0 inch diameter nozzles as shown in Figure 2-10 was
that such a configuration could be analyzed by the "Stress Index Method"
described in Article 4-6. This method allows the determination of stress
intensification factors or "stress indices" for a select set of nozzle
configurations and only when such nozzles can be considered as single,
isolated openings. The term "Stress Index" is defined as the ratio of the
maximum stress found in such nozzles to the computed membrane stress
intensity, Ppmy in the unpenetrated and unreinforced vessel material.
Further, this method is applicable solely to vessels loaded by internal
pressure. Other types of load-induced stresses such as those induced by pipe
loads or thermal gradients must be determined by some other means. However,
if this is done, then the total stresses acting at certain given points in
the nozzle configuration may be obtained by superposition of results.

The 4.0 inch nozzles were carefully designed to meet all the specifications
of Paragraphs AD-540.1, AD-540.2 and Figure AD-540.1. This latter group of
paragraphs and the figure quoted assure that the nozzle shall meet all the
stress intensity limits except the Prlq + Py + Q + F = 2 Sraq limitation.
Thus for static internal pressure loading only, such nozzle configurations
require no further analysis. Paragraph 4-612 lists the Stress Indices for
such nozzles. For internal pressure loading, all the Stress Indices apply.
If the internal pressure is the sole load then the Stress Index, S, on the
inside corner is of prime importance as it sets the maximum stress intensity
in the nozzle. 1In Paragraph 4-612 (a) "Nozzles in Spherical Shells and
Formed Heads," S is equal to 2.2 on the inside corner. The calculated
membrane stress intensity in an unpenetrated and unreinforced sphere is
determined by

Prm-| = Srm-| - 0.5 P

if Equation (a) of Paragraph AD-201 was used to set the sphere’s minimum
thickness. For the sphere in this case

Pmq = 23,200 - 0.5 (1000.0) 22,750 psi.
The maximum stress intensity then is equal to
Smmaxq = 2.2 (22,750) = 50,050 psi.

There are no Prlq, Prby, or Q stress components in an unpenetrated spherical
shell away from any other opening or other type of discontinuity. Thus

P < Spm

Prmq (or Prlq) + Prbq + Q = Sfmaxq 2.2 Py < 3.0 Spm

Prlq + Prbq + Q + F = Smmaxq = 50,050 < 74,000 = 2 Sray.
As can be seen from the above, all the static stress intensity limits are
met. Further this evaluation shows that the maximum stress intensity in the

nozzle is lower than the 2 Sray limit imposed for 10,000 cycles of 0-1000 -O
psig load.



From Table 2-3: "Maximum Stress Intensities in Model No. 1", for Part 10, "at
the inner corner of the nozzle", Prlqy + Prbq + Q + F is shown as 39,750 psi.
This value is accurate, thus the stress Index Method has generated
conservative results. Experience has shown that this is always so.

(8) Design Changes. In the normal process of design by analysis,
it would be expected that the initial design would be inadequate in several
locations from the viewpoint of the stress intensity limitations. In this
example, only two of the vessel’s components were found inadequate, i.e., the
flanges for the "door." The next step in this procedure would be to go back
to the original design, change the thickness or geometry of the shell at its
point of inadequacy and reanalyze the structure. This will not be done here
for the example of the procedure would simply be a repeat of all of the
preceding. However, this process is continued until the vessel can be shown
to be entirely adequate as regards all the stress intensity limitations.

(9) Viewport Design Considerations. The viewports themselves were
not analyzed in this example for two reasons: (1) for the high pressure
operation considered such viewports would be massive, intricate affairs that
would probably require experimental evaluation; and (2) they fall into the
category of Appurtenances and are treated in Chapter 3 of this manual.

CAUTION: However, the designer is cautioned that the viewports do form
a part of the main pressure boundary of the vessel and as
such should be evaluated according to the provisions of

Section VIII, Division 2.

If it is decided to analyze the viewports separately from the vessel (as was
partially done here) then the designer must ensure that continuity conditions
are maintained between the contact boundaries of the viewport and those of
the viewport penetrations. Only a constraint against rotation was imposed on
the inner boundary of the 10.0 inch viewport penetration. This constraint

in-1b
developed a 15,500 ---—-- bending moment on the edge and a radial

in.
displacement of 4.8 mils at this location. In the design of the viewport
such conditions must be applied to the model developed for this component,
For instance, if the viewport is to be connected to the reinforcement ring by
means of bolts then provision must be made to ensure at least a 5.0 mil
clearance around the bolts when the vessel is under load so as to prevent
them from acting in a shear load carrying capacity. Further, the seal design
must incorporate provision for such a relative displacement between the
viewport and the mounting ring. Finally, the effects of the bolt holes and
the exact geometry of the viewport mounting ring interface must be carefully
examined as to their impact upon the local stress picture.

(10) Door Closing Mechanism. The "door" closing mechanism was
1b
only simulated in this example by the two 11,000 --- ring loads as explained.
in.
This component, too, is considered an appurtenance. However, what was said
about the viewports is true here. The interaction between the flanges and
the means of securing the "door," whether bolts or, more probably, a "c" type
clamp is of extreme importance from the viewpoints of both proper sealing and
the fatigue



life of the clamping mechanisms. For instance, in the original design, the
1b
11,000 --- load was chosen as to simulate a preload greater than the
in.
separating force caused by the internal pressure acting upon a 40.0 inch
diameter. However, the computer program calculated that the flanges would
actually tend to pivot about the outside contact line of the flanges and at
1b
the point of application of the 11,000 --- ring loads the flanges
in.
separated by 0.8 mils. This indicates that the preload was insufficient and
the clamping mechanism would be subjected to a fatigue loading. Further, the
computer output showed that at the inner seal position the flanges would
separate by approximately 8.0 mils. The increase in flange thickness would
decrease this 8.0 mil separation but would have little effect upon the flange
separation at the line of load application. Thus a greater preload is
required.

(11) Miscellaneous Considerations. Small penetrations for
instrumentation and other types of small closures not requiring reinforcement
of the vessel wall should be so designed as to prevent any local bending
moments from being applied to the shell. Further, consideration should be
given to the seal configuration employed so as to prevent the formation of
crevices in the vessel wall.

The design of lifting lugs and the effect that their means of attachment to
the shell have on the local stress condition in the shell must be determined
by the designer. Again strong emphasis is placed on the prevention of
crevices and local stress concentration configurations. The same is true
about any types of attachments to the shell, whether outside the shell, as
say the hinging mechanism of the "door" or inside the shell, such as the
attachments for floors or other interior structures. The methods of
attachments for such devices should be governed by the provisions of Article
D-9, "Attachments and Supports." Where there are interior attachments which
will be subjected directly to a seawater environment great care must be taken
to ensure the prevention of crevices and other localized areas of corrosion
attack.

d. Design Finalization. When all of the above procedures have been
carried out, the pressure vessel has been designed to meet the adequacy test
of the stress intensity limits. However, inherent in all the "design by
analysis" procedure described above is the understanding that the basic
design dimensions developed and analyzed were in the "as corroded" condition.
This means that what has been developed is a vessel having components whose
dimensions are as they would be at the end of its design 1life, in this case,
after 20 years of operation. The designer must, at this time, give some
consideration to material loss and dimension changes due to corrosion.

The outside of the vessel can be painted and such covering can be easily
maintained and inspected. The inside of the chamber may also be painted. 1In
this case, the designer must show that such paints do not give off noxious
fumes, or enter into a rapid chemical reaction with seawater or oxygen, at
the temperatures and pressures specified for this chamber (this is true after
the drying and curing of the paint).



The designer decides to do both above, i.e., paint the inside and the outside
of the vessel. However, as a conservative measure he also decides to add a
corrosion allowance to all the vessel components that will be in direct
contact with seawater. Considering that the vessel will be empty during a
good part of its life and that normal inspection routines should ensure the
maintenance of the painted coating, the drawings are changed to show a
thickness increase of 0.050 inches on all sections of the vessel except the
support skirt.

e. Stress Documentation. The documentation submitted for the stress
analysis portion of the Design Review Report could very well resemble the
discussion as presented in this example. The basic design procedure need not
be discussed but the final design configuration must be shown to be adequate
from the viewpoints of good design practice and the stress intensity limita-
tions, both as presented in Section VIII, Division 2.

7. EXAMPLE OF DESIGN BY ANALYSIS AS APPLIED TO A CYLINDRICAL CHAMBER. The
design and analysis of a cylindrical chamber takes on greater complexity than
that for a spherical chamber due to the various geometric details that exist
in a cylindrical chamber which cause that structure to deviate from a body of
revolution. In the following example, those design and analysis procedures
which differ substantially from the previous example are discussed.

a. Specification Data. Consider that the data presented in the
previous example (Paragraph 6.a) still apply, with the following changes.

(2) The vessel shall be cylindrical in shape with an inside
radius of 60.0 inches and a straight length between heads
of 180.0 inches. It shall have torispherical end caps.

(3) It shall be equipped with a nominal 5.0 inch diameter input
pipe.

(4) It shall be equipped with a nominal 5.0 inch diameter output
pipe.

(5) It shall have five (5) viewports. One in the center of one

of the torispherical end caps; the other four in the
cylinder wall.
(8) (f) The chamber shall be supported by two saddles.

b. Materials and Initial Calculations. As before, carbon steel, ASTM
Specification A-516, Grade 70 is chosen as the material from which to
fabricate both the chamber and the saddles. Thus our stress intensity limits
remain

Pmq < / = 23,200 psi

PFL'I < /

34,800 psi
Prm-| (or PFL'|) + Prb-| < / = 34,800 pSi

PFL'| +Prb-| +Q< /

69,600 psi

PFL'| +Prb-| + Q + F 2 Sra-| < / = 74,000 pSi.

(1) Membrane Stress Intensity Limit. From Table AD-150.1, the
factor to apply to the Membrane Stress Intensity is 1.0.



(2) Minimum Shell Thickness. From paragraph AD-201 (a), the
minimum shell thickness for the cylindrical portion of the chamber is
calculated from

PR
treyq = ————-- (for internal pressure only
S-0.5P
trcyq = minimum required thickness of cylinder, inches

P = design pressure, psi
R = inside radius of cylinder, inches
S = Membrane Stress Intensity Limit, psi
(1000.0) (60.0)
thus trcyq = ~—-----------------—~ = 2.64 inches
23,200 - 0.5 (1000)

use trcyq = 2.75 inches.

From paragraph AD-204.2, the minimum thickness for an equivalent
torispheroidal head with D/2h = 2 is given as the greater of

KPD
trh-| = —-——-
25
or
PD
trhj = ———-.
2-SP
From Figure AD-204.1, K = 1.05
(1.05) (1000.0) (120.0)
thus trhlq = ——--------------————~ = 2.72 inches
2(23,200)
or (1000.0) (120)
thus tthly = ~—-----------——- = 2.643 inches.

2(23,200) - 1000
Thus choose the thickness of the heads as
trhy = 2.75 inches.

As before, for this head. D/2h = 2, L/D = r/D = 0.17, thus

h = 120/4 = 30.0 inches
L = (120) (0.9) = 108.0 inches
r = (120) (0.17) = 20.4 inches.

(3) Penetrations and Openings, Reinforcements. From paragraph
AD-510 of Article D-5, the maximum diameter penetration (isolated) that
requires no reinforcement is



D ., = 0-2/RT = 0,2/(60.0)(2.75)
Dmax = 2.6 inches for the cylinder
and
= J(108) (2. 75
Dmax 0.2/(108)(2,75)
Dmax = 3.45 Inches for the spherical portion of the head.

Thus all the major penetrations specified, the entranceway, the viewport
penetrations, and the inlet and outlet nozzles require reinforcement.

(4) Inlet and Outlet Nozzles. The inlet and outlet nozzles are
designed to meet the specifications of paragraphs AD-520, 540.1, 540.2(a) and
Figure AD-540.1(b) as described in the previous example. The geometry of
these nozzles is shown in Figure 2-22. Here the notation [theta] is the
angle that the sectioning plane makes with the plane containing the
longitudinal axis of the cylinder.

(5) Viewport Penetration in Center of End Cap. Here, as before,
it was decided to use the type of viewport as portrayed in Figure 3-6 in
Chapter 3. It will again be assumed that a 10.0 inch diameter penetration is
required. The development of this reinforcement in the center of the
spherical portion of the end cap is exactly as before and the details of this
reinforcement are shown in Figure 2-23.

(6) Entranceway. It is required to have a 40.0 inch inner
diameter entranceway in the center of the other end cap of the cylinder. The
area to be replaced by some sort of reinforcement is

Arrq = dtrrq = (40.0)(2.72) = 108.8 in. L2

with one-half or 54.4 inl2d on each side of the centerline of the opening. It
is decided to use, as reinforcement, an inserted, thick-walled cylinder with
inner diameter equal to 40.0 inches. Section VIII, Division 2, gives no
guidance for the design of such a reinforcement. However, Section VIII,
Division 1, can be helpful in this case. Paragraph UG-40, "Limits of
Reinforcement" states that the limits of reinforcement measured normal to the
vessel wall shall conform to the contour of each surface limited to a
distance from each surface to two and one-half (2-1/2) times the nominal wall
thickness. In this case

Limit = 2.5 x 2.75 = 6.85 inches from each surface.

Choosing a 4.0 inch wall thickness cylinder, the overall height of the
cylinder is

(4.0) (h) = 54.4 + (4.0)(2.75) = 54.4 +11.0

65.4



h = ---- [approximately] 16.3 inches.
4
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The fillet radius at the intersection of the head and the inserted cylinder
should be at least equal to one-half the thickness of the head to minimize
the stress concentration effect of the intersection. The details of the
geometry of the entranceway cylinder are shown in Figure 2-23.

(7) Hatch. It was decided to use a spherical segment, pressure-
activated hatch configuration. Such a configuration is simply a spherical
cap bordered by a relatively thick compression ring which also acts as the
seating surface. The pressure acts on the concave side of the cap. Here
again Section VIII, Division 2, gives no specific guidance of such a
configuration. Some guidance can be attained from Section VIII, Division 1,
Appendix paragraph 1-6, "Spherically Dished Covers (Bolted Heads). It was
decided to use a configuration as shown in Figure 1-6 (d). For such a
configuration the thickness of the spherical part is given by

5PL
t = ---
6S
where t = minimum thickness of spherical portion of cover,
inches

P = design pressure, psi
S = membrane stress intensity limit, psi
L = inside spherical radius, inches.
It is good practice to choose L to be at no more than twice the radius of the
opening to be covered. In this case L = 40.0 inches.
5(1000) (40.0)
Thus t = - = 1.44 inches
6(23,000)

1.5 inches

use t

The compression ring which forms the border of the hatch must match up with
the entranceway cylinder. Thus, for simplicity assume that the width of the
ring is the same as the cylinder thickness, or 4.0 inches. The thickness of
the ring is determined from

T=°f1+/1+J3_ ]
2
pn/u? - 82

where LEE e

M
o A+B
T A

P = design pressure, inches
B = inner diameter of ring, inches

A = outer diameter of ring, inches

§ = membrane stress intensity limit, psi
L = inside spherical radius of cap, inches

M_ = moment due to bolt loads, 1BZLb.
) 1n.

The hatch is to be pressure-activated. There will be no bolts and hence no
bolt loads, thus ¥ = 0 and
J=0

F = (1000)(40.0) ¢ (4) gw.u)z = (Ao.o)z) = 1.865 inches
)

(8)(23,200) (48.0 - 40.0;

T=F1+/T+00]=2F =3.73 inches.



To be conservative let T = 4.0 inches. The details of the hatch geometry are
shown in Figure 2-23. Note the use of a fillet radius equal to one-half the
cap wall thickness at the intersection of the cap and the compression ring.
Figure 2-23 also shows the details of the tori-spherical end caps.

(8) Supports. The supports are to be saddles. Saddles are not
bodies of revolution and their design is rather involved. The only guidance
that Section VIII, Division 2 gives is found in Article D-9, "Attachments and
Supports, " Paragraph AD-940, "Design of Supports" is very general.
Subparagraph (d) of this paragraph does set one limit requiring that
"Horizontal vessels supported by saddles shall use saddles such that they
afford bearing to extend over at least 1/3 of the shell circumference." A
good treatment of the design and analysis of saddle supports is given by Zick
(see Reference 26, Zick, Stresses in Large Horizontal Cylindrical Pressure
Vessels on Two Saddle Supports, 1951). Because of the complexity of the
design analysis of saddles supports, no details of design or analysis for the
supports will be given here. However, the saddles are shown schematically in
Figures 2-24, 2-25, and 2-26. These saddles are built up from 1.0 inch thick
plate sections as shown.

(9) Viewport Penetrations in Cylinder Wall. The viewport
penetrations in the cylinder wall are designed in the same manner that was
applied to the viewport penetrations in the head and the spherical chamber.
The details of these penetrations are shown in Figure 2-27. Note the
variation in taper transition zones as r goes from zero to 90 degrees.

c. Stress Analysis. As before, the above procedure forms the first
phase of a design by analysis. Again note that the vessel has been designed
to be "smooth."

(1) Loading Conditions. The only loading condition considered was
an internal pressure of 1000 psig.

(2) Requirement for a Fatigue Evaluation. As before, all parts of

Condition A or all parts of Condition B of paragraph AD-160.2 are not met and
a fatigue evaluation is required.
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FIGURE 2-24
Fromt View of Cylindrical Chamber

Circumfsrentiat Section, § = 90°
ﬂ / /- Longitudinal Sectian, f = 0°
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FIGURE 2-25
Slide View of Cylindrieal Chamber
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FIGURE 2-26
Longitudinal Section of Cylindrical Chamber
(3) Method of Analysis-Symmetric Problems. As in the previous

example,

the computer program was used to analyze those portions of the
The hatch end of the chamber is

chamber that comprise bodies of revolution.
shown modeled for input into the computer program in Figure 2-28.

The 3,269

psi pressure shown acting on the hatch seating surface is the resultant of

the 1000 psi pressure acting over the area of the hatch.

The computer output

for tresses in the cylinder and tori-spheroidal head are shown plotted in

Figure 2-29 (circumferential stress) and 2-30 (meridional stress).
apparent that large stresses are generated in the knuckle of the

It is

tori-spherical head.

It can be seen from Figure 2-30 that significant

compressive membrane stress occurs in the knuckle.

It is unlikely that a

head such as this,

designed to minimum code specifications,

will buckle.

However,

it is recommended that the designer check this possibility by using

(see Reference 27,

Analysis and

the data presented by Eszttergar and Kraus
Design of Ellipsoidal Pressure Vessel Heads,
Reference 28,
1964), and Thurston and Holston

1970),

Adachi and Benicek (see

Buckling of Tori-spherical Shells Under Internal Pressure,
(see Reference 29,

Buckling of Cylindrical



Shell End Closures, 1966).
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FIGURE 2-28
Model of Hetch End of Vessel for | nput to Computer

The stresses developed in the other tori-spherical end cap, the one
containing the 10.0 inch diameter penetration, are not shown. Except in the
vicinity of the penetration, the stresses are very similar to those shown in
Figures 2-29 and 2-30.

The hatch cover was modeled for computer input as shown in Figure 2-31. The
stresses developed in this component are also shown plotted in this figure.

(4) Methods of Analysis-Nonsymmetric Problems. The nonsymmetric
problem areas in this vessel are the 5.0 inch diameter inlet and outlet
nozzles, the four viewport penetrations in the cylinder wall and the
cylindrical shell in the vicinity of the saddles. The 5.0 inch diameter
input and output nozzles need not be analyzed as they were designed as
"acceptable" nozzle configurations from the viewpoint of static pressure
stresses. The shell in the vicinity of the saddles and the saddles
themselves will not be treated here since their precise analysis requires the



use of a finite element shell code capable of modeling a general shell
structure. Another acceptable means of approximating the stresses in this
vicinity is to apply the methods presented by Zick (see Reference 26).
Finally, the stresses in this vicinity can be determined experimentally on
either the actual structure or a model.
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FIGURE 2-30

Stresses in Vessel at Hatch End
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Though the viewport penetrations in the cylinder wall are, strictly speaking,
fully three dimensional, nonsymmetric problems, and should be treated
accordingly, an approximate method can be employed that renders conservative
results. This method is possible because of the small ratio of the
penetration diameter, d, to the mean diameter of the cylinder D, in this case
1:12.3. This method involves the use of an axisymmetric shell analysis which
includes a Fourier series loading capability. Specifically, a flat circular
annular plate of thickness equal to the cylinder wall thickness, with the
inner radius equal to the penetration radius and reinforced as actually
reinforced, with an outer radius of at least 10 times the inner radius, is
subjected to an in-plane edge load, P([theta]) of

3 1

P([thetal]) = - (ST) - - (ST) cos 2 [thetal
4 4

S = the hoop stress found in an unpenetrated cylinder, away from
any stress riser, psi
T = thickness of shell, away from reinforcement, inches

[theta]

angle from longitundinal plane.

To include the effect of the resultant pressure from the viewport itself, the
penetration reinforcement as actually developed is modeled into the center of
a hemispherical shell with twice the inner radius of the cylinder. The
resultant pressure of the viewport is then applied as a pressure band over
the actual area of contact. This three component model is shown in Figure
2-32. Fourier loading was used to analyze this approximate model. The hoop
stresses in the vicinity of the penetration, for both the circumferential and
longitudinal sections, [theta] = 90 and [theta] = 0 degrees are shown plotted
in Figure 2-33. As can be seen, the stresses developed around the
penetration decay quite rapidly along the shell.

The axial stress distribution was also developed but not plotted. The
maximum stress condition is shown in this figure.

(5) Categorization of Stress. At this point the stresses should
be broken into the stress categories, as fully defined in the previous
example.

(6) Stress Intensities. As in the previous example, the stresses
are now converted into stress intensities. We will consider only one point
in the vessel (all other stress intensities are satisfactory). Examining
Figures 2-29 and 2-30 we note that the maximum stress intensity in the
tori-spheroidal head, on the inner surface is

Srmaxq = |34,800 - (-9,800) | = 44,600 psi.
Now in the knuckle (torus) of a tori-spheroidal head the stress must be
categorized as a primary local membrane plus a secondary bending stress.

Thus the stress intensity limit for this configuration is (see Figure 2-7)

PFL'| + Prb-| + Q / =3 Srm-| = 69,600 pSi



Pif} = 46,030 1bfin.

_|_

PO = 18,345 con 28, 1vIn.

FIGURE 2-32
Three Component Model of Viewport Panetration in
Cylinder for input to Computer
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thus Smmaxq < 69,600 psi and meets the code specified limits. The maximum
stress intensities, Ppm (or PfLq) + Prbq + Q + F, wherever calculable, meet
the 2 Sray limit of being less than 74,000 psi. For the 5.0 inch nozzles the
Stress Index Method may be used to determine the maximum stress intensity
since the nozzle was designed as an "acceptable" configuration. From
Paragraph 4-612 (b), the stress intensity at the inside corner of the nozzle
in the longitudinal plane is 3.3 times the primary membrane stress intensity
in the unpenetrated and unreinforced shell. For this shell, the primary
membrane stress i1s calculated as

Py = 22,318 + 0.5(1000) = 22,818 psi
and
3.3 Pq = 75.300 psi > 2 Spaq = 74,000 psi.

If no experimental verification is to be carried out and no other analytical
means of determining the maximum stress in the nozzle is available, then the
shell thickness should be increased slightly so as to reduce the 3.3 Ppmy
value to 74,000 psi. It should be noted that this 3.3 value is conservative
and that experimental verification should show that the maximum stress
intensity in the nozzle is actually lower than 3.3 Ppm.
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CHAPTER 3. APPURTENANCES

1. SCOPE. This chapter presents design criteria for appurtenances
applicable to hyperbaric facilities. An appurtenance is defined here as any
accessory structure which directly affects the integrity of a hyperbaric
pressure vessel. Major categories of appurtenances include viewports, doors,
and closures.

Section 1. VIEWPORTS

1. VIEWPORTS. This section provides general design guidance for viewports
their configuration, material, fabrication techniques, and certification
requirements. References are provided as further assistance to the designer.
The information in this section conforms to the standards established by
ANSI/ASME PVHO 1, Safety Standards for Pressure Vessels for Human Occupancy
(Reference 1) .

2. BASIC VIEWPORT TYPES. The viewport configurations which have received
the major share of practical development are the flat plate and the conical
frustum. Additional laboratory research has been done on spherical shell
ports, which have advantages in applications requiring a wide field of view.
Viewport parts are the window, seat, supporting flange, bezel and seals.

a. Flat Plate. The flat plate viewport offers several advantages. It
is easy to fabricate, lends itself to sealing with pressure on either side
(two-way window), and has good structural characteristics. Its primary
disadvantage, by comparison with conical or spherical shell ports, is that
tensile stresses (which increase sensitivity to surface stress risers) can
develop on the low pressure face. An example of the flat plate viewport is
shown in Figure 3-1.

b. Conical Frustum. The conical window, designed to be pressurized on
its larger face and supported by a conical flange, develops a natural sealing
and wedging action (Figure 3-2). This characteristic is useful in
high-pressure applications, since a predominantly compressive stress field is
generated. A cone angle of 90 deg. (included) has been found to be a good
compromise between the tendency to extrude at small cone angles and the rapid
loss of viewing area with increasing thickness of large cone angles. the
conical window is more difficult to fabricate than a flat plate, but easier
than a spherical shell. When plastic is used, conical windows can be
latheturned.

c. Other configurations are possible for viewport windows and many
variations have been used for the supporting flanges, retaining rings and
seals. Examples of other viewport geometries are shown in Figures 3-3
through 3-6.
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3. MATERIAL SELECTION.

a. Glass in the form of flat discs is suitable for use in hyperbaric
pressure vessels, The material should be tempered soda lime glass for maximum
strength and/or Pyrex for corrosion resistance. To avoid catastrophic
failure modes, glass windows are usually laminated of two or more discs.

Only glass windows of known performance should be used in hyperbaric pressure
vessels. Windows of this type are available from commercial suppliers for
pressures to 600 psi and temperatures up to 500 deg. F. Typical glass
windows are shown at Figure 3-7.

b. Acrylic plastics are alternatives to glass in pressure-resisting
windows (See Reference 2, Stachiw, Critical Pressures of Conical Acrylic
Windows 1967). The material properties of acrylics are well defined.
Acrylics do not exhibit catastrophic failure modes and prior to reaching the
failure point there are obvious indications of the impending failure. In
this subsection, design information is given on the selection and fabrication
of acrylics for hyperbaric chamber viewports.

c. Other materials such as Lexan may be used if their physical
properties have been well established and their performance has been verified
by tests.

4. SEALING METHODS. Sealing a viewport against leakage involves
consideration of both the window and the supporting flange. With clean,
properly fitted mating surfaces of moderate smoothness, an acrylic viewport
will develop a pressure-energized seal simply by the application of silicone
grease to the mating surfaces. However, grease can channel with time, and
conservative design requires the addition of deformable seals for increased
reliability and more evenly distributed sealing loads.

a. Seal Types. Both O-ring and gasket seals have been successfully
applied in viewport designs (Figures 3-1 through 3-6). Neoprene is usually
used for gaskets and seals. In general, gasket configurations are not
critical; however, reasonably thick sections prevent unloading due to window
deflection, and compliant materials distribute loads more uniformly.
Conventional gaskets are usually 1/8 inch thick but thickness should be
varied to suit the application. Cork may also be used for gaskets.

b. Sealing Techniques. O-rings or gaskets can be used to seal the
windows depending upon the configuration of the window.

(1) Flat disc viewports (Figure 3-1) may be sealed by gaskets or a
combination of O-rings and gaskets. If the O-rings are used, the groove
should be sized to produce about 20 percent compression.

(2) Conical frustum windows (Figures 3-2, 3-3, and 3-6) do not
lend themselves as readily as flat plates to the use of gaskets for primary
sealing. However, an O-ring in a groove located as close as possible to the
high pressure side can provide a satisfactory seal. A gasket placed under
the retainer ring on the high-pressure (large diameter) face will provide
O-ring preload.
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5. FIELD OF VIEW CONSIDERATIONS. Hyperbaric chamber viewports are
restrictive to both area and viewing angle. This subsection presents a
simplified approach to treatment of viewing angles for the designer. The
examples given are simple graphical techniques for handling field-of-view
problems. The techniques may be extended to three-dimensional form with
additional variables at the designer’s option.

a. Refractive Index. The refraction of light in thick windows viewed
at close range can produce noticeable distortion due to refraction. An
example of the effect is shown in Figure 3-8. A ray passing through a 2-inch
thick acrylic window at a 30 deg. angle is deviated about 3/8 inch. The
effect is governed by Snell’s Law, as given in the figure. The deflection
will be parallel provided the refractive indexes of the fluids on both sides
of the window are equal. Since the conditions governing refraction vary with
the gas in the chamber, and since the effect is generally not large enough to
seriously affect rough estimates of viewport size requirements, the
simplified field of view diagrams given here assume undeviated line-of-sight.

b. Effective Limiting Aperture. Every viewport design will contain an
aperture which restricts the field of view more than any other part of the
viewport structure when sighted from a point on the central perpendicular to
the window. As illustrated in Figure 3-9, the location of the limiting
aperture may be on the near side, far side, or within the window structure.
It may also change location depending on the viewing distance chosen, and
whether viewing is from inside or outside the chamber.

c. Monocular and Binocular Fields. Most observing through viewports
is done by personnel at close range, using both eyes. This results in a
compound field of view in the horizontal plane. The compound field consists
of a central binocular portion bounded by two monocular segments. The
observer has full stereoscopic vision only in the binocular portion. The
monocular segments cannot be viewed as comfortably, and depth perception is
possible only by indirect clues. The observer can, of course, shift the
binocular field by moving his head, but this involves a loss of stereoscopic
coverage elsewhere.

(1) Horizontal Plane. Figure 3-10 illustrates the determination
of projections of the monocular and binocular fields in the horizontal plane
for a given window aperture and viewing distance. Such diagrams can be drawn
to scale using a typical eye separation of about 2-1/2 inches.

6. DESIGN OF ACRYLIC WINDOWS. The design of safe acrylic windows for
hyperbaric chambers has progressed to the point where tested procedures are
available (see Reference 2, Stachiw, Critical Pressure of Conical Acrylic
Windows, 1967). The recommended procedures are based on experimental data
giving catastrophic failure pressures under rapidly applied hydrostatic
loading as a function of thickness to diameter ratio. As a result of further
experiments with sustained loading at elevated temperatures, and through the
use of extrapolation techniques, conversion factors or multipliers have been
determined to allow adjustment of short-term failure data to more realistic
conditions. The recommended methods are very conservative in that individual
proof tests are specified for multipliers less than 10 or 12. Acrylic
windows must be designed per Reference 1 (ANSI/ASME PVHO 1, Appendix A,
Design of Viewports) and are briefly described in the following paragraphs.
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a. Physical Properties. The physical and mechanical properties for
acrylic plastic are given in Table 3-1. The type of acrylic generally chosen
for pressurized windows is the utility grade, defined by Federal
Specifications L-P-391B. If the acrylic plastic is not certified by the
manufacturer as having the typical physical properties in Table 3-1, the
castings must have the minimum physical properties in Table 3-2 as determined
by acceptance tests by the manufacturer or an independent materials testing
laboratory with certified test results furnished by the fabricator to the
user.

(1) Construction. Acrylic windows must be made from monolithic
cast material. Commercial acrylic plate is available up to 4 inches thick
and special shapes can be cast to order.

(2) Forming. Machining is best performed with sharp tools and
slow feed at high surface speed. A water-base coolant is helpful.

(3) Annealing. Annealing will remove residual stresses after
machining or sawing. Manufacturer’s instructions should be followed.
Dimensional changes may occur during annealing.

(4) Surface Finish. It has been found that a 32- to-64 rms finish
on sealing and bearing surfaces of the window seat is satisfactory. The
viewing surfaces, if machined, must be polished. Annealing should follow
final machining and polishing.

b. Fabrication Certification. The window fabricator must certify that
only approved methods and materials were used for all forming, machining,
polishing, heat treatment and inspection processes.

c. Design Certification. The window designer must certify compliance
of the window design with the requirements of ANSI/ASME PVHO 1 (Reference I)
and include engineering calculations and/or a description of the experimental
method and data used to verify compliance.

d. Pressure Testing Certification. The window supplier or an approved
testing laboratory must certify the results of the window pressure test and
include pressure, temperature, pressurization rate, duration of sustained
loading and viewport flange used.

e. Identification. Identification of each window must be on the
window seating surface in letters and numbers 0.125 inch (3.2 mm) high with
an indelible felt marker through a paper stencil. The identification must
contain the information as shown in the following example.



Table 3-1
Specified Values of Physical Properties for Each Lot
(To be certified by the manufacturer of material)

| Test Minimum Values

| Procedures

| ASTM Physical Property Engineering Units Metric Units

| |

| D256 * | Izod matched impact strength >/ =0.25 ft-1b/ | > / = 13.3 J/m
| | in.-min.

| D542 * |Refractive Index 1.49 +/- 0.01 1.49 +/- 0.01>
| |

|D570% |Wwater absorption, 24 hr. </ = 0.25% </ = 0.25%

| |

|D621 | compressive deformation, < / = 0.85% < / = 0.85%

[4000 psi, 122 F
|
D638* | Tensile
(a) Ultimate strength
(b) Elongation at break
(c) Modulus

> / = 62 MPa
2%
> / = 2760 MPa

> / = 9000 psi
= 2%
> / = 400,000 psi

\
~
|
\
~
1]

| (b) ethyl acrylate
|

Note 1. Tests marked with an (*) require testing of a minimum of two specimens.
For others, test a minimum of one specimen. Where applicable use the
sampling procedures described in B.4. For other tests use the sampling

T T
| |
| |
| |
| |
| |
| |
| |
| | |
| | |
| | |
| | | |
| | | |
| | | |
|D695* | compressive, yield strength | >/ = 15,000 psi | > / = 103 MPa
| | | |
| | Modulus | > / = 400,000 psi | > / = 2760 MPa
| | | |
|D732% | Shear, ultimate strength | >/ = 8,000 psi | > / = 55 MPa
| | | |
|D785% |Rockwell hardness | >/ =M scale 90 | > / = M scale 90
| | | |
|D790% |Flexural, ultimate strength | >/ = 14,000 psi | > / = 97 MPa
| | | |
|D792% | Specific gravity | 1.19 +/- 0.01 | 1.19 +/- 0.01
| | | |
|E308 |Ultraviolet (290-330 nm) |
| |light transmittance | </ = 5% | </ = 5%
| | | |
|D702 |clarity, visually rated |Must have readibility
| | | |
| D696 |coefficient of linear |
| | thermal expansion at | 10 L -54 in./in. | 10 L -34 mm/mm
| | | deg. F | deg. C
| | +60 | 4.0 | 1.83
| | +80 | 4.3 | 1.96
| | +100 | 4.7 | 2.15
| | | |
|D648 |Deflection temperature of | >/ =200deg. F | >/ =93 deg. C
| |plastics under flexure |
| | | |
Method B.5|Residual monomer:
|Method B.5|Residual | |
| | (a) methyl methacrylate | </ = 1.5% | </ = 1.5%
| | </ =0.01% | </ =0.01%
| | |
|
|
|



procedures described in the appropriate ASTM test methods.
2. Where two specimens are required in the test procedure, the average of
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| the test values will be used to meet the requirements of the minimum
| physical properties of Table A-1.

| 3. MPa is the Metric Unit of pressure Megapascal, equal to 145 psi.

|

L

Based on Table A-1 of ANSI/ASME PVHO-1 (1).

Table 3-2
Specified Values of Physical Properties for Each Casting
(To be verified by the testing of specimen from each casting or lot as defined in
Chapter B.2 of reference 1).

Readibility test Readibility test

Method B. 5|Re51dua1 methyl methacrylate
| monomer

Method B.5|Residual ethyl acrylate monomer
1

</ =1.5

o

A
~
Il
[
o
o

= 0.01 percent |< / = 0.01 percent

| Test Minimum Values
| Procedures
| ASTM Physical Property Engineering Units Metric Units
| T T T
|D638* | Tensile ultimate strength |> / = 62 MPa | >/ = 9,000 psi
| elongation at break |> /7 = 2% | >/ = 2%
| modulus of elasticity |> / = 2760 MPa | > / = 400,000 psi
| | |
D695* | compressive yield strength |> / = 103 MPa | > / = 15,000 psi
| modulus of elasticity |> / = 2760 MPa | > / = 400,000 psi
| | |
D621 * | compressive deformation at 4000 |
| psi and 122 deg. F |> / = 1% | >/ = 1%
| | |
E308 |Ultraviolet transmittance (for |
| 0.5 inch thickness |> 7/ = 5% | >/ = 5%
| | |
D702 |visual Clarity |Must pass | Must pass
| | |
| |
| |
| |
| |
| < |
| |

Note 1. Tests marked with an (*) require testing of a minimum of two specimens.
For others, test a minimum of one specimen.

2. Where two specimens are required in the test procedure, the average of
the test values will be used to meet the requirements of the minimum
physical properties shown in this table based on table A-2 of ANSI/ASME
PVHO-1 (1).




50- 100- PVHO- RT- 21- 75
|
| ' Year of fabrication
|
|

Fabricator’s window serial number

Fabricator’s name or identification symbol

Pressure Vessel for Human Occupancy

Maximum temperature, deg. F

Design pressure, psig

7. WINDOW DESIGN. The acrylic plastic windows in pressure vessels for
human occupancy should have one of the standard geometries shown in Figure
3-11. Minimum acceptable thickness and slenderness ratios should comply with
the requirements of Figure 3-11 for the specific window geometry. Laminating
several sheets of acrylic plastic to arrive at the desired window thickness
is not permitted.

a. Joining of acrylic plastic castings by bonding is acceptable
providing that:

(1) The joint should see in service only membrane compressive
Stresses.

(2) The tensile strength of the bond should be at least 50
percent of the parent material strength as established by ASTM-D-638 test on
5 tensile coupons cut from a bond quality control specimen that was bonded at
the same time and in the same manner as the acrylic castings intended for
actual service.

(3) The total cross sectional area of inclusions, plus voids,
should be less than 5 percent of the total bonded joint cross section and
less than 10 percent of the bonded joint cross section in any 1 inch (25 mm)
length of the joint.

(4) The joint must be pressure tight during hydrostatic testing
of the window.

b. Windows of other geometries may be proposed for use in pressure
vessels for human occupancy providing that the experimental and analytical
data substantiating the new window design parameters are submitted for review
and are accepted by the ASME Safety Codes Committee on Pressure Vessels for
Human Occupancy, or the NAVFAC System Certification Authority.
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(1) The dimensions of a standard window in the O to 10,000 psi (0
to 60 MPa) design pressure range should be based solely on the basis of the
window’s short term critical pressure (STCP) and the approved conversion
factor (CF) for the given maximum ambient temperature. Minimum STCP values
of some standard window geometries, based on tests conducted by the U.S.
Navy, referenced in ANSI/ASME PVHO 1 (Reference 1) are given in Figures 3-12
through 3-15. CF values for the standard window geometries are given in
Tables 3-3 and 3-4. Calculations of STCP on the basis of these figures
satisfy the requirements of this Standard under paragraph A.3.c. However, it
is also acceptable to have the designer establish the STCP with his own
destructive tests of full scale, or model scale windows performed according
to procedure in C-5 providing such tests are witnessed by and are acceptable
to the Authorized Inspector.

(2) The dimensions of windows in the 10,000 to 20,000 psi (69 to
138 MPA) design pressure range, should be based solely on nondestructive
tests in the form of long term and cyclic pressurizations. Dimensions of
approved windows for this design pressure range (based on tests conducted by
the U.S. Navy, referenced in ANSI/ASME PVHO 1 (Reference 1) are given in
Table 3-5.

c. STCP of an acrylic plastic window is, for the purposes of this
Standard, defined as the pressure at which catastrophic failure of the window
takes place (window disintegrates releasing pressurized fluid into, or from
the chamber) when subjected to hydrostatic pressure increasing at a constant
rate of approximately 650 psi (4.5 MPA) per minute. The pressurization must
take place at ambient temperature range of 70 to 77 deg. F (21 to 25 deg. C)
in a flange that satisfies the requirements of paragraphs 8, 9, and 10. The
CF is an empirical ratio of short term critical pressure to design pressure
specified on the basis of long experience as the safe relationship between
the two variables for a given temperature.

(1) The evaluation of a design is to be conducted on a minimum of
five full-scale windows and the results are considered representative only if
the lowest critical pressure is AT LEAST 75% of the mean critical pressure of
the other four windows. In such a case, the STCP value of the window design
is to be taken as the lowest critical pressure among the five tests. In case
the lowest critical pressure does not meet this criterion, the STCP value of
the window design is to be equal to the single lowest critical pressure among
the five tests multiplied by a factor of 0.75.

(2) Model scale windows may be substituted for full-scale windows
in ¢ (1) tests, if in addition to the five model scale windows at least one
full-scale window is tested. The test data (STCP calculated according to c
(1)) generated by testing of model scale windows is considered acceptable
only if the critical pressure of the full scale window is equal to, or above
the single lowest critical pressure among the five tests. In case that the
critical pressure of the single full scale window does not meet this
criterion, four more full scale windows should be tested and the STCP value
of the window design should be calculated according to ¢ (1) on the basis of
full-scale windows alone.
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Short Term Critical Pressure of Conical Frustum Acrylic Windows to 43,500 psi.
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Conversion Factors

TABLE

3-3

for Acrylic Plastic Flat Disc Windows

|
| Operational | Temperature Ranges

| Pressure | | | |

| Ranges 50F | 75F | 100F | 125F | 150F

| |< / = | </ = | </ = |< / = |< / = |
! | (100) | (24C) | (38c) | (52c) | (66C) |
|

| N=1 CF=5 CF=6 CF=8 CF=10 CF=16

| | | | | | |
| | | | | | |
| 2,500psi (17.2MPa)

| 4,000psi
| N=2 | CF=5 | CF=6 | CF=8 | CF=10 |

| | | | | | |
I I I I - - - - - = ——(27.6MPa)I
| 5,000psi (34.5MPa) | | | L L

| | | |

| N=3 | CF=5 | CF=6 | 7,000psi (48.3MPa)

| | b-——— - - - |
| 7,500psi (51.7MPa) | ' '

|

|Note: The conversion factors (CF) shown in Table 3-3 apply only to short |
| term critical pressures (STCP) plotted in Figures 3-12 and 3-13. |
|




TABLE 3-4
Conversion Factors for Acrylic Mastic
1. Conical Frustum Windows
2. Double Beveled Disc Windows

T
| Operational | Temperature Ranges

| Pressure | | | |

|  Ranges 50F | 75F | 100F | 125F | 150F

| < / = | </ = | </ = < / = < / = |
! | (10C) ! (24C) ! (38C) ! (52C) | (66C) |
[ I I I

| N=1 CF=5 | CF=6 | CF=8 | CF=10 CF=16

| | | | | | |
| | | | | | |
| 2,500psi (17.2MPa) ' '

| Conversion factors for these pressures

| | must be interpolated between the upper |

| | and lower values shown |

| | - — -9 - - = === - - = - = ————— — 4,500psi]|
| N=2 | CF=4 | CF=5 CF=7 | CF=9 (31MPa) |
| | | | | |
| | | | | |
| 5,000psi (34.5MPa) , ' '

| |

| N=3 | CF=4 | CF=5 |

| | | | |
| 7,500psi (51.7MPa) |

| |

| | | | |
| N=4 | | CF=5 | |
| | | | 8,000 psi |
| | CcF=4 }-—--—-— (55.2MPa) |
| | | |
| | | |
|10,000 psi (69MPa) | | |
| : : |
| |
| |
|Note: The conversion factors (CF) in Table 3-4 apply only to short term |
| critical pressures (STCP) plotted in Figures 3-14 and 3-15.
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TABLE 3-5
Conical Frustum Windows for Design Pressures in

Excess of 10,000 psi

(69 MPA)

Temperature Ranges

Driq/Drfq ratio refers to conical Frustrum seat specifications shown in

Figure 3-16.
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d. The STCP of a window accepted for service in pressure vessels for
human occupancy should not be less than

STCP = (CF x P)
where CF and P are the conversion factor and design pressure respectively.

(1) For flat disc windows, shown in Figure 3-11, use conversion
factors from Table 3-3 and short term critical pressures from Figures 3-12
and 3-13. Figure 3-12 should be utilized for determination of critical
pressures in the 0 to 7,250 psi (50 MPA) range, while Figure 3-13 should be
used for 7,250 to 43,500 psi (50 to 300 MPA) range. Short term critical
pressures may be also experimentally determined according to procedure inc
above. For more detailed information on the design of flat disc windows see
Reference 4, Stachiw, Flat Disc Acrylic Plastic Windows, Technical Note
N-1127.

(2) For conical frustum windows, shown in Figure 3-11, use
conversion factors from Table 3-4 an short term critical pressures from
Figures 3-14 and 3-15. Figure 3-14 should be utilized for determination of
critical pressures in the 0 to 7,250 psi (50 MPA) range, while Figure 3-15
should be used for the 7,250 to 43,500 psi (50 to 300 MPa) range. Short term
critical pressures may be also experimentally determined according to
procedures above. For more detailed information on the design of conical
frustum windows, see Reference 3, Stachiw, Conical Acrylic Windows, 1966).

(3) For double bevelled disc windows, shown in Figure 3-11, use
conversion factors from Table 3-4 and short term critical pressures from
Figures 3-14 and 3-15, Figure 3-14 should be utilized for determination of
critical pressures in the 0 to 7,250 psi (0 to 50 MPa) range, while Figure
3-15 should be used for the 7,250 to 43,500 psi (50 to 300 MPa) range.
However, only 50 percent of the overall thickness should be utilized in
calculation of short term critical pressure according to Figures 3-14 and
3-15.

e. When selecting the conversion factors from Tables 3-3 and 3-4 the
temperature ranges must be chosen on the basis of highest ambient sustained
temperature expected during operation of the chamber at the design pressure.
If the interior of the chamber is illuminated by externally mounted
incandescent lights shining through the windows, the 150 deg. F (66 deg. C)
temperature range must be mandatory in selection of conversion factors for
all windows. For chambers not illuminated with externally mounted lights,
the
temperature ranges must be chosen on the basis of environment temperature
where the chambers reach design pressure. If the design pressure is reached
when:

(1) only submerged in water, use ambient temperature of water at
that depth;

(2) only in air, use the average of maximum ambient external and
internal air temperatures;

(3) either in air or water, use the average of maximum ambient
external and internal air temperatures.



f. When a viewport is subjected to pressurization from both sides, the
thickness of the window must be selected on the basis of the highest design
pressure, regardless of whether this pressure is external or internal to the
chamber.

8. WINDOW SEATS.

a. The window seat cavity in the viewport flange must be dimensioned to
provide the window bearing surface with support during hydrostatic testing
and subsequent operation at maximum design pressure. The dimensions of
window seat cavities for standard window geometries are shown in Figures 3-16
and 3-17.

b. The surface finish on the window seat cavity must be at least 64 rms.

c. The surface of the window seat cavity must be protected against
corrosion, preferably by a weld overlay of corrosion resistant material prior
to final machining. Painting of seat cavity surface, anodizing it, or
plating it with electroless nickel is also an acceptable means of preventing
surface corrosion.

9. VIEWPORT FLANGES.

a. Because of the large mismatch between the moduli of elasticity in the
plastic window and the metallic flange, it must be assumed in stress
calculations that the window does not provide any reinforcement for the hull
material around the penetrations.

b. Any of the analytical, or empirical, methods for stress and
displacement calculations acceptable to the applicable ASME Code may be used
for dimensioning the thickness, width, and location of the flange around the
viewport penetration.

c. Reinforcements for pressure vessel penetrations meeting the
requirements of the applicable ASME Code will be considered acceptable for
viewport flanges without further engineering calculations.

d. The following minimum requirements must be met by viewport flanges
shown on Figures 3-16 and 3-17 with a finished diameter opening in excess of
24 in (635 mm) .

(1) Radial deformation of the window seat at maximum internal or
external design pressure must be less than 0.002 x Dpiq.

(2) Angular deformation of the window seat at maximum internal or
external design pressure must be less than 0.5 degrees.



CONICAL FRUSTUM WINDOW B /D, RATIOS

OiEHHEgg:JC:q“EA'- # INCLUDED ANGLE
RANGE 60° 90° 120° 150°
N=1 . 102 | 103 | 106 1.14
N=2 104 | 106 | 112 1.28
N=3 108 | 100 [ 117 136
N- 110 | 115 | 120 1.42
SPHERICAL SHELL SECTOR WINDOW
WITH CONICAL EDGE (2R sin (a/2)}/D, RATIOS
OPERATIONAL © INCLUDED ANGLE
RANGE 60° 90° 120° 150° | 180°
N=1 102 | 102 | 102 102 | 1.02
N=2 103 | 103 | 100 1.03 | 103
N=3 1.06 105 | 1.05 105 | 1.08

t - FOR a BETWEEN VALUES SHOWN
INTERPOLATION IS REQUIRED

K— YSSELECTED ON THE BASIS OF
STRUCTURAL ANALYSIS

# — ISSELECTED ON THE BASIS OF
OPTICAL REQUIREMENTS

1/32 in. {1.0mm) < R1< 1/16 in. {2.0 mm)

1,250 < D, /D, < 1.50

FIGURE 3-18
Seat Cavity Requiraments (Conical Frustum, Sphericat Shell, and Flat Disc)
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DOUBLE BEVELED DISC WINDOW

+ — FOR 2 BETWEEN VALUES SHOWN
INTERPOLATION IS REQUIRED

K- I5SELECTED ON THE BASIS OF
STRUCTURAL ANALYSIS

8 — ISSELECTED ON THE BASIS OF
OPTICAL REQUIREMENTS

1/32 in. (1.0 mm) < 1/16 in. {2.0 mm)

< 025t
ns €
D,/D, RATIOS
OPERATIONAL
PRESSURE + INCLUDED ANGLE
RANGE 60° ap°® 120° 150°
N =1 1.02 1.03 1.06 1.14
N=2 1.04 1.06 1.12 1.28
N=3 1.08 1.09 1.17 1.36
N=4 1.10 1.15 1.20 1.42
FIGURE 3-17

Seat Cavity Requirements {Double Bevelod Disc}
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10. WINDOW SEALS.

a. As primary seals for standard window geometries shown in Figure
3-11, a soft elastomer compressed between the high pressure face of the
window and retainer ring will be acceptable. The soft elastomeric seal may
take the form of a flat gasket, or a seal ring with O, U or X cross section.
The gasket or seal ring must be of sufficient thickness to permit adequate
compression without permanent set. Double bevelled disc windows must utilize
as primary seal a seal ring radially compressed between the cylindrical
surface of the window facing the pressure and the cylindrical window seat in
the flange.

b. Retainer rings must provide the following minimum initial
compression of the gasket in millimeters (for values of N, see Tables 3-3 and
3-4).

(0.015 Dpiq)
(1) N X ————————————- - conical Frustrum Windows
Tan [alphal/2

(2) (0.01t + 0.25) - flat disc windows

c. The minimum compression of seal rings must, be governed by
specifications of seal ring manufacturers for the given seal ring size and
service.

d. A secondary seal is required between the window and the steel
cavity seat for flat discs, spherical sectors with square edge and
hemispheres with equatorial flange. The secondary seal also serves as a
bearing gasket for the window. This gasket must be bonded with contact
cement to the metal flange seat. Thickness of the gasket must not exceed 1/8
in (3.0 mm). Neoprene impregnated nylon cloth, neoprene of 90 durometer
hardness, and cork gaskets have been found to be acceptable for such
application.

e. Seal ring grooves are not permitted in the bearing surface of any
window shape, or the bearing surface of the seat in metal flange unless
experimental data, showing the cyclic fatigue life of such a viewport
assembly at design pressure and temperature to be in excess of 1044 standard
pressure cycles (four hours under pressure followed by four hours of
relaxation), is submitted to and accepted by the Committee on PVHO. Seal
ring grooves are not allowed in any window shape or its seat in the metal
flange.

11. DIMENSIONAL TOLERANCES AND SURFACE FINISH.

a. Thickness of the window must be everywhere equal to or greater than
the nominal value determined by procedure of paragraph 7d.

b. The major diameter of the conical bearing surface on a window, must
be machined within +0.000/-0.002 in. of nominal value.

c. The included conical angle of the window must be within
+0.25/-0.000 degree of nominal value.



d. The included conical angle of the window seat in the flange must be
within +0.000/-0.25 degree of the nominal value.
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e. The major diameter of the conical seat cavity in the flange must be
within +0.002/-0.000 in. of nominal value.

f. The external diameter of the flat disc window shall be within +0.000/
-0.01 in. (+0.000/-0.25 mm) or +0.000/-0.03 in. (+0.000/-0.75 mm) of the
nominal value depending on whether the window will be sealed with an O-ring
or a flat gasket seal, respectively.

g. The diameter of the seat cavity for a flat disc window shall be
within +0.01/0.000 in. (+0.25/-0.000 mm) or 0.03/-0.000 in. (+0.75/-0.000 mm)
of the nominal value depending on whether the window will be sealed with an
O-ring or a flat gasket seal.

h. The bearing surface of the window shall be no rougher than 32 rms.
12. FABRICATION OF WINDOWS.

a. Windows must be fabricated only from acrylic plastic casting
satisfying the requirements of paragraph 6.

b. During the fabrication process, each window must be identified with
identification and fabrication verification documents containing pertinent
material and fabrication data.

c. The windows must be annealed at least once during the fabrication
process. The mandatory annealing must take place prior to final installation
after all forming, machining, and machine polishing operations have been
already completed by the fabricator. Annealing schedule shown in Table 3-6
must be followed. Handlapping and hand polishing after annealing is allowed.

d. No fabrication process, solvent, cleaner, or coolant must be used
during the fabrication that degrades the original physical properties of the
acrylic casting.

13. INSTALLATION OF WINDOWS.

a. The window cavity seat in the flange must be thoroughly cleaned.
Aliphatic naphtha and hexane are suitable for cleaning.

b. The window cavity seats for all window shapes possessing conical
bearing surfaces must be thoroughly coated with grease prior to placement of
window inside the window cavity so that the greased surfaces will act as
secondary seals. Silicone greases are suitable for this purpose.

c. After placement of window inside the window cavity, the primary
elastomeric seal will be placed on the high pressure face of the window, and
the retainer tightened until the seal compression reaches the minimum value
specified in paragraph 10.



TABLE 3-6
Annealing Schedule for Acrylic Plastic Windows

| 1
|A. Recommended Heating Times for Elevated |
| Temperature Annealing of Acrylic |
| |

Thickness Heating Time* in Hours for Acrylic Placed]
(inches) in a forced-Circulation Air Oven Maintained

at the Indicated Temperature

212F 195F 185F
(100C) (90C) (85C)
0.500 to 0.750 inc. 4 6 11
0.875 to 1.125 inc. 4-1/2 6-1/2 11-1/2
1.250 to 1.500 inc. 5 7 12
1.750 5 7 12
2.000 6 8 13
2.250 7 9 14
2.500 9 11 15
3.000 11 12 17
3.250 13 14 17
3.500 13 14 19
3.750 14 16 20
4.000 17 18 22
* Includes period of time required to bring part up to annealing temperature
but not cooling time
T 1
| B. Recommended Cooling Rates for Acrylic Subjected |
| to Elevated Annealing Temperatures |
L I
Time in Hours to Cool Acrylic from the
Maximum Indicated Annealing Temperature at the
Thickness Cooling Maximum Permissible Rate to Removal
(inches) Rate Temperature of 160 deg. F
deg. F/hr 212F 195F 185F
(deg. C/hr) (100C) (90C) (85C)
0.500 to 0.750 inc. 14 (25) 2 1-1/4 1
0.875 to 1.125 inc. 10 (18) 3 2 1-3/4
1.250 to 1.500 inc. 7.2 (13) 4 2-1/2 2
1.750 6.1 (11) 4-1/2 2-3/4 2
2.000 5.5 (10) 5-1/4 3-1/2 2-1/2
2.250 5 (9) 6 4 3
2.500 4.5 ( 8) 6-1/2 4-1/4 3-1/4
3.000 4 (7) 7-1/4 4-3/4 3-1/2
3.250 3.5 ( 6) 8 5-1/4 4
3.500 3.5 ( 6) 8-3/4 5-3/4 4-1/4
3.750 3.5 ( 6) 9-1/4 6-1/4 4-1/2
4.000 3 (5) 10-1/2 6-3/4 5




14. PRESSURE TESTING OF WINDOWS.

a. Each window must be pressure tested at least once prior to being
accepted for service.

b. The pressure test must take place with the window installed in the
chamber, or a test fixture whose window seat dimensions, retaining ring, and
seals are identical to that of the chamber.

c. The window must be pressurized with gas or water until design
pressure 1is reached. The design pressure must be maintained for a minimum of
one, but no more than four hours, followed by depressurization at a maximum
rate not to exceed 650 psi (4.5 MPa) per minute.

d. The temperature of the pressurizing medium during the test must be
the design temperature for which the window is rated with a tolerance of
+0/-5 deg. F. Brief deviations from the above temperature tolerances are
allowed not exceeding +/- 10 deg. F and lasting less than 10 minutes.

e. Windows that leak during the pressure tests must be removed, fitted
out with new seals, and retested. If, during the retest, the leakage
continues, efforts will be made to complete the test by stopping the leak
with a temporary seal. The inability of seals to operate properly during the
test must be noted in the test report, submitted at the conclusion of the
pressure test to the chamber manufacturer/user.

f. At conclusion of the pressure test, the windows must be visually
inspected for presence of crazing, cracks or permanent deformation. This
examination may be performed without removal of the window from the chamber.

g. Presence of crazing, cracks or permanent deformation visible with
unaided eye (except for that necessary to correct for 20/20 vision) must be
cause of rejection of the windows and must be so noted on the test report.

h. A hydrostatic or pneumatic test in excess of design pressure may be
substituted for the mandatory test of c¢. and d. During the hydrostatic or
pneumatic test the pressure must be maintained for a minimum of one, but no
more than four hours, The test pressure must not exceed 1.6 x design pressure
or 20,000 psi, whichever is the lesser value. The temperature of
pressurizing medium during the test must be at least 25 deg. F lower than the
design temperature to prevent permanent deformation of windows tested above
design pressure. All he other requirements of the mandatory pressure test
spelled out in e., f., and g. must be retained.

i. ANSI/ASME PVHO 1, requires extensive recorded documentation for
acrylic windows in manned chambers. Special forms must be completed for the
material properties, the fabrication procedures and the test methods for each
window. These forms are contained in the PVHO Code. The Navy'’s diving
safety program requires the same documentation for system certification.



Section 2. DOORS AND CLOSURES

1. DOORS AND CLOSURES. Doors and closures provide the means for personnel
to enter into or egress from a PV. They also provide for the moving of
equipment into and out of a PV. When doors or closures are arranged so that
personnel, equipment or animals can be transferred into or out. of a vessel
without loss of internal pressure, they are called "locks."

There are two basic types of doors and closures: those that are sealed by
pressure and those that have a means of locking the door against pressure.
Each door requires careful design, fabrication, installation testing and
maintenance to provide safe, easy and rapid operation from inside and outside
the PV without the use of special tools. The door hinging, closing, locking
and sealing elements must be resistant to and protected from abuse due to
rough handling or possible accidents. A typical recompression chamber door
is shown at Figure 3-18. Doors may be fabricated of one of more pieces, of
flat plate or of dished plate with pressure on either the convex or concave
side. Whenever practical a door should be arranged so that the contained
pressure holds the door closed, and if possible no dogging or latching
mechanism should be used other than a handle to pull the door closed or open.

A typical Service Lock is shown at Figure 3-19. Note that this lock has two
types of doors. The door inside the chamber is sealed by pressure and the
outer door is sealed by swing bolts.

2. SIZE REQUIREMENTS. The proper sizing of doors is important for manned
facilities. Doors which are unnecessarily large reduce chamber strength and
are excessively heavy while doors which are too small adversely affect
chamber utilization. The human engineering of hyperbaric chamber doors is a
difficult problem because they are nearly always round with an extremely
thick, sharp-edged threshold. Although there is little the designer can do
to rectify this, he can make use of statistical information to size doors
properly for the chamber crew members.

a. Anthropometric Data. Tables 3-7 and 3-8 give some basic
anthropometric data useful in sizing doorways and for other design
considerations in hyperbaric chambers. Additional human factors information
is available in MIL-STD-1472 (see reference 5, Human Engineering Design
Criteria).

(1) Vertical doors. From Figure 3-20, which was scaled from 95th
percentile data in Table 3-8, it can be seen that a diameter of 36 to 40
inches provides reasonable clearance for convenient entry through a vertical
door.

(2) Horizontal doors. The 95th percentile shoulder breadth is
about 20 inches. Because the body can be supported with the arms essentially
vertical, a reasonable minimum diameter for a vertical entry door is 22 to 24
inches.
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FIGURE 3-18
Typical Recompression Chamber Door
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TABLE 3-7
Standing Anatomical Dimensiom (inches)

Dimension
_——— e e

1. Arm span

1. Shoulder breadth
{bideltoid)

3. Forward arm reach (from
seat back or wall)}

4. Chest depth

5th Percentile | Median | 95th Percentile
———
65,9 T0.8 75.6
16.5 17.9 19.4
1.9 34.6 37.3
8.0 9.0 10.4
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TABLE 3-8

Saated Anatomical Dimensions {inches)}® {See Reference 65}

1.
2.
L
4.

Dimension

Bitting height

Eye height

Shoulder {acromion) height
Elbow height

Thigh clearance

Knee height (above floor)
Buttock-knes length

. Buttock-leg length

Hip breadth

5th Percentile

Erect] Slump

338 3l.8
29.4 2T.4
z1.3 19.6
6.6 4.9
4.5 -
20.1 -
21.2 -
39.4 -
12.7 -

Maedian
Erect | Slump
36.0 3.0
3ls 29.5%
21.3 21.6

9.1 T.4

5.6 -
21.7 -
23.6 .-
42.7 -
13.9 -

95th Percentile
Erect | Slump
38.0 36.0
3138 31.5
25.1 21.4
11.8 9.8
6.8 -
24.4 -
25.4 -
46.7 -
15.4 -

*Slump dtmensions are comes tions of erect data, allowing -2.0 inches for items 1 and 2 and -1.7 inches for iiems 3 and 4.
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FIGURE 3-20

Typical Recompremsion Chamber Entranea {Vertical Door)
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b. Additional Clearance for Bulky Clothing. The dimensions given in
(1) and (2), above, are valid for light work clothing only. An additional
allowance of 10 to 20 percent may be necessary for bulky clothing and
accessories. Heavy clothing has two primary effects. It increases the
anatomical dimensions, that is, arm and thigh thicknesses, and reduces
mobility parameters such as leg movement and forward arm reach.

c. Clearance for Door. In conjunction with door sizing requirements,
the designer should consider interior clearances affecting movement of the
door.

3. CLOSING MECHANISMS. Closing mechanisms, whether quick or slow acting,
consist of a means for locking, for sealing, and a method of suspending the
door on hinges.

a. Quick Acting. Several types of quick-acting commercially available
doors have become available for hyperbaric chamber use. These include the
breech-lock, the split-clamp type, and the multiple-lever type segmented
ring.

(1) Breech Lock. An example of a breech-lock door on a service
lock is shown in Figure 3-21. The cylinder flange and door are held together
by interlocking lugs. The door rotates 30 deg. to engage the locking lugs.
An O-ring establishes the seal when pressurized.

(2) Split Clamp. A split-clamp door shown in Figure 3-22 is held
closed by the wedging action of the split clamp. It is very much like the
breech lock, except that the locking-ring motion is substantially radial
instead of circumferential. The two halves of the locking ring are usually
driven by synchronized screw actuators as illustrated, although hydraulic
actuation could be used.

(3) Segmented Ring. The segmented ring shown at Figure 3-23 is a
relatively quick and convenient type of closure which has been used
successfully for COr2q scrubbers.

b. Swing Bolt. The swing-bolt closure is intermediate between the
quick-acting door and the bolted flange. The pivoted bolts make the door
much more convenient to open than a bolted flange, since the nuts need only
be loosened enough to pivot the bolts out of the way. However, if the number
of clamping points approaches that of a typical bayonet-type door, the
operating time increases significantly. The typical service lock shown in
Figure 3-19 has this type of outer door and a commercially available model is
shown in Figure 3-24. The advantages of the swing-bolt door are its
availability and modest cost.

c. Alternate Closing and Locking Devices. Alternate closing and
locking devices which are not easily opened, but are simpler and cheaper are
suitable for infrequently used closures. These include the conventional
bolted flange and the clamping-bar closure shown at Figure 3-25. Many other
styles are readily available.
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FIGURE 3-21
Breach Lock
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Double-Balt  Vertical Deouble-Bult—Herizontal

COURTESY TUBE TURNS DHVISION
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4. DOOR AND CLOSURE HINGES.

a. Heavy doors and closures should be supported on compound action
hinges with antifriction bearings and precision adjustments.

(1) Compound hinges, Figure 3-26, allow the door or closure to
close with more uniform gasket compression than simple hinges.

(2) Antifriction bearings permit easy door or closure movement by
hand.

(3) Precision adjustments permit obtaining and maintaining proper
door position and alignment of sealing surfaces.

(4) Vertically opening doors or closures should have their mass
counterbalanced by counterweights or springs to prevent slamming when the
door or closure is lowered.

5. SEALS FOR CLOSURES AND DOORS. The seals for hyperbaric chamber doors and
closures fall into two main classes: mechanically energized and pressure
energized. Mechanical seals are clamped and compressed by the locking
mechanism. Their sealing preload is independent of the pressure, so they
must always be compressed sufficiently to seal the maximum rated pressure of
the system. Mechanical seals generally employ Neoprene rings or rectangular-
section gaskets.

Pressure energized seals derive their sealing compression from the
pressurized gas in the chamber. They are usually installed with a very light
preload and the sealing force increases as the retained pressure increases.
The seals take a variety of proprietary forms, most commonly involving a thin
lip which is forced against a flat surface as pressure builds up in the
chamber. Pressure energized seals are sometimes initially compressed by
pressure from an outside source, after which they become self-sustaining.

a. Closure Seals.

(1) Mechanically energized seals are usually flat or rectangular
section and must be clamped with considerable force to maintain their seal
when pressurized. The plain gasketed flange shown at Figure 3-27 must have
sufficient tension developed in the bolts so that when the internal pressure
mechanically deforms the system, the remaining clamping force on the gasket
is still great enough to maintain the seal.

(2) The flat gasket seal can be improved by retaining the gasket
in a slight recess, then if the pressure moves the gasket radially it stops
at the rim and becomes pressurized. See Figure 3-28.
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(3) The threaded cap closure seal (Figure 3-29) is inexpensive and
mechanically simple. Use of an O-ring seal provides automatic radial
compression, hence the cap does not have to be tightened to provide the
preload to the seal, and a large spanner wrench is not required for removal
and installation. Close tolerances must be held to secure the proper
compression of the O-ring, and the chances of seal damage during closure are
greater than for designs which do not involve sliding against the sealing
element.

(4) Threaded Plug Closure Seal. A relatively simple closure which
is widely used is the threaded plug. It is readily available, easy to make
and can be seal-welded if necessary. A plug in a high pressure gas cylinder
is shown at Figure 3-30. Note the use of a seal weld to keep leakage to a
minimum.

(5) Flat Face O-ring Seal. A closure or seal which is used
extensively in piping systems is the flat face O-ring seal, shown at Figure
3-31. The ring groove is cut in one of two mating flat faces and the
assembly is held together by a union nut. A properly made closure of this
type will easily seal 2,000 psi when made up hand tight due to the sealing
action of the O-ring.

(6) Large Diameter Closure Seal. When large diameter closures are
subjected to high pressures there can be considerable movement of the various
parts. Under these conditions, the mating clearances can sometimes increase
to a gap which defeats the sealing action of the O-ring. To overcome this
problem, a Floating Ring Seal is sometimes used. See Figure 3-32. The
internal pressure lifts and stretches the metal ring carrying the O-rings and
effectively keeps the clearances to zero. A seal of this type is used on the
fifteen foot door of the Navy’s Ocean Simulation Facility at Panama City,
Florida.

(7) Ring Sealed Penetrator Plug. A very convenient way to provide
a penetration in a pressure vessel is to use a ring sealed plug, as shown at
Figure 3-33. The advantage of this device is that a smoothly reamed hole is
all that is needed in the pressure vessel. A spotface on the inside or
outside of the vessel shell is not required for sealing and the reamed hole
can be made by hand. It is also very easy to change the plug if it becomes
damaged or to change the use of the penetration.

b. Door Seals for Compression Chambers.

(1) The most common seal for chamber doors is the rectangular
Neoprene packing. It is usually 3/4 x 1 inch and is retained in a groove
which is slightly narrower at the top than the bottom. The door has a 1lip
which is forced into the packing by chamber pressure. A seal of this type is
shown in Figure 3-18.

(2) Coming into use for chamber door seals is the O-ring, but it is
used in a non-standard groove. Normally, an O-ring is held in a rectangular
groove with about 15% compression in one direction and with space for lateral
movement of at least 50% of the ring section, at 900 to the direction of
compression. Under pressure the ring moves to one end of the groove and the
sealing action of the groove is activated by the retained pressure.
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For chamber doors, the O-ring is retained in a dovetail groove in the door
with about 15 to 20% of the ring projecting beyond the face of the door.
This seal is illustrated in Figure 3-34.

6. DOOR AND CLOSURE LOCATION. The designer is not afforded much freedom in
locating doors for personnel or equipment transfer. The most common location
for large doors is at one end of the PV (horizontal entry). This is

reasonably convenient for personnel, takes no wall space, and is favorable
from the standpoint of pressure-vessel integrity.

If the PV is to be partially flooded for some experiments, a vertical entry
hatch is very useful, since personnel can enter and leave the PV without
draining it. A vertical entry hatch is also helpful for installing equipment
and rigging cables for instrumentation in the PV. Heavy items can be lowered
into the vessel with a hoist.

7. LOCK SPACES. A lock space is required on a PV to allow the transfer of
personnel or equipment into or out of the PV without depressurizing the work
chamber. The lock space must be large enough to accommodate the persons and
equipment being transferred together with the opening of the outer and inner
doors. The lock space with the outer and inner doors must be designed for
the same pressures and pressure differentials as the rest of the PV.

8. SAFETY INTERLOCKS. The use of safety interlocks is recommended on all
PV service locks which have a hydraulic, electric or mechanical assist
mechanism for opening the service lock doors. The safety interlock must
prevent the opening of a door that is under pressure and permit the door to
be opened when the pressure on both sides is equal. Although there are many
ways to make a safety interlock, the use of hydraulic or electrical methods
should only be used to support a basic mechanical system. All service locks
should have a pressure gauge mounted on the lock where it is easily seen by
the operators.
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Section 3. INTERIOR APPURTENANCES

1. INTERIOR APPURTENANCES. Interior appurtenances including installed
equipment and hardware and their surface treatment must keep the risks and
hazards in the PV to a minimum.

2. DECK PLATES. Deck plates should be fabricated of lightweight metal,
such as diamond tread nonskid aluminum, designed to support live loads of at
least 150 pounds per square foot. Deck plates must have handholds for
lifting, inspection and cleaning and be held in place by screws.

3. BUNKS, TABLES, SEATS, SHOWER RINGS AND OTHER INSTALLED ITEMS. Bunks,
tables, seats, shower rings and other installed items should be fabricated of
corrosion and fire resistant materials. All metallic items must be
electrically grounded to the PV shell. All movable metallic items must have
grounding straps connected to the PV shell. All components used in the PV
which require a sealed volume must be suitable for the expected pressure
differentials.

4. FABRICS. Only highly fire resistant fabrics such as Duret Gold should
be used for clothing, bedding, mattress covers, shower curtains, towels and
any other cloth items in the PV. Mattresses must be of the open-cell type.

5. BIB MASKS. Bib masks with supply and exhaust hoses must be manufactured
of approved materials.

6. TOILET, SINK, AND SHOWER. Toilet, sink and shower must drain into
holding tanks outside the PV. Safety interlocks must prevent flushing of
toilet or holding tanks while the toilet is in use.

7. ORDINARY COMPONENTS. Many ordinary components such as faucet handles
and shower heads are frequently made of plastics. When such items are used
in a hyperbaric chamber they should be metallic, if at all possible. Some
items, such as hand-held telephones, are only available in nonmetallic
materials. To prohibit the use of such items, which are not highly
flammable, in a chamber is impracticable and not necessary.

8. PAINTS. Paints used in the PV interior must be fire resistant and upon
curing must not offgas and provide a hazard to the occupants. Phenoline
paints and epoxy paints have met these requirements. Surfaces to be painted
must be sandblasted to white metal and receive a primer suitable for the
intended finish coat. All interior finishes must be allowed to offgas until
thoroughly cured. Only white or light tints should be used to enhance the
internal lighting. Paints should not be applied to aluminum PV surfaces as
it may mask corrosion. Surfaces facing O-rings may be painted using
phenoline or epoxy paint or Devcon Z applied by brush to small areas. Large
areas should be spray painted.
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CHAPTER 4 FOUNDATIONS

1. SCOPE. This chapter provides guidance for the site selection,
subsurface investigation, and the foundation design for hyperbaric chambers.
The foundation and structural support system of a hyperbaric chamber facility
must be designed to impose the minimum amount of strain or differential
movement in the various chamber components, and these strains must be
evaluated so that they may be considered in the design of the chamber
components and connections. Sections 1 through 4 of this chapter are
directed primarily toward guidance in design and construction of new
facilities. Section 5 contains the modifications required to adapt the
criteria given in Sections 3 and 4 as well as additional pertinent guidance
for construction of hyperbaric chambers within or adjoining existing
buildings.

2. RELATED CRITERIA. Specific criteria required for subsurface
investigation and design of foundations are contained in the following
sources:

Subject Source
Soil Mechanics . . . . . . . . . . . « « + . . . . . .DM 7.1
Foundations and

Earth Structures . . . . . . . . . . . . . . . . . .DM 7.2

Soil Dynamics, Deep

Stabilization, and

Special Geotechnical

Construction . . . . . . . . . . . . . . . . . . . .DM 7.3
Seismic Design for Buildings. . . . . . . . . . . . . .P-355



SECTION 1. SITE SELECTION

1. REGIONAL STUDY. Site selection requires a regional study to determine
the geological origin of the soils and potential for seismic activity that
must be considered in foundation design.

a. Geological Factors. A preliminary study must be made of the
geological origin of the soils in the various regions under consideration.
The principal soil deposits can be classified as residual, sedimentary,
alluvial, aeolian and glacial. Generally residual sands and gravels, some
alluvial deposits, and glacial tills will be the most favorable soil
conditions for foundations.

b. Seismic Activity. Avoid, if at all possible, locating hyperbaric
facilities in seismic zone 4. (See NAVFAC P-355 for a description of seismic
zones.) Where it is necessary to locate a facility in either seismic zone 3

or 4, particular attention must be paid to the location and character of
faults, topography, the potential for tsunamis, bedrock depth and type, and
the potential for soil liquefaction. A study of the seismicity of the site
including identification of known faults within the immediate region must be
included in the regional study.

2. LOCAL STUDY. Evaluation of potential sites within the region must be
based on the geology and soil conditions of each site. If possible, sites
underlain by loose saturated sands and silts, soft compressible or organic
soils, and expansive soils must be avoided.

a. Previous Investigations. Soils maps, geological maps, and previous
subsurface investigations will provide local data. A qualified geotechnical
engineer should screen potential sites for those having the most favorable
soil conditions. The available information on soil type and consistency,
groundwater elevations, potential excavation or slope stability problems, and
predominant foundation type in the area must be reviewed.

b. Seismic Considerations. Geological and subsurface investigation
must be conducted to assure that the site is not located on or near a fault.
In seismically active areas, potential for ground rupture, vibration
settlements and soil liquefaction must be evaluated by a geotechnical
engineer.



SECTION 2. SUBSURFACE EVALUATION

1. SUBSURFACE EVALUATION. This section presents the preliminary design
information required to conduct a soil exploration program, typical steps in
such a program, and the information to be reported.

2. PRELIMINARY DESIGN INFORMATION. The preliminary design information
needed for a soil exploration program includes topographical features, the
anticipated loads and their locations, the nature of existing or future
adjacent buildings, and expected future conditions.

a. Topographical Features. A complete facility layout sketch showing
the anticipated facility size and configuration, its location on the site,
the existing grades, the proposed final grades, the anticipated first floor
elevation, depth and extent of basement and other subgrade construction,
including anticipated minimum footing depths, will be furnished the
geotechnical engineer conducting the soils exploration program.

b. Loading. The anticipated loads on individual foundations from
supporting structure and chamber components should be estimated, and their
relative locations indicated on the layout of the proposed facility. The
anticipated loads include the dead load of the building and chamber
components, the anticipated live loads on the building floors and roof, the
chamber operational cyclic loading such as the weight of water in wet
chambers, the movement of transportation equipment and overhead cranes and
other moving loads necessary for the chamber operation and expected sources
of impact and vibratory loadings.

c. Existing Construction. The facility layout should show the
location of underground facilities such as sewers, gas lines, and power
lines. Existing buildings, wells, earth fills, excavations, retaining walls,
and other types of construction adjacent to the facility are also indicated
on the layout.

d. Future Conditions. Planned or potential expansion of the facility
or changes in existing facilities should be indicated on the layout.

3. SOIL BORING REQUIREMENTS. A subsurface investigation is required prior
to the design and construction of foundations for new hyperbaric facilities.
Once a specific site has been selected a program of soil borings, laboratory
tests, and an engineering analysis of potential foundation types must be
undertaken.

a. Criteria. Complete guidance on subsurface investigations including
requirements for boring locations, type and depth is provided in NAVFAC
DM-7.1. See Reference 1, ASCE, Subsurface Investigation for Design and
Construction of Foundations of Buildings.

b. Number and Spacing of Borings. The number of borings required will
depend greatly on the character of the site, the soil stratigraphy, the
extent of development in the immediate area and the uniformity of the soil
conditions. No specific minimum number of borings can be given for all types
of facilities.



For new sites of largely unknown soil conditions, preliminary borings on
approximately 200 foot centers are appropriate. For detailed exploration,
borings are taken at the corners of the proposed structure with intermediate
borings as necessary for refinement of the soil profile.

c. Depth of Borings. All borings must extend through soft,
compressible or otherwise unsuitable material into firm strata. A general
rule of thumb for boring depth is to carry borings to such depth that the net
increase in soil stress under the weight of the structure is less than 10% of
the average load of the structure. In applying this guideline, the
increased soil stress can be calculated using Boussinesqg type equations given
in NAVFAC DM-7.1. Generally all borings should be no less than 30 feet in
depth. Where deep excavations are anticipated, borings must be extended to
at least 1.5 times the expected depth of excavation.

d. Procedures. The most frequently used procedures for completing
borings and obtaining soil samples in the field are detailed in two American
Society for Testing and Materials (ASTM) standards.

So called "standard" sampling, in which disturbed samples are obtained for
soil classification and identification tests, is covered by ASTM D 1586 (see
Reference 2). Undisturbed samples suitable for soil shear strength and
consolidation testing must be obtained using a thin-walled sampler. One
frequently used standard procedure is described in ASTM D 1587 (see
Reference 3).

4. LABORATORY TESTS. Detailed information on the Unified soil
classification system, index property tests and structural property tests are
provided in NAVFAC DM-7.1. The laboratory testing program must be directed
by a qualified geotechnical engineer.



SECTION 3. FOUNDATION ANALYSIS AND DESIGN

1. SETTLEMENT. The primary consideration in the design of foundations for
a hyperbaric facility is that of limiting settlement to a tolerable amount.

a. Initial Settlement. 1Initial settlement of the foundation is likely
to occur early in the construction phase prior to the time that the pressure
vessel is installed and placed in service. Except in loose sands or gravels,
initial settlements are not usually significant.

b. Primary Settlement. After the structure is complete and the
pressure vessels installed, primary settlement of the foundation is likely to
occur due to consolidation of soft materials such as silt and clay. The
magnitude of the primary settlement and the period of time over which it
occurs are critical factors in determining the total and differential
settlement between individual footings and the resulting strain which is
induced in the pressure vessel and connected components.

c. Secondary Settlement. Secondary settlement may occur after
completion of primary settlement and may be significant in soils containing a
high percentage of organic material.

d. Cyclic Loadings Settlement. Temporary or permanent settlements may
be induced by cyclic loadings such as filling and emptying of wet pot
pressure vessels and movement of heavy equipment on floors supported on a
foundation common to the pressure vessels or common to other components of
the facility.

e. Vibration Settlement. Vibration settlement may occur in soils
which can be consolidated by vibration such as loose sand and gravel.
Seismic loading, heavy vehicle traffic, or operating machinery may cause the
vibrations.

f. Water-affected Settlement. Fluctuations in ground water levels,
whether natural or induced through pumping or draining operations, may cause
settlement and must be considered in the settlement evaluation. Lowering of
the ground water table increases the effective soil weight which results in
consolidation of the soil.

2. SETTLEMENT ANALYSIS. Settlement analysis must be conducted by a
qualified geotechnical engineer using the procedures in NAVFAC DM-7.1,
Chapter 5. ©No specific limits can be established for the maximum amount of
tolerable settlement. However, for hyperbaric facilities, maximum
differential settlements between individual footings has been determined to
be:

[DELTA] /L < /

1/1750

where [DELTA] = maximum differential settlement between
adjacent footings

L = spacing between footings



3. FOUNDATION TYPES. The foundation design will probably incorporate one
or more of the following four basic types.

a. Individual Spread Footings. Spread footings are usually the most
economical type of foundation. Their design, depending upon the soil bearing
capacity and the predicted settlement characteristics, considers one of the
following two situations:

(1) The footings will be proportioned for equal bearing pressure
under total dead and live load. Ordinarily, this procedure is adequate.

(2) Should the soil foundation investigation and settlement
characteristics so indicate, individual footings may be proportioned for
uniform pressure under dead load only so as to have uniform initial and time
dependent settlements under dead load. Differential settlements are
determined by evaluation of the live loading conditions. The supporting
structure, the chamber, and its components should be designed for the
movements and deflections which take place.

b. Mat or Raft Foundation. A mat or raft provides structural rigidity.
A mat foundation will impose the minimum bearing pressures on underlying
soils and will bridge isolated zones of weak or compressible materials.

c. Pile Foundation. Piles may be friction, end-bearing, or, as most
frequently the case, supported by a combination of skin friction and
end-bearing. Pile foundations are used to carry loads through compressible
soils or soils of low bearing capacity to deeper strata of higher bearing
capacity. The following are considered in the design analysis of pile
foundations.

(1) Evaluate the effect of the impact and vibration resulting from
driving the piles.

(2) When seismic loading is a consideration in the design, evaluate
the lateral force on the piles and pile caps, batter the piles in at least
three directions, and adequately connect piles to the pile cap.

(3) The differential settlement between pile groups may become
significant if the length of piling differs substantially from one group to
the other, or if the material upon which they bear differs substantially.

(4) The piles can be overloaded if negative friction, resulting from
settlement of soft or loose overburden, has not been accounted for in the
design.

(5) The predicted load capacity of the piles and their settlement
characteristics should be substantiated by conducting load tests on a test
pile.

d. Caisson Foundations. Design considerations for caisson foundations
are similar to both spread footings and pile foundations in many respects.
The primary difference between caissons and spread footings is that caissons
are normally founded at a greater depth because they are useful in
penetrating



thick and unsatisfactory overburden material to reach suitable bearing
material. The primary difference between caissons and pile foundations is
the construction procedures used to penetrate soft or loose overburden
material. Piles are usually driven whereas caissons are usually excavated by
drilling into the ground. In addition, as opposed to driven piles, caissons
may also have their lower ends enlarged by belling if the bearing strata is
sufficiently stable to permit this operation.

4. FOUNDATION TYPE SELECTION. Consider the following factors in making the
final foundation type selection:

a. Design the hyperbaric facility to compensate for soils which
could Allow excessive differential settlement after the chamber is completed,
by:

(1) Designing the chamber, its components and supporting
structure, for the estimated differential movements.

(2) Supporting all sensitive components on a common foundation
such as a raft or mat foundation designed to provide adequate stiffness.

(3) Using an extended foundation such as piles or caissons to
reach a soil-bearing strata which is sufficiently stable.

b. If hydrostatic uplift due to ground water pressures must be
resisted, the facility must have adequate dead weight to resist the uplift or
it must be anchored to an extended foundation which can mobilize sufficient
soil below the facility to resist the uplift. In either case, the dead
weight plus anchorage, If any, should exceed the uplift by an acceptable
margin.



SECTION 4. STRUCTURAL SUPPORTS

1. STEEL AND CONCRETE STRUCTURAL SUPPORTS. Structural supports are those
portions of the framing system which support the various chamber components
and transfer their dead and live loads to the foundations. It is important
that the support system be rigid so as to support the chamber and its
components with as little differential movement as possible. The induced
strains resulting from the differential movements must be within the
allowable strain capacity of the chamber and its components. Although the
chamber and support systems are within themselves rigid, the interface
between them must be compliant to allow for "growth" of the chamber when
pressurized.

The design of the structural support system should be predicated on two
construction materials, namely; structural steel or reinforced concrete.

Many modern variations and combinations of design and construction methods
using these two materials are available. Various design parameters for these
two materials are discussed in the following paragraphs.

Regardless of the structural support system selected, future expansion should
be evaluated for its effect on the deflection and movement of the structural
support system for the then existing facility.

2. DESIGN PARAMETERS COMMON TO BOTH CONSTRUCTION MATERIALS.

a. Vertical Deflection. 1In either of the two framing materials
mentioned above, the differential deflections or movements from vertical
loads must be evaluated in the final design of the structural support system.
Differential movements within the structural supports produce corresponding
strains in the chamber components. The design of affected components must
include an analysis of these strains and resulting stresses.

Consideration should also be given to the possibility of settling of the
foundations requiring shimming of the chamber for realignment. A means of
monitoring (collimating) the chamber movement is also desirable.

b. Lateral Displacement. Study the lateral displacement or side sway
of the structural support framing, and evaluate the following loading
conditions:

(1) Wind load on the entire structural frame or exposed components
of the structural support system or the chamber components themselves.

(2) Lateral forces induced by earthquake loading for facilities
located in earthquake zones.

(3) Lateral deflections or displacements resulting from unbalanced
live loading on the chamber components or on the surrounding service floor
areas.

c. Induced Vibration. Evaluate the sensitivity of the structural
supports to vibration induced by the operation of the chamber components or
supporting auxiliary equipment, such as moving cranes and other equipment
likely to be operating on the service floor areas around the chamber, for:



(1) The effects upon the operation of the sensitive equipment
within the chamber, and

(2) The effects upon relatively flexible piping or other
connections between various components of the chamber.

d. Fatigue Strength. Evaluate the fatigue strength if stress
reversals or large changes in stress magnitude occur frequently due to the
operation of the chamber components or its auxiliary support equipment.

3. DESIGN PARAMETERS PECULIAR TO EACH MATERIAL.

a. Structural Steel. When the facility is designed of structural
steel, consider the following parameters as they relate to the response of
the structure, and its effects upon the chamber and its supporting egquipment.

(1) Joint slippage in bolted connections should be avoided by
conservative design and the use of high strength bolting designed for
friction type connections.

(2) The use of high strength steels should be studied in regard to
their total deflection and rigidity before being incorporated into the final
design. Deflection is directly proportional to the bending stress so the use
of high strength steel results in correspondingly higher strains being
induced into the chamber and its components.

(3) Depending on the area climatology, and the design and use of
the facility, the thermal effects upon the framing should be evaluated.
Detrimental movements may result from thermal expansion and contraction of
the chamber components and the steel framing itself.

(4) The corrosion of the structural steel may be a problem in
coastal regions where the steel framing is subjected to salt air environment
or in areas with high industrial air pollution incorporating corrosive
agents.

b. Reinforced Concrete. When the facility is designed of reinforced
concrete, consider the following parameters as they relate to the response of
the structure and its effects upon the chamber and its supporting egquipment.

(1) In addition to normal initial deflection under application of
load, reinforced concrete will continue to deform or creep for several months
or even years after the load has been applied. This time dependent movement
must be taken into account in the design of the structure in much the same
manner as that used for considering the differential settlement in the
foundations.

(2) Reinforced concrete will shrink as the concrete dries, either
naturally or at an accelerated rate due to a heated environment in which it
is enclosed. Shrinkage warping is a movement similar to load deflection and
is a potential source of strain upon the chamber or its components.



(3) Reinforced concrete framing may also swell by taking on
moisture from the air when the humidity fluctuates widely or when the
concrete is immersed in free water. This change in volume has the same basic
effects as those described for shrinkage in Paragraph (2) above. However,
this is usually not a problem since swelling tends to be counteracted by
creep deformation.

(4) Reinforced concrete framing, particularly for facilities in an
earthquake zone, must be carefully detailed for continuity between various
elements such as the floor slabs, beams, and columns to provide for
sufficient ductility to safely resist lateral loads induced on the framing.

(5) Reinforced concrete framing must also be evaluated for its
serviceability in regards to the amount of anticipated cracking which will
occur under normal dead load and live loading and the resulting affect upon
the appearance of the structure as well as the affect upon the deflection and
displacement characteristics of the structure as it changes from a noncracked
to a cracked section design criteria.

(6) Although not as likely as in the case of structural steel
framing, the corrosion of reinforcing within the concrete due to exposure to
salt air or industrial air pollutants can be of considerable importance in
the structure particularly if severe cracking of the concrete occurs or
insufficient concrete cover is provided over the reinforcing steel.

(7) In prestressed concrete members, elastic shortening of the
members and time-dependent movements inducing camber can cause additional
design problems in the support framing. Member shortening and camber affect
the performance of the structural support system and may result in
differential movements which cause additional strains in the chamber or its
components.

(8) Depending upon the area climatology, and the degree of
exposure of concrete framing, the thermal effects upon the framing should be
evaluated. Because of concretes’ greater mass this is not as critical as it
is for structural steel for short term variations in temperature but can be a
factor under seasonal variations.



SECTION 5. INSTALLATION IN EXISTING BUILDINGS

1. SOIL-STRUCTURE INTERACTION. The primary soil-structure interaction
concern for a hyperbaric facility installed in an existing building, is
essentially the same as for a completely new facility, as outlined in Section
3. The same six settlement parameters discussed in Section 3 are applicable
but the degree to which each is of concern varies from that of a completely
new facility as outlined below.

a. Initial Settlement. The initial foundation settlement, which
occurs early in the construction phase of a facility, will for all practical
purposes have taken place prior to the installation of a hyperbaric chamber
in an existing building. The only consideration necessary in regard to
initial settlements will be the necessity to compensate for any differential
settlement in establishing the bearing elevations of the various chamber
components.

b. Primary Settlement. When a hyperbaric chamber facility is
installed in an existing building, the primary settlement may or may not be
critical depending upon several factors as follows:

(1) The most significant factor will be the primary settlement
characteristics of the bearing material upon which the existing building
foundations are founded and the age of the structure. A relatively new
structure may still be undergoing primary settlement while an older structure
will probably have sustained all or nearly all of its primary settlement.

(2) The relative magnitudes of the existing building loads and the
anticipated new loads from the hyperbaric chamber will also have an affect
upon the primary settlement. Significant increases in the total foundation
loading, as a result of the hyperbaric chamber installation, will more than
likely induce some additional primary settlements in even relatively old
structures in which the primary settlement has stabilized under present
usage.

(3) The type or types of foundations upon which the existing
building rests will be significant with respect to the primary settlement and
its effects upon the hyperbaric chamber and its components as discussed in
Section 3.

c. The other parameters outlined in Section 3, namely, Secondary
Settlement, Cyclic Loading Settlement, Vibration Settlement, and Water
Affected Settlement will be essentially the same for either a hyperbaric
chamber installed in an existing building or for a completely new facility.

2. FOUNDATION TYPES. When a hyperbaric chamber is installed in an existing
building and the existing foundation structure is to be used to support the
chamber, then essentially two factors must be evaluated as follows.

a. The strength or bearing capacity of the foundations, regardless of
type, must be adequate for the existing structure dead load and the
additional
load from the hyperbaric chamber and its support equipment.

b. The settlement characteristics of the existing footings must be



evaluated as outlined above for the new loading conditions.
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When the installation requires the utilization of existing foundations and
completely new foundations for certain portions of the chamber, then the
foundations must be evaluated differently. Essentially, the existing
foundations must be evaluated as outlined in the two steps above but the new
foundations must be completely evaluated in accordance with the criteria
outlined in Section 3.

3. STRUCTURAL SUPPORTS. The evaluation or design of the structural support
system is essentially the same whether the hyperbaric chamber is installed in
an existing building or is completely new construction. Design parameters
such as the strength capacity of the individual members and of the entire
framework, vertical deflection, lateral displacement, vibration response, and
fatigue strength must be evaluated in either case. The relationship between
the old structure loading and the new loading resulting from the hyperbaric
chamber must be compared and the necessary modifications to the framework
designed. The following design parameters listed in Section 5 for concrete
structures may or may not be of importance depending primarily upon the age
of the existing structure.

a. Concrete drying shrinkage effects and creep effects may be of
significance if the existing structural framework is relatively new.
However, if the framework is at least a year old these parameters, which are
peculiar to reinforced concrete, will probably have nearly reached a point of
stability. New loading, in excess of the loading to which the building was
originally subjected, will contribute to additional creep deflection however
and must be evaluated accordingly.

b. Similarly, in the case of prestressed concrete structures, the
elastic shortening and camber in the prestressed members will probably have
reached a point of stability if the structure is at least a year old. When
the installation of the hyperbaric chamber results in an increase or decrease
in total load on members of this type, then additional creep deflection or
camber may occur. Evaluation of these considerations are the same as
discussed in Section 4.
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CHAPTER 5. PIPING

Section 1. PIPING SYSTEMS

1. SCOPE. This chapter provides technical information and guidance for
the design, fabrication, and testing of the piping of hyperbaric systems.
This includes the complete network of all piping, fittings, and other
components required to conduct and control fluid flow in the various systems.
Items such as pumps, compressors, and pressure vessels are not included in
this chapter except as anchor points in flexibility and stress analysis.

2. PIPING SYSTEM CLASSIFICATION. The design of piping systems for
hyperbaric facilities is complicated by the wide variety in type and
criticality of piping and the large number of military, industry, state, and
local codes that may be applicable to some or all of the piping. Systems in
hyperbaric facilities are divided into four hazard categories in accordance
with MIL-STD-882, System Safety Program Requirements (Reference 1) by the
seriousness of the results of a component failure as follows.

a. Category I System. In this system, a component failure will result
in extreme danger to the PV occupants and possibly to the facility operators.
The probability of fatalities is very high. Example: Major rupture of
breathing gas inlet connection.

b. Category II System. In this system, a component failure will
result in the need to abort the operation or take immediate corrective
action. Example: Massive leak in the life support loop which removes COp2q.

c. Category III System. In this system, a component failure will have
only a minor effect on the PV occupants. The operation can continue with
some inconvenience. Example: Breakdown in the potable water system.

d. Category IV System. In this system, a component failure will have
no significant effect on the system operation. Example: Breakdown in the
water supply to the wet pot.

The piping system is classified in this fashion because the procedures
required for the design, fabrication, testing, maintenance and repair or
modification, varies for each hazard category, to insure the optimum safety
level for the system occupants and operators.

The design, fabrication, and testing of Category I and II systems must
conform at least to the ANSI B 31.1 Code for Power Piping (Reference 2).
Category III and IV systems must conform to military building and
construction piping codes such as NAVFAC TS-15401 Plumbing of July 1980
(Reference 3).

Table 5-1 indicates briefly the codes, specifications, and standards which
are applicable to the various hazard categories and systems.
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Section 2. DESIGN CONSIDERATIONS

1. SEQUENCE. The process of piping system design will normally proceed in
the order listed below. Many reiterations will be required before a
satisfactory system design is completed.

a. System schematic.

b. Fluid flow analysis and capacity.

c. System pressures determination and preliminary assignment of hazard
category.

d. Material selection (including economic factors).

e. Structural adequacy.

f. Vibration and fatigue.

g. Maintenance (including cleaning).

h. Special considerations.
2. PROCEDURES.

a. The system schematic diagram which can also be called the piping

network, is a single line diagram showing all the interconnecting pipes
required to move the gasses or liquids from their point of supply to the
storage location then to their usage site and finally the means of disposal,
if required.

b. The fluid flow analysis will determine the fluid flow rates or
capacities, pressures, characteristics, approximate pipe lengths and inside
diameters, control valves and redundant or bypass piping required.

c. System pressure analyses will use the maximum operating capacities
and pressures with maximum and minimum temperatures to determine the nominal
pipe wall thickness, pipe fittings, and valves required, and to initiate

hazard assignment.

d. Material selection for pipes, fittings, and valves will be made
based upon consideration of the following factors.

(1) System hazard category.

(2) Experience with the materials.

(3) Compatibility of materials with contained fluids.

(4) Compatibility of pipe materials with adjoining materials.

(5) Compatibility of materials with the environments.



(6) Engineering and fabrication properties of the materials.
(7) Cost effectiveness of the materials.

e. Structural adequacy analysis must consider all possible loading of
the system including the following:

(1) Internal pressures during normal operation.
(2) Manual force during valve operations.
(3) Axial and radial pressures during system testing.

(4) External pressures and possible accidental loads during
repairing adjacent piping.

(5) External pressures and spacing of rigid supports of pipes and
tubes.

f. Fatigue due to vibration of components can cause fracture in the
piping system. Sway braces or vibration dampeners to control the movement of
piping caused by vibration, as specified in ANSI B 31.1 Code for Power
Piping, Paragraph 121.2.5 (Reference 2), should be considered.

g. Maintainability and provision for thorough cleaning must be planned
and shown on the piping design drawings. During conventional commercial
construction this problem is usually ignored or left to the best effort of
the pipe contractor’s draftsman when he makes the pipe "shop drawings" and to
the knowledge and skill of the plumber when he is doing the on-site
fabrication of the system. This procedure should be avoided.

Piping runs must be planned in neat orderly groups with in-line valves,
filters, pressure gauges, and regulators located so that they may be
serviced, maintained, repaired, and removed, if necessary, without the need
to dismantle large sections of the system. Also pipe runs should not
interfere with other systems.

Since hyperbaric piping must be frequently cleaned or checked for
cleanliness, the installed pipe should have planned high points with gas
bleeds for venting and low points with draining provision built in. It
should be possible to dismantle the entire piping system in large sections
without damaging hardware. This is particularly true of pipes which carry
high percentages of oxygen.

h. Special consideration must be given to:

(1) Routing of each pipe run and selection and location of each
pipe support.

(2) Selection and location of each fitting and valve. Within
practical consideration, working components of the system must be located so
that operators do not have to climb on the hardware, use ladders, or stand on
stools to operate the complex.



(3) Thermal insulation when required.

(4) Hazard category of each pipe run.

Section 3. PIPING SYSTEM MATERIALS

1. MATERIALS. This section provides guidance for the selection of
materials to be used in piping systems and piping system components for
hyperbaric facilities. Consideration must be given to the compatibility of
the contained fluid to the pipe and the pipe to its environment, and also to
the hazard category assigned to the system (as described in Section 1 of this
chapter). The material selections are based primarily on past performance in
marine environments and hyperbaric systems. Acceptable materials for
hyperbaric piping systems are divided into 3 classes based on the known
performance of the material in various environments.

2. CLASSIFICATION.

a. Class 1 materials are those which have demonstrated a high level of
reliability during extensive use in service conditions very similar to the
proposed application. Some examples of Class 1 piping materials are listed
in table 5-2.

b. Class 2 materials are those which have not been used extensively in
similar applications but are classed as conventional due to identification by
military specifications, federal specifications, or recognized American
commercial standards. Materials or components available as standard stock
items built to a recognized commercial or Federal standard will be considered
in this category. Examples of materials and components that are presently
considered to be in this category are certain types of aluminum, titanium,
and some high-strength low-alloy steels. The determination of acceptable
properties and allowable operating stress values will be based on the
recommendations and supporting information provided by the designers.

c. Class 3 materials are those which have little or no operational or
use experience for hyperbaric piping systems such as ceramics, plastics,
glass or any combination of these, and metals for which there has been
limited fabrication experience for pressure-containing components. With the
exception of some plastics, they are generally characterized by low-ductility
and high-strength properties.

3. APPLICATIONS. All 3 Classes of materials may be used for all hazard
categories of hyperbaric chamber piping systems, based on the need for
special characteristics. However, it is recommended that only Class 1 or
Class 2 material be considered for piping or components in a hazard category
I or II system. When using Class 1 material the only documentation required
is the certificate of chemical and physical properties, provided by the
supplier to the purchaser. It must be requested when the order is placed.
This certificate gives the actual properties of the specific section of pipe
delivered.



TABLE 5-2
Class 1 Piping Materials

These are Class 1 materials only when fabricated and tested to appropriate
specifications

[

|

| MATERIAL/ITEM SHAPE SPECIFICATION

|

|

|

| Stainless Steel Pipe ASTM A-312

| Alloys Grs: TP310 & 316
| Forgings ASTM A-336

| Flanges & Fittings ASTM A-350

| Castings ASTM A-352

|

| Ni-Cu (Monel) Cast QQ-N-288

| Wrought QQ-N-281

| Tubing MIL-T-1368 Class A, ASTM B-466
|

|

| 70/30 Cu/Ni Cast MIL-C-20159

| Wrought MIL-C-15726 ASTM B-402, Alloy 715
| Tubing MIL-T-16420 ASTM B-466, Alloy 715
|

| Valve Bronze MIL-B-16541 ASTM B-62

| ASTM B-61

|

| Seawater Valves MIL-V-24287

|

| Aluminum Bronze Cast MIL-B-23921 ASTM B-271
| (min. 4% Ni) Wrought MIL-B-24059

|

| Oxygen Bottles MIL-F-22606

|

|

L

The use of Class 2 material in systems of hazard category I or II requires
the suppliers certificate supplemented by specific information to assure
reliability in the particular application.

When Class 3 materials are to be used in hazard category II or III systems,
additional justification in the form of documentation and material test
reports is required. Hazard category IV systems may be made up of
commercially-available materials and components without special
documentation.

a. Justification of Class 2 Materials. As a minimum, the following
information will be necessary to justify the use of a Class 2 material in
category I or II piping system.

(1) The applicable Military, Federal, or commercial specification
involved with a list of exceptions or additions.

(2) Tensile properties, including ultimate tensile strength,
tensile yield strength, percent elongation, and reduction of area.



(3) Impact and fracture toughness properties over a range of
temperatures sufficient to define fully the fracture characteristics of the
material for the intended service environment. The material’s fracture
toughness properties in a marine environment should be adequate for its
intended use.

(4) Proof of weldability and fabricability, if fabrication process
includes welding, and qualification of welding procedures will be required.

b. Justification of Class 3 Materials. Submit at least the following
information to justify the use of a Class 3 material in a hazard category I
or IT system.

(1) Material chemistry requirements.
(2) Material mechanical properties.

(3) Basic process to be used in producing the material.
Sufficient information is required to demonstrate that the procedures insure that
repeatable properties are obtainable by the process used.

(4) Resistance to shock loading, such as might be produced by
accidental blows on the system while pressurized.

(5) Effect of flaws, such as cracks or other discontinuities, on
material performance.

(6) Effect of temperature on material performance and notch
toughness.

(7) Results of tests-to-destruction of samples fabricated from
the materials, and comparison of these results with the design basis predictions
of the failure point.

(8) Wet or dry fatigue data in the high-strain, low-cycle range
(less than 10,000 cycles) in environments; for instance, sea spray, air,
helium-oxygen, water immersion, etc.

(9) Data, covering an extended time period, justifying the
adequacy of the material with respect to general corrosion and to
stress-corrosion cracking in a marine atmosphere in the presence of notches,
assuming the material is exposed to this type of environment.

(10) Proof of fabricability, including data verifying the
repeatability of results.

(11) Nondestructive test requirements to be applied to the base
material and joints as appropriate.

(12) Hazards involved in fabrication or use of material with
respect to toxicity or flammability.

4. MATERIALS SPECIFICALLY NOT PERMITTED, The following materials are not
permitted for pressure vessel piping system fabrication:



a. Any Class 2 or 3 material which cannot be shown to be justified
under the restrictions imposed by the ASME Boiler and Pressure Vessel Code or
other Navy requirements.

b. Magnesium and magnesium alloys.
c. Beryllium.
d. Steel: ASTM SA-36, SA-283, and SA-515 plate.

e. Any material which will enter into a rapid chemical reaction with
seawater, gaseous oxygen, or any other media to be used inside the vessel.

f. Any material whose toughness at the minimum operational temperature
is deemed insufficient.

5. MATERIAL COMPATIBILITY. When two or more materials are to be joined or
are to be in close proximity, the designer must consider the effect of one
material on the other particularly in terms of the environment to which they
will be subjected.

a. Welded and Brazed Joints. The past few years have seen a
pronounced tendency to join the components of critical piping systems with
welded or brazed joints. Although such joints are usually more reliable than
separable joints, the use of dissimilar materials can cause failures. The
piping designer is responsible for insuring correct specification of approved
joining materials and procedures. The ASME Code contains approved joining
materials and procedures for the materials approved by the Code. For other
materials, the piping designer must identify pertinent joining materials and
procedures approved by industry or by a military specification.

b. Galvanic Corrosion. Care must be exercised when coupling
dissimilar metals such as steel pipe to aluminum fittings to avoid galvanic action
or galling. Coupling dissimilar metals subject to an electrolyte such as
seawater requires careful consideration of the battery action created and the
relative area affect of the materials. Good guidance is contained in The
Corrosion Handbook by Herbert H. Uhlig (Reference 4), and MIL-STD-889
Dissimilar Metals (Reference 5).

Experience has revealed accelerated general corrosion in the vapor space and
entrance igloo above wet pots due to poor material choices for hatch covers
and piping.

The practice of building a shed over bottle fields and pipe runs accelerate
corrosion in a marine atmosphere. The material under the shed is subject to
salt buildup from seawater spray and salt laden fog. The roof prevents the
rain from washing off the salt and drying from the sunshine. Most materials
and specifically weathering steel are most corrosive resistant when boldly
exposed to sun, rain, and wind. Alternate wetting and partial drying
provides the most corrosive environment.

6. FLUID COMPATIBILITY. Two fluids found in hyperbaric chamber piping
systems, oxygen and seawater, present particularly difficult compatibility



problems. Other fluids, such as helium, also have compatibility problems
that must be considered.

a. Compatibility with Oxygen. Oxygen is the most dangerous fluid
contained in hyperbaric chamber piping systems.

Brass or copper pipe has been appropriately used for 3,000 psig gaseous

oxygen piping at LOX vaporizing and transfer facilities and hyperbaric chamber
installations. However, with the relatively recent requirement for 5,000

psig gaseous nitrogen at these facilities, this piping material and pressure
rating is inadequate for these higher pressure and gaseous piping systems. NAVFAC
Instruction 11012.128 High Pressure Gaseous Oxygen and Nitrogen Piping at
LOX/LNL24d Storage, Vaporizing, and Transfer/Generation Facilities (Reference
6) provides information for the design and fabrication and for the type of
material, pressure rating and fittings required for high pressure gaseous
oxygen and nitrogen piping systems at shore-based hyperbaric facilities.

This instruction establishes the following requirements:

(1) 3,000-5,000 psig working pressure -- piping and tubing for the
subject facilities shall be annealed austenitic stainless steel or
nickel-copper (Monel) or copper-nickel.

(2) 0-3,000 psig working pressure -- copper and brass may be used
in addition to the previously listed materials indicated for the higher
pressures.

(3) To prevent accidental use of underrated tubing on new or
rehabilitated projects, all tubing of the same nominal diameter should have
the same pressure rating. This pressure rating shall be for the highest
pressure which a given size tube will encounter on the project. The pressure
rating of these systems shall be based on a safety factor of four.

(4) Connections for pipe or tubing to all fittings, valves, and
other components of the subject plumbing systems for working pressures up to
5,000 psig must be in accordance with ANSI B 31.1, Power Piping, and must not
be in conflict with the applicable requirements of the National Fire
Protection Association Codes: NFPA 50, Bulk Oxygen Systems; NFPA 51,
Oxygen-Fuel Gas Systems; NFPA 56D, Hyperbaric Facilities; and NFPA 56F,
Nonflammable Medical Gas Systems (Reference 7).

For working pressures above 3,000 psig, all connections shall be made by
welding, by flareless tube fittings equivalent to MIL-F-182.80C, or by flared
tube fittings equivalent to MIL-F-5509C.

(5) All piping system components which come in contact with
pressurized oxygen or with nitrogen, which is used for purging oxygen
equipment, must be thoroughly cleaned to prevent explosions caused by the
highly reactive nature of oxygen. Cleaning methods and cleanness testing
techniques should be matched to the characteristics of the piping system.
Specific information on cleaning procedures and testing criteria are provided
in Chapter 12.



(6) All stainless steel fittings shall be austenitic stainless
steel in accordance with either MIL-F-5509 for AN fittings or MIL-F-18866 for
industrial fittings. These specifications shall be qualified so that the
fittings shall have a minimum burst strength of 20,000 psig. To prevent
interchanging these two types of fittings, all of the fittings for a single
contract shall be of the same type as in the rest of the system.

Note: Although the instruction does not specifically refer to
pump diaphragms, it can be inferred that since the
instruction applies to all parts of a piping system in
contact with high-pressure oxygen, it also applies to
oxygen pump parts.

MIL-STD-777, Schedule of Piping, Valves, Fittings, and Associated Piping
Components for Naval Surface Ships (Reference 8) contains guidance for the use
of copper alloy materials with liquid and gaseous oxygen. The types of
service are shown in Table 5-3.
TABLE 5-3
Oxygen Systems Contained in MIL-STD-777

| T T 1

| | | |

| Category | system |  Maximum

| and | Pressure, | Temperature,

| Group Service | psig | F

| | | |

| | | |

| MIL-STD-777 | | |

| | | |

| K-1 Gaseous oxygen outside hull | 3000 | 150

| K-2 Gaseous oxygen inside hull | 3000 | ambient

| K-3 Gaseous oxygen | 100 | ambient

| K-4 Liquid oxygen and nitrogen | 6000 | -

| K-5 Liquid oxygen and nitrogen | 250 | -

| | | |

| | | |
b. Compatibility with Seawater. The compatibility of piping materials

with seawater, when seawater is the contained fluid, will not normally
represent a threat to personnel safety. A number of piping materials are
compatible with seawater; however, seawater can cause corrosion and
malfunctioning of moving parts, such as are contained in valves, and
avoidance of this situation is a design problem. MIL-STD-777 (Reference 8)
and MIL-STD-889 Dissimilar Metals (Reference 5) contain guidance for the use
of materials in piping systems containing seawater.

c. Compatibility with Other Materials. Most of the fluids in
hyperbaric chamber piping systems other than oxygen and seawater do not
present significant compatibility problems. MIL-STD-777 (Reference 8) and
MIL-STD-889 (Reference 5) contain guidance for the selection of materials for
use with air, nitrogen, helium, and fresh water.



7. ENVIRONMENTAL COMPATIBILITY. Although minor corrosion problems can
occur in an industrial environment, marine environments present the most
serious source of environmental corrosion for hyperbaric chamber piping
systems. Corrosion is usually caused by mist-laden sea air. The Corrosion
Handbook by Herbert H. Uhlig (Reference 4) contains data on such corrosion.
MIL-STD-777 also contains guidance. For specific problems, such as stress
corrosion or crevice corrosion, it may be necessary to seek out references on
the particular materials of interest. Marine research laboratories can often
provide such data.

8. ENGINEERING PROPERTIES. The most important of the engineering
properties which are considered during material selection are thermal
conductivity, coefficient of thermal expansion, strength, and nil-ductility
transition temperature.

a. Thermal Conductivity and Expansion. Differential expansion in a
piping system can cause severe stress and distortion, resulting in component
failure or malfunctioning. Calculations to determine the effects of
temperature changes in a piping system require values for the thermal
conductivity and coefficient of thermal expansion for the piping system
materials. These values can be obtained from the ASME Code or from
authoritative source data such as publications of the National Bureau of
Standards.

b. Strength. Calculations to determine the structural adequacy of
piping systems require values for the yield strength, ultimate strength, and
fatigue strength of the piping system materials.

CAUTION: Values from materials handbooks cannot be used because
there are many different approaches or formulas to
calculating structural adequacy and each formula
represents an attempt to estimate (1) calculation
accuracy, (2) material strength, (3) fabrication
variations, (4) material sensitivity to defects,
and (5) loading variations. Each calculation
approach is an attempt to provide an adequate,
but not excessive, safety factor for the probable
variations in manufacturing conditions and in service
loading conditions. Extensive industrial
experience has gone into the selection of calculation
approaches and appropriate stress values
for the ASME Code.

While materials handbook values may be used to compare materials roughly, the
actual values used for calculations must either be taken from the tables in
the ASME Code or they must be selected using the same philosophy that was
used to select the ASME Code values.

c. Nil-Ductility Transition Temperature. When some carbon steels are
reduced in temperature, their notch toughness is reduced to the point that
they have nil-ductility. The temperature at which this occurs can be as high
as 35 to 45 deg. F. Failures from this effect can be sudden and
catastrophic, therefore the piping system designer must avoid such failures
by selecting a material which has a nil-ductility temperature well below the
minimum operating temperature. (A design approach to this problem is
discussed in Chapter 2.)



9. ECONOMIC FACTORS. The designer of the piping system should obtain
estimates of fabrication costs. Items made from less used materials are
often not as available as is first indicated. A delivery quotation should be
obtained with the cost quotation for every component that is not readily
available.

Section 4. CONSTRUCTION CONSIDERATIONS

1. MECHANICAL STRENGTH. When necessary for mechanical strength to prevent
damage, collapse, excessive sag or buckling of pipe due to superimposed loads
from supports or other causes, the wall thickness of the pipe should be
increased; or, if this is impractical or would cause excessive local
stresses, the superimposed loads or other causes shall be reduced or
eliminated by other design methods. It shall be the responsibility of the
designer to determine if the completed piping system must be subjected to a
detailed stress analysis. Should a stress analysis be required, it shall be
performed in accordance with the requirements of the B 31.1 Code (Reference
2).

2. PIPE SUPPORTS. Careful consideration must be given to the mechanical
support of all pipe, tubing, and system components. The strength of all
mechanical supports must be adequate for all reasonably anticipated
externally applied loads as well as the planned functional loads. This will
include the applied force when valves are being operated or regulators are
being adjusted as well as loading from actuating pressure relief devices and
normal human operator abuse. If a section of pipe is located where it is
likely to be used as a step, a handhold, or a ladder, it should be protected
or braced accordingly.

The spacing of pipe supports is frequently left to the art and skill of the
field installation crew; however, the system designer should provide some
guidance for the support spacing. A good rule of thumb for this is,
"supports should be located at each end of a pipe or tubing run with
intermediate supports spaced at approximately 50 diameters of the supported

pipe."

The supports must be arranged so that they do not impose excessive loads on
the system when the pipe changes size in response to pressure or temperature
changes.

3. BENDING. Detailed instructions and minimum radii for the hot or cold
bending of pipe and tubing are given in MIL-STD-1627, Bending of Pipe or Tube
for Ship Piping Systems (Reference 9).

General guidance for bending requires that the minimum wall thickness at any
point in a completed bend shall not be less than the computed wall thickness
for the design pressure and temperature.

A simplified table for the required minimum wall thickness before bending is
presented below. It is based on the theoretical minimum calculated wall
thickness for a straight pipe section, (tpmy).



Table 5-4 is a guide to the designer who must specify wall thickness for
ordering pipe or tube. In general, it has been the experience that when good
shop practices are employed, the minimum thicknesses of straight pipe and
tubing shown in Table 5-4, should be sufficient for bending, and still meet
the minimum thickness requirements. The bend thinning allowance in table 5-4
may be provided in all parts of the cross section of the pipe or tube
circumference without any detrimental effects being produced.

When fully annealed tubing is bent, the increase in tensile strength due to
work hardening normally offsets the loss in wall thickness due to thinning.
For fully annealed tubing only, the bending allowances in table 5-4 may be

reduced or eliminated if the fabricator can demonstrate by actual test that
the bending procedures used do not reduce the tubing burst pressure below a
level 4.5 times the MAWP for the tubing. Tubing bent in this manner shall

not be annealed following bending.

For ferrous pipe material, when the radius of a bend is 5 nominal pipe
diameters or greater, and the nominal wall thickness of the pipe is schedule
40 or thicker the difference between maximum and minimum diameters shall not
exceed 8% of average measured outside diameter of the pipe before bending.
Greater flattening may be permitted or less flattening may be required by the
design, depending upon the service, the material, and the stress level
involved.

| TABLE 5-4 |
| Wall Thickness for Bending

Min. Thickness

| Radius of Bends Recommended Prior to
| (Note 1) Bending (Note 2)
6 pipe diameters or greater 1.06 tmy
5 pipe diameters 1.08 tpmy
4 pipe diameters 1.14 tpm
3 pipe diameters 1.25 tpmy

Note 1: Interpolation is permissible for bending to intermediate
radii.

3: Pipe diameter is the nominal diameter as tabulated in ANSI
Standards B36.10, Tables 2 and 4, and B36.19, Table 1. For
pipe with a diameter not listed in these tables, and also
for tubing, the nominal diameter corresponds with the

| |
| |
| |
| |
| |
| |
| |
| 2: tmmq is minimum wall thickness in inches (millimeters). |
| |
| |
| |
| |
| |
| outside diameter. |
L I




4. PIPE JOINTS.

a. Welded Joints. Welded joints in chamber systems shall be
constructed 1in accordance with the requirements of Sections 127, 131, and
132 of the B 31.1 Code subject to the following additional restrictions:

Welded joints of 2-1/2" pipe size or smaller may be socket welded
or butt welded. Welded joints over 2-1/2" pipe size shall be butt
welded.

The finished interior surface of pipe joints shall be as smooth as
practically possible to reduce the amount of noise generated.
Backing rings when used in pressurization, depressurization or life
support loop lines shall either be removed or be of a consumable
type.

b. Brazed Pipe and Tube Joints.

(1) Brazed joints shall be made in accordance with the
requirements of NAVSEA 0900-LP-001-7000 (including changes) Fabrication and
Inspection of Brazed Piping Systems (Reference 12) or the AWS Brazing Manual
(Reference 13).

(2) Filler Metal. The filler metal used in brazing shall be a
nonferrous metal or alloy having a melting point above 800 deg. F (425 deg.
C) and below that of the metal being joined. The filler metal shall melt and
flow freely within the desired temperature range, and in conjunction with a
suitable flux or controlled atmosphere, shall wet and adhere to the surfaces
to be joined.

(3) Flux. Fluxes that are fluid and chemically active at the
brazing temperature shall be used when necessary to prevent oxidation of the
filler metal and the surfaces to be joined and to promote free flowing of the
filler metal.

(4) Corrosion Resistance. All brazed materials, components, and
fittings shall be of corrosion resistant metals (stainless steel, brass,
bronze, etc.). Combinations from NAVSEA 0900-LP-001-7000 (Reference 12),
Table 5-1, or from the AWS Brazing Manual (Reference 13) are recommended.

(5) Surface Preparation. The surface to be brazed shall be clean
and free from grease, oxides, paint, scale, and dirt of any kind. A suitable
chemical or mechanical cleaning method can be used to provide a clean
wettable surface for brazing.

(6) Joint Clearance. The clearance between surfaces to be joined
shall be no larger than is necessary to insure complete capillary
distribution of the filler metal. (See NAVSEA 0900-LP-001-7000, Table 5-2,
Reference 12.)

(7) Heating. The joint shall be brought to brazing temperature in
as short a time as possible to minimize oxidation.

(8) Brazing Qualification. The qualification of the brazing
procedure, and of the performance of brazers and brazing operators, shall be
in accordance with the requirements of Part QN, Section IX, of the ASME Code



or the applicable parts of the NAVSEA 0900-LP-001-7000 (Reference 12) or ASW
Brazing Manual (Reference 13).
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c. Flanged Joints/Bolted Flanges.

(1) All bolted flanged joints shall be fitted up so that the
gasket contact faces bear uniformly on the gasket, and then shall be made up
with relatively uniform bolt stress.

(2) In bolting gasketed flanged joints, the gasket shall be
properly compressed in accordance with the design principles applicable to
the type of gasket used.

(3) All bolts shall be engaged so that there is visible evidence
of complete threading through the nut or threaded attachment.

(4) Where bolted flange joints are used in breathing gas systems,
the fabricator shall provide making and unmaking instructions with the
system. The instructions shall include as a minimum: required bolt and nut
materials, required gasket material, maximum and minimum allowable nut
torques, and torquing sequence.

(5) The pressure design of bolted flanges and blanks shall be in
accordance with para. 104.5 of the B 31.1 Code (Reference 2) with the
following additional restrictions:

Flanges shall be joined to the pipe by butt welding, socket
welding threading or other proved mechanical joining techniques.
Slip-on flanges shall not be used.

(6) Flat face O-ring unions and other mechanical joint designs
employing self-energizing seals where effective sealing is not dependent on
bolt pre-loading are recommended over bolted flanges.

d. Threaded Joints.

(1) Threaded connections shall be made with fittings. Fittings
shall have a working pressure rating equal to or greater than the maximum
allowable working pressure (MAWP) of the system in which they are used.

(2) Straight thread O-ring sealed fittings may be used up to the
manufacturer’s rated MAWP with no limitation on size. For helium service, it
is recommended that pipe threads be avoided wherever possible, especially in
the larger sizes, at higher pressures or where stainless on stainless joints
are required. Straight thread O-ring sealed fittings are recommended over
pipe thread fittings for helium service, However, for marine systems
consideration must also be given to the availability of replacement fittings.
Straight thread O-ring sealed fittings are not nearly as readily available as
are pipe thread fittings.

(3) Any compound or lubricant used in threaded joints shall be
suitable for the service conditions and shall not react unfavorably with
either the service fluid or the piping materials. Chapter 12 contains a
listing of thread compounds and lubricants that are known to be acceptable
for oxygen and breathing gas service.



(4) Threaded joints which are to be seal welded shall be made up
without any thread compound. The threads shall be entirely covered by the
seal weld. Seal welding shall be done by qualified welders.

(5) Backing off to permit alignment of pipe threaded joints shall
not be permitted.

(6) Where pipe threads are to be used between stainless steel
components, there should be a hardness difference between the two components
of at least 5 Rockwell C.

(7) When straight thread O-ring sealed fittings are used in
locations that may subject the fitting to a torque that would tend to unscrew
it, provision shall be made to prevent inadvertent loosening of the fitting.

(8) A suitable thread compound shall be used in making up threaded
joints in aluminum pipe to prevent seizing which might cause leakage and
perhaps prevent disassembly. Aluminum pipe in the annealed temper should not
be threaded.

Section 5. DESIGN GUIDANCE

1. DESIGN GUIDANCE. This section contains design guidance on the following
steps:

a. Preliminary flow analysis.

b. Design for pressure.

c. System detailing and final flow analysis.

d. Structural analysis.

e. Noise considerations.
2. PRELIMINARY FLUID-FLOW ANALYSIS. To conduct a preliminary fluid-flow

analysis, the piping designer should consider two aspects of fluid flow in
hyperbaric chamber piping systems: flow capacity and gas-flow-generated
noise. Design guidance for estimating the flow capacity of piping systems
can be relatively specific. Design guidance in regard to flow noise is less
well defined.

a. Flow Capacity Estimates. The flow requirements for each fluid
system are best specified before starting the piping design in order that
complex calculations are not duplicated. The piping designer may be required
to seek assistance beyond his own area of responsibility to accomplish this.
The designer will need the following information to conduct a complete fluid
flow capacity analysis: maximum required flow rate; fluid characteristics;
approximate distance over which the fluid is to be transported; source
pressure,



maximum and minimum; delivery pressure, maximum and minimum; system
temperature, maximum and minimum; flow-control requirements. The preliminary
fluid flow calculations are based on estimates of piping size and component
location. The use of simplified fluid flow calculations is described in this
section. (Detailed flow calculations, made after design information is more
complete, are described in Section 5, Paragraph 4.)

NOTE: The designer should note that Section 5, Paragraph 4,
provides a reference for making detailed flow calculations.
The designer should review that reference so
he will not be misled by the brevity of the section
into thinking the procedure in itself is short or simple.

(1) Fluid Flow Approximations. The piping configuration must
initially be approximated for each system to provide the required flow rate.
This requires an estimate of the piping arrangements and of the locations and
types of valves and fittings. The basic problem becomes one of selecting the
smallest pipe size for each system that does not cause an excessive pressure
drop. Excessive pressure drop in piping containing a liquid can result in
cavitation as well as require excessive pumping pressure (requiring an
expensive pump or high-strength pipe), while excessive pressure drop in
piping containing a gas can result in excessive noise or insufficient
capacity if sonic flow is encountered. (Thus, "excessive" will be defined by
the designer within the context of the system.) Using a larger pipe size
will reduce the noise of the fluid flow. The Piping Handbook by Crocker and
King (Reference 14) and the Crane Company Technical Paper No. 410, Flow of
Fluids Through Valves, Fittings, and Pipe (Reference 15), as well as other
sources of the designer’s choice, provide guidance for making fluid flow
calculations. The initial sizing of a fluid system can be accomplished
through the use of Darcy’s formula (Reference 15) and the use of selected
tables and simplified calculations.

(2) Darcy’s Formula. Darcy’s formula expresses the pressure drop
resulting from fluid friction in a pipe. In use of this formula, pressure
drop through valves and fittings is expressed in terms of pipe length. One
form of this formula is the following equation:

fI. [rho]lv L2

[DELTA]P = - = ————————— (1)
D 2gl44
where: [DELTA]P = pressure drop, psi
= Moody friction factor
= length of pipe, feet
[rho fluid weight density, pounds/feet L34

= acceleration of gravity, 32.2 feet/second

P
f
L
1
V = mean flow velocity, feet/second
g
D = pipe diameter inches.

(a) Friction factor. The friction factor, f, in Equation
(1) is an experimentally determined value which varies in accordance with
several fluid properties. For approximation purposes it is convenient and
conservative to assume that complete turbulence exists in the fluid system.
For this condition, f can be obtained from Figure 5-1 using only the
appropriate inside pipe diameter. Values for f will normally range from



about 0.035 for small pipe to about 0.013 for large pipe.
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(b) Equivalent pipe length. The parts causing pressure drop
in a fluid system include not only the pipe, but also such components as
fittings and valves. Because the pressure drop across a valve or fitting can
be considered as being equal to the pressure drop through a length of pipe,
the L in Equation (1) can be considered as being made up of the length of the
actual pipe and an equivalent length of pipe representing the fittings and
valves. Figure 5-2 is a nomograph that can be used to approximate the
equivalent length of pipe in feed for common types and sizes of fittings and
valves.

(c) Weight density. Weight densities for liquids will have
values close to the weight density of water (62.2 pounds/feetl3d at 80 deg.
F). Weight densities for gasses will vary significantly because pressures can
range from atmospheric to as high as 5000 psi. When approximating pipe sizes
for gasses, a calculation must be made to estimate the weight density of the

individual gas at an estimated effective pressure. (The U.S. Navy Diving-Gas
Manual, (Reference 16) contains extensively tabulated values of the densities
of breathing gas for typical hyperbaric chamber conditions.) The weight

density for gasses at any pressure is approximately equal to:

144 P
[rho] = --———-
RT
where: P = absolute pressure, psia (gage pressure + 14.7)
R = individual gas constant
T = absolute temperature in degrees Rankine (460 + F).

The weight densities for typical gasses at atmospheric pressure and 68 deg. F
are shown in Table 5-5. From Equation (2) and Table 5-5 it is apparent that
the weight density of breathing gasses at 68 deg. F can vary from about 0.01
per cubic foot for helium at atmospheric pressure to about 3.5 pounds per
cubic foot for oxygen at 5000 psi.

(d) Mean flow velocity. The fluid pressure drop varies as
the square of the mean fluid velocity. Velocity ranges for water and steam
are given in Tables 5-6 and 5-7. Use of these values will normally avoid
"excessive" pressure drop. Values considerably higher than those tabulated
have been used satisfactorily, however. Because an increase in pressure drop
may require an increase in source pressure, the effect of pressure on
fittings, valves, and pipe wall thickness must be considered. Table 5-8
identifies various pressure classes of fittings and valves with pipe schedule
numbers.

(3) Approach to Flow Approximation. The approximation approach
described in this manual is based on selective use of the above background
information and Tables 5-9, 5-10, and 5-11. For a required flow of liquids,
these tables can be used directly to find the liquid velocities and pressure
drops per 100 feet of pipe for common sizes of Schedule 40 pipe.

When a tentative pipe size has been selected, the equivalent pipe lengths for
the estimated valves and fittings can be estimated by using Figure 5-2.

These equivalent lengths are then added to the actual pipe length and the
total pressure drop is calculated using the psi drop per 100 feet given in
Table 5-9.
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Resistance of Valves and Fittings
{Reproduced by psymismion from The Crane Company}
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TABLE S5
Physical Properties of Gases
{Reproduced with parmission from ““Mechanical Enginesrs Handbook™ by
L.5 Marks, Copyright May, 1956, McGraw-Hill, inc.}

r, = specific heat at constant pressure
c, = specific heat at constant volume

Name Chemical| Approx. | Weight | Specific | 1Indi- Specific Heat Capacity k
of Formula Bﬁ) ecu- | Density, | Gravity | vidual eat Per Cubic Foot equal
Gas or lar Pounds | Rela- Gaa Per Pound at Atmoapheric to
Symbal | Weight per tive |Constant at Room Pressure €y,
Cubic | To Air Temperature and 68 F
Foot* — —
M p S R ‘p [ &p [

Acetylene C.H, 6.0 06754 897 59.4 350 1737 0236 0185 1.28
Air — 1.0 07528 1.000 53.3 .241 L1725 .0181 .0130 1.40
Ammonia NH;, 17.0 4420 587 9.8 .513 . 4064 0231 0179 1.19
Argon A 40.0 L1037 1.377 38.7 124 .0743 L0129 L0077 1.67
Carbon Dioxide CO, 4.0 L1142 1.516 35.1 .205 1599 L0134 L0183 1.18
Carbon Monoxide CcO 8.0 07269 .965 55.2 L2143 1721 L0177 L0125 1.41
Ethylene C,H, 8.0 0728 967 551 40 L3291 .0291 L0240 1.22
Helium He 4 .01039 138 | 386, 1.25 75¢ | .0130 | .0078 | 1.66
Hydrochloeric Acid HCl 36.5 B460 1.256 42.4 9 1365 L0181 .01 1.40
Hydrogen H, 2.0 005234 L0695 767. 3.42 2.435 L0179 .27 1.40
Methane CH, 16.0 04163 .533 9.4 593 .4692 0247 L0195 1.16
Methyl Chloride | CH,C1 | 50.5 | .1300 | 1.738 | 30.6 | .24 (2006 | 0314 | .0263 | 1.20
Nitrogen N: 8.0 07274 . 966 55.1 .47 1761 L0179 .18 1.40
Nitric Oxide NO 30.0 07788 1.0 51.5 .M 1648 L0180 0128 1.40
Nitrous Oxide NO 4.0 1143 1.518 35.1 .22 1759 L0253 .0201 1.26
Oxygen [0 n.0 08305 i.103 48.3 217 .1549 L0180 .0129 1.40
Sulphur Dioxide _ S0, 4.0 . 1663 1.108 4.1 .154 1230 L0256 L0204 1.25

*Weight density values ure at atmaspheric pressure and 08 F.
For values ar 60 F, multiply by 1.0154.
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TABLE 5-6
Reasonable Velocities for the Flow of Water Through Pipe
(Reproduced with permission from "Flow of Fluids Through Valves, Fittings,
and Pipe", Technical Paper No. 410, Copyright 1965, Crane Company)

| 1
| Service Condition Reasonable Velocity |
| |
| |
| Boiler Feed .. . 8 to 15 feet per second
| Pump Suction and Drain Llnes 4 to 7 feet per second |
| General Service . . . . . . . . . . 4 to 10 feet per second
| City v v v e e e to 7 feet per second
| |

TABLE 5-7
Reasonable Velocities for the Flow of Steam Through Pipe
(Reproduced with permission from "Flow of Fluids Through Valves, Fittings,
and Pipe", Technical Paper No. 410, Copyright 1965, Crane Company)

T
Service | Reasonable

I T T
| condition | Pressure |
| of | (P) | | velocity
| Steam | Psig | | (V)
| | | | Feet per Second
| saturated | 0 to 25 |Heating (short lines) | 66 — 100

25 and up |Power house equipment, process piping etc. 100 - 166
Superheated|200 and up|Boiler and turbine leads, etc. 116 - 333

TABLE 5-8
Schedule (Thickness of Steel Pipe Used in Obtaining Resistance
of Valves and Fittings of Various Pressure Classes by Test)
(Reproduced with permission from "Flow of Fluids Through Valves, Fittings,
and Pipe", Technical Paper No. 410, Copyright 1965, Crane Company)

Valve or Fitting Schedule No. *These schedule numbers have
ASA Pressure Classification of Pipe been arbitrarily selected
(Steam Rating) (Thickness) only for the purpose of

identifying the various
250-Pound and Lower Schedule 40 pressure classes of valves
900-Pound Schedule 120 specific pipe dimensions for
1500-Pound Schedule 160 the interpretation of flow

test data; they should not
xx (Double Extra be construed as a recommen
Strong) dation for installation
Schedule 160 purposes.

[
2500-Pound |Sizes 1/2 to 6-inch
|Sizes 8-inch and

| larger

T
|
|
|
I
|
300-Pound to 600-Pound | Schedule 80 of valves and fittings with
I
I
|
|
|
1 1
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TABLE 5-10
Fl i
ow of Air Through Schedule 40 Steel Pipe

{Reproducad r fr ny
with permisslon from the Crana Company)
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TABLE B-11
Commercial Wrought Steel Pipe Data (15}
{Reproduced with permission from the Crane Company)
Schadule Wali Thicknass — Per ANSI B36.10

Nominal | Outside | Thick- Inaide ‘ Inside Diameter Functions Transverse
Pipe Diam- | nyss Diameter (In Inches) Internal Area
Size eter i D | - . a r

- d* a d¥
Inches Inches Inches | Inches | Feet ' 3q- In. | 5q. Fi.
ai 14 14 0.250 [13.6 |1.115 |1BZ.25 2460.4 33218, 48400 143.14 10.994
16 14 0.250 | 15.5 1,201 (240.25 3739 57720 899650 . 188.6% 1.310
'a\ 18 18 0.250 | 17.5  |1.4583|306.25 | 5359.4 93789, 1641309 240.53 1.670
T 20 0 0,250 [ 19.5 |1.625 |380.25 7414.9 144590, 1819500, 198.65 1.074
L1 M 4 0.250 | 23.5 (1,958 '552.15 [12977. 04940, 7167030. ‘433.74 3002
d| 30 3 0.312 [29.376 |2. 448 BH1.95 |15350. 744188, 21864218 . '677.76 4,707
] B.615 | 0.250 - 8.115|0.6771 66.02 53638 4359.3 35409, 51.85 |0.3601
1¢ 10.75 0.250 | 10.25 |0.49542 105.06 1076.9 11038 i 113141 82.52 (0.57)1
a8l n 12.75 0.150 | 12.25 |1.021 150.06 1838.3 21518, [ - 117.86 |0.8185
.; 14 14 0.312 | 13.376 |1.111 178.92 2393.1 12, 418185, 140.52 10.975
q 16 16 0,312 | 15.376 |1.181 |136.42 | 3635.2 55894 . A5O442. 185.69 |1.700
- 13 18 0.312 | 17.376 |1.448 |301.92 5246.3 31156, 1583978 . 237.13 |1.6&7
4 20 0 0.375 {19,250 (1.604 |370.56 7113.3 137317, Te43352 . 191.04 :2.011
p{ ] 4 0.375 ;2325 |1.937 |540.56 |12568. 292205, 67938317 . 424.56 1.948
30 L 0.500 | 19.00 |2.417 |B4).0 | 24389, 707281, 20511149, bb(.52 4.587
[] 8.625 | 0.177 | 8.07! |0.6726] 65.14 515.75 4243.1 34248, 51.16 |0.355)
10 10.75 0.307 | 10.136 |0.5447|102.74 10d1 .4 10555, 106947 . 80.69 (0.5603
8 1 12.75 0,330 | 12.09 |1.0075 146.17 1767 .2 21366. 258304 . 114.80 |0.7972
_30' 14 14 0.375 | 13.25 |1.1042(|175.56 1316.1 30811, 408394 . 137.88 10,9575
vl 16 16 0.375 | 15.25 |1.2708(237.56 1546.6 54084 814801 . 182.65 |1.268
= 18 19 0.438 | 17,124 11.4170|293.23 5021.3 B5084 . 1471387 . 2130.30 |1.5%
A 10 10 0.500 | 19.00 |1.5831(161.00 6859.0 130321 TATHONG 183,53 11.969%
¥ 14 0.562 | 21.876 |1.9061|523 3t L1971. 173853, 6264703 . 411.00 |7.854
30 30 0.625 | 28.75 (1,3958(816.56 |23764. 623201 . 19642160 % 18 i4.508
| 0.405 | 0.068 | 0.269 |0.0224| 0.0734 0.0195 0.005242 0.00141 4.057 | 0.00040
4 0.540 0. 088 0.364 (0.0303| 0.1315 0.0482 0.01756 0.00639 0.104 | 000072
3% 0.675 | 0.091 | 0.493 |0.411] 0.2430 0.1198 0.05%05 0.2 019 1 0.00133
is 0.840 | 0.109 | 0.622|0.0518| 0.3869 0. 2406 0. 1497 0.06310 0.304 | 0.00211
L7 1.050 0.113 0.824 |0.0687| 0.679 05595 0.4610 0.3799% 0.531 (0.00371
1 1.315 | 0.133 | 1.049 (00874 1.100 1.154 1.210 1.170 0.864 | 0.00600
114 1.660 0.140 1.380 [0.1150| 1.904 1.628 3.628 5.005 i 1495001040
115 1.900 | 0.14% | 1.610 [0.134)' 12.592 4,173 6.718 10.81 1.036:0.01414
1 1.375 | 0,154 | 2.067 |0.1721] 4.172 8,831 18,250 7.7 3.355 0.02330
3 e Z.B75 0.103 1.469 10.2057| 6.09 15.051 37.161 91.75 4.733]0.01]11
5 3 | 3.500 | 0.116 | 3.068 |0.2557 9.413 18.878 48,608 171.8 7.393 0.05130
-g EETY 4.000 | 0.1k | 3.548 |0.2957) 11.59 44,663 158.51 §62.2 9.886 ; 0.06870
£ 4 4.500 | 0.237 | 4.026 |0.3355] 16.21 65,256 62,76 1059, 12,730 0. 08840
r 5 5.563 | 0,158 | 5.047 |0.4206) 15.47 128,56 ~8.72 275, 20.006 | 0.1390
& 6.625 | §,280 | 6.065 |0,5054] 36.78 713.10 1352.8 B206. 28.891 | 0. 2006
8 B.b25 D.322 7.98] |0.6651| 61.70 508.36 4577 A2380. 50.027 0.3474
10 10.75 0365 | 10.0F |D.8350(100.4 1006.0 10080 101000 . 78.855 0.5475
11 12.75 0.406 | 11.938 |0.9965)141.5 1701.3 20306, 24470, 111.93 0.72773
14 14.0 0.438 | 13.1M4{1.0937|172.24 22605 29666 389140, 135.28  0.939%4
16 16.0 0.500 | 15000 |1.250 |225.0 31375.0 50615, 750375, 176,72 1.2372
18 18.0 0.562 | 16.876 1,4063(1684.8 4800.3 B1111. 1366820, 123.68 1.5533
0 20.0 0.593) | 15.814 |1.5678|354.0 6659.5 125310, 2I57244. 278.00  1.9305
H 4.0 0,687 | 22,626 [1,8855|511.9 11583, 162040. 5929784, 402.07 2.7921
[} B.615 . 406 7.B13 [D.6511| 61.04 476.93 3715.9 19113, 47.9%4 0.331%
g 10 10.75 0.500 | 9.750 (0.B125| 95.06 916.86 9036.4 B8110. 74.66 0.5185
11 11.75 0561 | t1.626 |0.9688|135 14 15871.4 18268 12399, 106.16 0.7371
% 14 14.0 0,593 | 12.814 |[1.0678|164_20 1104.0 16962 . 345480, 128.96 0.B356
E 16 16.0 0.656 ' 14.688 |1.2240/215.74 | 3168.3 46544, 683618 . [169.44  1.1766
3 18 18.0 0.750 ; 16.500 |1.3750; 273,25 4492.1 74110, 1222982, 1213.83 | 1.4849
W 0.0 0.812 | 18.376 |1.53131337.68 | 6105.2 114038 1095342, 1266.21 : 1.B417
M M.0 0.068 | 12.064 |1.B387)486.82 |10741. 136994, 5229036 . 1381.35 | 2.6551
[ 0.405 | 0.095 | 0.215(0.0079 0.0467 0. 0099 0.002134 0.000459 | 0.036. 000025
2 % 0.540 | 0,119 | 0.30 0.0252 0.0912 0.0275 0008317 0.002513 ' 0.07 0.00050
,§ 34 0.675 | 0.116 | 0.423 [0.0353| 0.173% 0.0757 0.03200 0.01354 | 0.141 0.00098
14 0.840 0.147 0.546 |0.0455| 0.2981 0.1618 0.08836 0.04852 | 0.234 0.00163
3 " 1.050 0.154 0.741 |0.0618| 0.5506 0.4085 0.3032 .214% | 0.453 0.00300
¥ 1 1.315 0.179 0.957 |0.0797| 0.9158 0.8765 0.R3I87 G. 8027 0.719 0.00499
114 1.660 0.191 1,278 |0.1065; 1.633 2.087 1.6667 3.409 1.183 0.00891
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TABLE 5-11 {Continued)
Commercial Wrought Steel Pipe Data (15)
Schadule Wall Thickness ~ Per ARSI B36.10

Nominal | Outside | Thick- 1nside Inside Diameter Functions ! Tranaverse
ipe Diam- | neay Diameter (In Inches) i Intermal Area
Size eter 2 ) 7 I
e 0 & M ;@ | A
tnches Inches | Inches | Inches Feet i | L 59 Im. | Bq.TL
114 1.900 | 0.200 1.50¢ | 0.1250 1.250 3,375 §5.062 7.504 1.767 10.01225
2 2,375 | 0.218 1.939 | 0.1616 3.760 7.290 14.136 7 .41 2.953 10.01050
14 1.875 | 0.17% 1.313 | 0.1936 5.3% 11.536 29.117 &.64 4.138 10.02942
3 3.5 0.300 1.900 | 0.2417 5 410 24.3B9 70.718 205.1 | 6.605 0.(4587
o 345 4.0 0.315 3.364 | 0.2803 | 11.32 38,069 18,14 4.8 B.BBS |0.06170
E 4 4.5 0.337 3.826 | 0.3188 | 14.64 56. 006 114.33 819.8 11.497 | 0.07986
Tl 5 5.563 | 0.375 | 4.813 | 0.4011 | 23.16 | 11L.49 536.38 258). 18.194 |0.1263
2 _6 o 6.615 | 0.432 5.761 | 0.4801 | 33.1% 191.20 1101.6 646, 26.067 [0.1810
L 8 B.615 | 0.500 7.625 | 0,6354 | 58.14 443.32 3380.3 28775, ! 45,663 |0.3171
E] 10 10.75 0.593 9.564 ; 0.7970 | 91.47 874,82 83366.8 80020, 71.84 {0.4989
E 11 12.7% 0.687 | 11.376 | 0.9430 [L19.41 1472.2 16747 190523 101.64 0.7058
'3 14 14.0 0.750 - 12.500 | L.0417 !56_._15 1953.1 24414 305176, 122.71 0.8512
16 16.0 0.843 | 14.314 | 1,1928 [204.89 1931.8 41980, S00904 160.92 | 1.1175
18 18.0 0.937 | 16.116 | 1.3438 [260.05 4191.5 = 67616, 1090518. (204,24 | 1.4183
0 0.0 1.031 | 17,938 | 1.4948 [321.77 5771.9 103536. 1857248 252.72 | 1.7550
14 4.0 1.218 | 11.564 | 1.7970 |465.00L [10017. 216134, 4662796 . 365.212 | 1.5362
[] B.615 | 0.593 7.439 | 0.6199 | 55.34 411.66 Joel. 11781 4).46 (0.3018
2| 10 10.75 | 0.718 | 9.314 | 0.7762 | B6.75 | 807.99 | 7526. K357 . 63.13 i0.4732
- 12 11.75 0.843 | 11.064 | 0.9220 |122.41 1354.4 14945 165791 . 9%.14 0.6677
'§ 14 14.¢° 0.937 12.126 | 1.0105 |147.04 1783.0 21621, 262173 115.49 0.8010
T 16 | 16.0 1.031 | 13.938 1.1615 |194.37 707.7 37240, 526010, 152.58 |1.05%
£ 18 | ta.0 1.186 | 15.688 1.3057 |146.11 861.0 60572 . 550250, 193.30 [1.3423
A 10 | 0.0 1,381 | 17.438 1.453% |304.08 | 530%.% 92467 . 1612438, 238.83 | 1.6585
4 ' 4.0 1.531 | 20.938 1.7448 |438.40 9179.2 192195, 4014179, 4,32 [1.3911
4 4.50 | 0.438 3.6 | 0.302 13,133 47 598 172.49 625.1 10,315 | 0.07163
5 5.53 | 0.500 4.563 | 0.3802 | 10.81 95, D06 423.5 1978, 16.35 | 0.1136
- § 6.625 | 0.562 | 5.501 | 0.4584 | 30.26 166, 47 915.7 5037. 13.77 | 0.1650
- 3. 8.625 0.71B 7.189 | 0.5991 | 51.b8 371.54 1671, 19202, 40.59 | 0.1819
.y 10 10.75 0.843 | 9.064 | 0.7553 | BI.1& 744,66 6750, 61170, 64.53 | 0.448)
3 32 12.75 1.000 ' 10.750 | 0.8959 (115.56 1242.3 13358, 143563 . 90,76 0.6303
E 14 14.0 1.093 - 11.814 | D.9845 (139.57 1648.9 19480, 230137, 109,62 0.7612
4| 18 16.0 1.218  13.564 | 1.1303 |183.98 1495.5 33849, 459133, 1.5 | 1.0035
18 18.0 1.37§ 15.150 | 1.2708 |132.56 | 3546.6 54086 . B14804. 182.66 |1.2684
20 0.0 1.500 17.000 | 1.4166 |189.00 | 4913.0 8351, 1419857 . 216,98 |1.5762
4 4.0 1.812 - 20,376 | 1.5%0 |415.18 | 8459.7 171375, 3512313, 326,08 | 1.1645
[] | B.625 | 0.B]12 7.001 | 0.5834 | 49.01 343.15 402 16819. 850 | 0.1673
] 10 10.75 ; 1.000 8750 | 0.7242 | 76.56 669,92 5862, 51191, 60.13 0.4176
- 12 12.78 1.115 10.500 | 0.B750 [110.25 1157.6 12155. 127638, 86,59 0.6013
a 14 14.0 1.150 | 11.500 | 0.9583 [132.25 1520.9 17490 201136, 103 .37 07243
E 16 16.0 1.438 | 13.124 | 1.0837 172.}4 1260.5 29666 369340 135.28 | 0.93%M
18 18.0 1.562 | 14.876 | 1.239% (211.30 | 3292.0 48971, 718503, 173.80 |1.2070
A 20 20.0 1.750 | 16.5 | 1,3750 (172,25 | 4492.1 74120, 1222981 . 213.82  1.484%
24 4.0 2.062 | 19.876 | 1.6563 |395.00 7852.1 156069, 3102022, J10.28  1.1547
1% 0.840 | 0.187 | 0.466 | 0.0388 | 0.2171 0.1012 004716 0.01197 | 0.1706|0.00118
1 1.050 | 0.218 { 0.614 | 0.0512 | 0.3770 0.2315 0.1421 0.08716 | 0.2961 |0.00206
1 1,315 | 0,150 0.81% | 0.0679 0.6642 0.5413 0.4412 0.359 0.5217 | 0.00362
iy 1.660 | 0.150 1.160 | 0.0966 1.346 1.561 1.811 1.100 1.057 10.00734
114 1.900 | 0,181 1.338 | 0.1115 1.79 1.395 3.205 4.188 1.406 |0.00976
S 2 2,375 | 6393 1.689 | 0.1407 2.853 4.818 B.138 13.74 2.M41 [0.0155%6
214 1875 | 0.375 2,116 | 0.1771 4,516 9,59 20.39 43,33 3.546 (0.0246)
§ 3 3.50 | 0.438 | 2.614 | 0.2167 6.885 18.067 47 .41 124.4 5.408 |0.03755
_; 4 4,50 0.5 3.438 | 0.2865 11.82 40,637 139.7 | 480.3 9.283 |0.06447
E+ H 5.563 | 0.625 4.3 | 0.35% | 168.60 50,130 346.0 i 149%, 14.61 |0.1015
i e 6.625 | 0.718 | 5.189 | 0.4324 | 26.93 | 139.72 715.0 76l. 1.15  10.1469
3 [ 4.625 | 0.906 6.813 | 0.5677 | 46.41 316,24 1185, 14679, 36.46 10.2532
10 10.75 1.125 8,500 | 0.7083 | 71.18 G614.12 52130, 4371 56.75 | 0,3941
12 12.75 1.312 | 10.136 | 0.8438 [101.54 1036.3 10514. 106461 . BD.53 |4,5592
14 14.0 1.406 | 11.158 | 0.9323 |115.17 1400. 4 15668. 175192, 5 .31 '0.6827
16 16.0 1.593 | 12.814 | 1.0678 |164.20 2104.0 16961 . 345481, 128.9%6 |0_R936
18 18.0 1.781 | 14,438 | 1.2032 |208.45 | 3009.7 3454, 627387 . 163.7F  |1.1369
0 0.0 1.968 | 16.064 | 1.3387 |158.05 | 4145.) 56390, 1069715 . HI.67  |1.407%
14 4.0 T.343 | 19.314 - 1.6095 [373.03 ; 7104.7 139152. 2687582, 291.98 [1.0146
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The total pressure drop is then compared to the given source or delivery
pressure to determine pipe size adequacy. This relatively quick process can
be repeated for a different pipe size if the pressure drop is found to be too
high or if a smaller pipe size can be used.

CAUTION: If higher pressures require a stronger pipe than
Schedule 40, the calculation shown on Table 5-10
must be used in estimating pressure drop.

To estimate the pipe size for a required gas flow, more calculations are
needed than for a liquid. Estimation of weight density for gasses was in the
discussion of Darcy’s formula, above in paragraph (2). An effective gas
pressure is needed for this estimate. An effective pressure is also needed
to calculate the gas flow velocity because, to deliver a given amount of gas
expressed in cubic feet at standard atmospheric pressure (SCFM), an increase
in system pressure will reduce the required gas velocity. The following
guidelines are recommended for selecting the effective gas pressure:

(a) If the system does not require a high flow rate or if the
number and types of fittings are not accurately known, a pressure drop equal
to about 10 percent of the inlet pressure (Prlq) should be selected. For
this condition, either Prlq or the outlet pressure (Pp2q) can be used as the
effective system pressure.

(b) If the system requires a high flow rate and if the number
and types of, fittings are accurately known, a pressure drop equal to from 20
percent to 40 percent of Prlqy can be selected. Since higher gas velocities
may result in sonic flow across a valve, values close to 40 percent of Prly
should be used with caution. For pressure drops greater than 10 percent of
the Prly, the effective system pressure should be made equal to Prly + Ppr2q /
2. With the effective gas pressure estimated by one of the two procedures
described above, the gas weight density can be calculated by using the weight
density given in Table 5-5 and making the weight density proportional to the
absolute pressure. (The tables in Reference 16 can be used for more accurate
values.) Having been given the required gas flow in scfm, the required flow
at the effective gas pressure should be estimated by the relationship:

Prlq  V2q (3)

P r2-| Vrlj

where: Prlqy = atmospheric pressure, 14.7 psia
Pr24 = effective gas pressure, psia
Vrly = required flow scfm

V27 = flow at effective pressure, cfm



Table 5-10 shows that "compressed Air, cubic feet per minute," can be used to
establish the effect of velocity on pressure drop in several common pipe
sizes. (The actual velocity can be determined, if desired, by dividing the
compressed flow by each pipe area in square feet as given in Table 5-11).
Thus, if the required flow of compressed gas (as calculated by Equation (3))
is approximated in Table 5-10, an immediate indication of the best pipe size
can be obtained by an examination of the relative pressure-drop values. With
some idea of the allowable pressure drop based on inlet or outlet pressure
conditions, it is usually possible to select one pipe size for further
examination.

CAUTION: The tabulated pressure-drop values must be increased
for an increase in pipe schedule number as described
in the table.

When a tentative pipe size has been selected, the total equivalent pipe
length is determined as previously described, and the total pressure drop is
calculated. This value must be multiplied by the ratio of the gas density at
the estimated effective pressure to the density of air at 100 psia as used in
Table 5-10 (0.596 pounds/feetl3d) because, as shown in Equation (1), the
pressure drop 1is proportional to the gas density.

(4) Approximation for Water, Low Flow. Let the maximum required
flow in the system shown in Figure 5-3 equal 20 gallons of water per minute.
An examination of Table 5-9 shows a range in velocity from 12.03 feet/second
for 3/4-inch pipe to 0.868 feet/second for 3-inch pipe. If this is for
general service to the hyperbaric chamber, Table 5-6 shows a reasonable
velocity range of from 4 to 10 feet per second. A 3/4-inch pipe with a water
flow velocity of 12.03 feet per second and a pressure drop per 100 feet of
37.8 psi seems to be on the high side, while a 1-1/4-inch pipe with a
velocity of 4.29 feet per second and a pressure drop per 100 feet at 2.8 psi
is definitely on the low side. Thus, a selection of l-inch pipe with a
velocity of 7.43 feet per second and a pressure drop of 10.9 psi per 100 feet
appears reasonable.

The total length of pipe as shown in Figure 5-3 is 120 feet. Using figure
5-2, it is determined that the equivalent l-inch pipe lengths for the three
fittings are: (1) for the globe valve - 25 feet, (2) for the standard elbow -
approximately 3 feet, and (3) for the angle valve - 15 feet. Thus, the
pressure drop for the equivalent pipe length of 163 feet is 10.9 psi times
1.63 or approximately 18 psi. This does not seem excessive in terms of
buying an appropriate pump or using a building water supply with a supply
pressure of approximately 75 psi. On the other hand, use of 3/4-inch pipe
would have resulted in a pressure drop of approximately 37.8 psi times 1.63,
or about 62 psi. This would normally be excessive.

NOTE: With a short length of pipe and only one valve, use of a
3/4-inch pipe would provide a pressure drop within acceptable
limits.

(5) Approximation for Water, High Flow. Let the maximum required
flow in the system shown in Figure 5-3 equal 600 gallons of water per minute.
An examination of Table 5-9 shows a range in velocity from 15.12 feet/second
for 4-inch pipe to 2.44 feet/second for 10-inch pipe. The velocity for the
4-inch pipe seems too high according to Table 5-6, but the pressure drop is
only



Angle T, ?

valve 4 ]

Globe valve
v/ P

|- 50' > o Standard elbow

FIGURE 5-3
Example Fluid System

8.04 psi per 100 feet of pipe. The velocity for 5-inch pipe is on the high
side at 9.63 feet/second, while the pressure drop is still lower at 2.55 psi
per 100 feet of length. At this point it would be necessary to check on
costs of 4-inch and 5-inch pipe and components, and the output pressures of
candidate pumps. Complete calculations would be made for both systems to
provide a basis for selection. Using only the 5-inch pipe size for this
example, Figure 5-2, shows that the equivalent 5-inch pipe lengths for the
three fittings are: (1) for the globe valve - 140 feet, (2) for the standard
elbow - 13 feet, and (3) for the angle valve - 70 feet. The pressure drop
for the equivalent length of 343 feet is 2.55 times 3.43 or about 9 psi.

(6) Approximation for Oxygen, Low Flow. Let the maximum required
flow in the system shown in Figure 5-3 equal 100 scfm of oxygen from a
manifold with a pressure of 250 psia. Because the flow required is low and
excessive velocity of oxygen through valves can cause a fire hazard, assume
that the total pressure drop is 10 percent of the inlet pressure, or 25 psi.
Using 250 psia as the effective system pressure, and using the weight density
of oxygen at atmospheric pressure from Table 5-5, the weight density of
oxygen at 250 psia is calculated to be 1.41 pounds/feetl3d. This is
approximately 2.4 times the weight density of air in Table 5-10 (0.596
pounds/feetl3d). The required flow of oxygen (100 scfm) can be provided at
250 psia with a flow of about 5.9 feetl3d/minute (using Equation (3)).
Referring to Table 5-10, it



can be seen that a compressed flow of 5.8 feetl3d/minute will result in a
pressure drop per 100 feet ranging from 23.1 psi for 3/8-inch pipe to 0.55
psi for 1-1/2-inch pipe. The candidate pipe sizes seem to be 1/2 inch, with
a pressure drop of 6.90 psi, and 3/4-inch with a pressure drop of 1.62 psi.
The increase in density requires that these values be increased 2.4 times to
16.6 psi and 3.9 psi, respectively. An equivalent length of 150 feet (as an
estimate) will cause 25 psi pressure drop in the 1/2-inch pipe. Although
1/2-inch pipe might be selected, the selection of a 3/4-inch pipe size
appears more conservative and desirable.

The total length of pipe is 120 feet. Using Figure 5-2, it is determined
that the equivalent 3/4-inch pipe lengths for the three fittings are: (1) for
the globe valve -20 feet, (2) for the standard elbow - 2 feet, and (3) for
the angle valve - 11 feet. The pressure drop for the equivalent pipe length
of 153 feet is 3.9 psi (the value in Table 5-10 corrected for density) times
1.53 or about 6 psi. This is sufficiently less than the desired maximum of
25 psi that consideration could be given to tubing with an inside diameter
between 1/2-inch and 3/4-inch Schedule 40 pipe. This is particularly true
with oxygen since tubing rather than pipe might have to be used for
compatibility. The basic dimensions for commercially available tubing are
shown in Table 5-12.

(7) Approximation for Helium, High Flow. Let the maximum required
flow in the system shown in Figure 5-3 equal 2220 scfm of helium with an exit
pressure (Pr2q) equal to 850 psia. If it is assumed that the length of pipe
and types of components are accurately known, and that a high gas velocity is
desirable, let Pply - 40% Prly = 850 psia. Therefore, Prly = 1420 psia and
the average or effective pressure = Prlqy + P29 = 1135 psia. At a pressure
of 1135 psia, a flow of 28.8 feetl3d/minute is required to supply 2220 scfm.
At 1135 psia, helium has a weight density of 0.77 pound/feetl3d. This weight
density is 1.3 times the weight density of air at 100 psi.

Referring to Table 5-10, it can be seen that a flow of 28.8 feetl3d/minute of
air causes a pressure drop in 100 feet of pipe ranging from 37.9 psi for
3/4-inch pipe to 0.022 psi for 3-1/2-inch pipe. Normally, either a 1-inch
pipe with a pressure drop of 10.8 psi or 1-1/4-inch pipe with a pressure drop
of 2.59 psi would be the candidate pipe sizes to keep the gas velocity low.
However, a high gas velocity is desired and the 3/4-inch pipe is examined
first. Because of the increased density of the helium, the 37.9 psia must be
multiplied by 1.3 to give an effective pressure drop for 100 feet of pipe of
49.3 psi.

As noted in Table 5-10, when a different schedule pipe is used than Schedule
40, the tabulated values must be corrected. The inside diameter of 3/4-inch
Schedule 40 pipe is 0.824 inch (see Table 5-11). If Schedule 160 pipe were
selected for the system the inside diameter of 3/4-inch Schedule 160 pipe
(see Table 5-11) is 0.614 inch. The ratio of the two inside diameters is
1.34. This raised to the 5th power (see note on Table 5-10 under
Calculations For Pipe Other Than Schedule 40) is 4.33. Thus, the pressure
drop per 100 feet of Schedule 160 pipe is 4.33 x 49.3 or 214 psi.

Using Figure 5-2 with an inside pipe diameter of 0.6 inch (for Schedule 160
pipe) it is found that the equivalent pipe lengths for the 3 components are
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(1) for the globe valve - 16 feet, (2) for the standard elbow - 2 feet, and
(3) for the angle valve - 8 feet. With a pipe length of 120 feet, the total
equivalent pipe length is 146 feet. This gives a total estimated pressure
drop of 312 psi. Since this is less than the estimated 570 psi (1420 psia
-850 psia), a lower inlet pressure can be used.

With the size of the pipe known and the pressure conditions approximated, it
is now possible to obtain a closer approximation by using Equation (1). If
an inlet pressure of 1250 psia is used, giving an effective system pressure
of 1050 psia Prly + P27, the following values for Equation (1) can be
calculated:  -----------

2
(0.01 - see Table 5-5) P
[tho] = 0.71 1b/ftl3d from - - ————————— - = ———-
14.7 1050
f = 0.026 (see Figure 5-1 for 3/4-inch, Schedule
160 pipe, turbulent flow)
L = 146 ft (see above)
V = 252 ft/sec.
(a) Calculate compressed flow from Equation (3):

14.7  Vp2q
--—- = ---- and V27 = 31.1 ft L34 or
1050 2220

Q = 31.1 ftl3d/min.

(b) Next calculate flow velocity:

A 0.00206 (see Table 5-11)

\Y 15,100 ft/min or 252 ft/sec

D = 0.512 ft (see Table 5-11

then using equation (1):
0.71 x 0.026 x 146 x 252L2d

144 x 0.512 x 2 x 32.2

[DELTA]P

[DELTA]P = 360 psi

Since this is close to the permissible pressure drop of 400 psi, it can be
estimated that the inlet pressure can be close to 1250 psi.

3. DESIGN FOR PRESSURE. The design of a piping system for pressure
capability requires that a design pressure P and a design temperature T be
established for the piping system. The design pressure must not be less than
the maximum difference in pressure across the pressure boundary for any
normal operating condition. The design temperature must not be less than the
actual metal temperature which exists for any specified normal operating
condition.



a. Minimum Wall Thickness, Straight Pipe Under Internal Pressure.

(1) The minimum wall thickness of pipe or tubing shall not be less

than:
PDrOj
tpmy = - + A (4)
2SE + 0.8P
Pd + 2SEA = 0.8PA (4A)
trm-| = - —————— ==

Design Pressure shall not exceed:

2SE (tmmy - A) (5)
P=-——————— e —_ =

DrO-| - 0.8 (trm-| - A)

2SE (tmmq - A) (5A)
P=-———————— e —

d - 0.8 (trm-| - A) +2trm-|
where
tmy = minimum required wall thickness, inches (millimeters)

(a) If pipe is ordered by its nominal wall thickness, the
manufacturing tolerance on wall thickness must be taken into account. After
the minimum pipe wall thickness, tpmy, is determined, this minimum thickness
shall be increased by an amount sufficient to provide the manufacturing
tolerance allowed in the applicable pipe specification. The next heavier
commercial wall thickness shall then be selected from thickness schedules
such as contained in ANSI B 36.10 or from manufacturers’ schedules for other
than standard thickness.

(b) To compensate for thinning in bends refer to paragraph 3
of Section 4.

P = internal design pressure, psi (kPa) gauge

Note: When computing the design pressure for a pipe of a
definite minimum wall thickness by formula (5) or (53)
the value of P obtained by these Formulas may be rounded
out to the next higher unit of 10.

Droq = outside diameter of pipe in inches (millimeters). For design
calculations, the outside diameter of pipe as given in tables
of standards and specifications shall be used in obtaining the
value of tpmmy.

d = inside diameter of pipe inches (millimeters). For design
calculations, the inside diameter of pipe is the maximum
possible value allowable under the purchase specification.



SE = maximum allowable stress in material due to internal pressure
and joint efficiency at the design temperature, in psi (kPa).
The value of SE shall not exceed the value given in Appendix A
of the B 31.1 Code. For materials to be brazed, a joint
efficiency of 0.8 shall be used.

A = an additional thickness in inches (millimeters).

1. To compensate for material removed in threading, grooving,
etc.,

2. To provide for mechanical strength of the pipe for extreme
conditions of misapplied external loads or for mechanical
abuse.

3. To provide for corrosion and/or erosion.

(2) Additional Wall Thickness, Threaded Pipe. While the
thicknesses determined from Formula (4) or (4A) are theoretically ample for
both bursting pressure and material removed in threading, the following
minimum requirements are mandatory to furnish added mechanical strength.

(a) Where steel or stainless steel pipe is threaded the pipe
shall have a minimum ultimate tensile strength of 48,000 psi (330 MPA) and a
weight at least equal to Schedule 80 of ANSI B 36.10.

(b) Where threaded brass or copper pipe is used for the
services described in (2) (a) above, it shall have a wall thickness at least
equal to that specified above for steel pipe of corresponding size.

b. Minimum Wall Thickness, Straight Pipe Under External Pressure.
For determining wall thickness and stiffening requirements for straight pipe
under external pressure the procedures outlined in Para UG-28, UG-29, and
UG-30 of Section VIII, Division 1, of the ASME Boiler and Pressure Vessel
Code shall be followed.

c. Allowances.

(1) Corrosion or Erosion. When corrosion or erosion is expected,
an increase in wall thickness of the piping shall be provided over that
required by other design requirements. This allowance in the judgement of
the designer shall be consistent with the expected life of the piping.

(2) Threading and Grooving. The calculated minimum thickness of
piping (or tubing) which is to be threaded shall be increased by an allowance
equal to thread depth; dimension h of ANSI B 2.1 or equivalent shall apply.
For machined surfaces or grooves, where the tolerance is not specified, the
tolerance shall be assumed to be 1/64 inch (0.40 mm) in addition to the
specified depth of cut.

4. SYSTEM DETAILING AND FINAL FLOW ANALYSIS. For any category I, ITI, ITIT,
or IV piping system, a detailed system layout, consisting of a complete
physical description of the piping system and its supports and anchors, is
necessary. The preparation of a system layout is discussed in the following
paragraphs.



a. Final Routing of Pipe and Selection of Supports and Anchors. The
tentative routing of the piping systems selected for the preliminary flow
calculations must be examined to determine that all system requirements have
been adequately met. These requirements will include such items as operation
(are the controls properly located), maintenance (can the systems be repaired
and cleaned), and safety (are high pressure piping systems, particularly
Or2q lines, adequately shielded to protect personnel and lines). Routing
modifications to meet such requirements can often increase system pressure
drops significantly.

With routing of the piping systems finally determined, supports and anchors
for the systems can be selected. The term "support" is used in a general
sense and includes such items as sliding supports, guides, spring hangers,
constant load hangers, braces, and shock absorbers. The term anchor refers
to any support or component (such as a pump or tank) which is considered to
be essentially immovable. Chapter 15 of 1970 Fluid Power Reference Issue
(Reference 17) will provide general background information. If the initial
system layout does not prove to be satisfactory when analyzed structurally
(Section 5, paragraph 5(a) (2)), changes in the layout will be required until
a satisfactory analysis is obtained.

b. Final Fitting and Valve Selection. System detailing requires the
finalization of the locations and types of fittings and valves.
Consideration must also be given to the seals for separable joints between
fittings, valves, and piping.

(1) Fitting Selection. Pipe and tube fittings have become quite
standardized over the years. A number of standards acceptable for hyperbaric
facilities are listed in Reference 8 and MIL-STD-438, Schedule of Piping,
Valves, Fittings, and Associated Piping Components for Submarine Service
(Reference 18). These standards indicate fittings for various types of fluid
systems. Most fitting manufacturers will provide a list correlating their
fittings with military and industrial standards.

(2) Valve Selection. Although many types of valves have become
standardized over the years, a wide variety of nonstandard valves are
available for the different fluid systems. Valve types vary because of the
type of fluid control desired, the size of the pipe or tubing, the force
available to operate the valve, and other factors. Numerous articles in the
trade literature summarize valve types, factors involved in valve selection,
and qualitative suggestions concerning installation and maintenance. A
typical publication is contained in the 1970 Fluid Power Reference Issue
(Reference 17). Detailed information can be found in valve manufacturer’s
catalogs.

An accurate measurement of the flow resistance of candidate valves is
required for the detailed calculations to determine system flow
characteristics. The piping designer must determine that the manufacturer'’s
measurements of flow resistance can be used in the formulas required by Flow
of Fluids Through Valves, Fittings, and Pipe (Reference 15) and that the
measurements were made with the valve mounted similar to that proposed for
the piping system.



Valve seating and bearing materials can cause many problems in gaseous and
seawater systems. Oxygen systems in particular require a careful selection
of such materials. Some design guidance on material compatibility is given
in the subsection entitled Fluid Compatibility. Guidance can often be
obtained from a valve manufacturer. The piping designer should obtain an
accurate description of every material in any valve, including lubricants in
an oxygen system or in any system which carries gas to the chamber. Suitable
stress values must be selected for the pressure-retaining materials, and
compatibility checks should be made for all materials in the valve.

(3) Pipe Joint Seals. MIL-T-27730 is a specification for
tetrafluoroethylene tape and for its use as an antiseize and sealant of pipe
threads for liquid and gaseous oxygen systems of 2000 psi and less. The use
of this tape is widespread and its use is suitable as an antiseize and
sealant material in any piping system for a hyperbaric chamber. The use of
other pipe thread sealant compounds requires a compatibility analysis and
approval for the proposed system.

(4) Straight Thread Tube Seals. MS-33649 and MS-16142 give boss
dimensions for military straight thread tube fitting O-ring gaskets. Seal
manufacturers can supply O-ring compounds of several types for use with the
dimensions. Elastomeric materials are available that are compatible with all
of the candidate fluids except oxygen. For Oxygen systems, Viton and Kel-F
are preferred.

CAUTION: Teflon O-rings have shown a significant tendency
to leak because of cold flow of the material.

(5) Flanged Joint Seals. Considerable experience has been gained
concerning the use of flat gaskets, O-rings, and metallic rings as seals for
pipe flanges. Chapter 12 of Survey Report on Structural Design of Piping
Systems and Components, Rodebaugh and Pickett, (Reference 19) presents a good
summary of this experience. The ASME Code described standardized procedures
for designing flanged joints and these procedures are discussed in Reference
19. Considerable help can also be gained from manufacturers of pipe fittings
and seals concerning the proper joint design and installation procedures for
various fluid systems.

c. Operations and Maintenance. The plumbing of a piping system for
easy operation of hand operated valves i1s a major piping consideration
leading to the use of a number of fittings and inclusion of gages and flow
meters. Such additional complexities are almost always identified in the
overall systems analysis and it is thus important that a thorough system
specification be available.

Provisions for maintenance stem from an analysis of potential malfunctions in
the piping system. Moving parts in valves must be examined and replaced
periodically, and gages and meters must be calibrated. The piping layout
must include provision for the maintenance of such components.

d. Draining and Cleaning. Flasks and dead-end sections of piping in
breathing gas systems should be provided with drains.



e. Thermal Insulation. Thermal insulation is not believed to be a
major consideration for piping for hyperbaric chambers.

f. Possible Reclassification. During the selection of piping
materials described previously in Section 2, appropriate Category I, II, IIT,
or IV ratings were assigned to each fluid system. When the detailed system
layout has been completed each fluid system and subsystem is reexamined to
determine whether the proper classifications have been used and to determine
whether simple system changes might permit the reclassification of a Category
I and II system to a Category III and IV system. Considerably fewer
calculations are needed for the structural analysis of Category III and IV
systems and a wider choice of ASME-approved materials is available for
Category III and IV systems.

g. Detailed Fluid Flow Calculations. As a last step before the struc-
tural analysis of the piping system described below, detailed calculations
are made to check the fluid flow, pressure drop, and power required for each
fluid system. In addition to checking previous approximations, these
calculations permit a final evaluation of the tentatively selected pipe size
and wall thickness. Where borderline situations are encountered, it may be
possible to reduce the pressure drop sufficiently to reduce wall thickness,
reduce inlet pressure, or select a smaller pump Oor compressor.

The detailed calculation of flow and pressure drop in a piping system
necessitates the understanding and use of many more quantities and
relationships than were described in the section on flow approximation.
There is no better overall approach to this problem for the designer of the
hyperbaric piping system than to obtain a copy of Flow of Fluids Through
Valves, Fittings, and Pipe (Reference 15), study it in detail, and use its
suggested approaches to accomplish the necessary calculations. The material
in this publication is greatly simplified for the design engineer. The
equation symbols are well-defined and used uniformly and a number of helpful
examples are given. For cryogenic piping systems, the designer should refer
additionally to the appropriate chapter in Piping Handbook, Crocker, S.,
(Reference 14). NAVSHIPS 0994-003-7010, U.S. Navy Diving-Gas Manual
(Reference 16) provides convenient values of gas densities for typical
hyperbaric chamber conditions.

5. STRUCTURAL ANALYSIS. The degree of structural analysis necessary when
designing the various classes of piping systems is discussed in the following
paragraphs.

a. Category I and II Piping Systems.

(1) Structural Design Specification. In order to conduct the
structural analysis required for Category I and II piping systems, it is
necessary to prepare a structural design specification which postulates all
significant loadings that will be imposed on the piping system during its
lifetime. Preparation of an appropriate structural design specification is
an exacting task. 1In general, inputs from both that engineer who is
cognizant of the overall function of the hyperbaric chamber complex and the
piping specialist are needed. Philosophically, the purpose of the structural
design specification is to force one or more competent engineers to carefully
list what the piping system is intended to do and what might happen to damage
the piping system. The analysis then makes a rigorous engineering evaluation
of the loadings and hazards to



insure that all reasonable precautions have been taken to preclude rupture of
the piping system pressure boundary. The structural specification should
include:

(a) A description of the functions of the piping system.

(b) Designation of the boundaries; for example, where the
piping system starts and ends.

(c) Magnitude of the displacements which will be imposed on
the piping system by the connected equipment and intermediate attachments.

(d) Magnitude of the loads from the piping system that are
acceptable to the connected equipment.

(e) Internal loading history (including tests) and the
Design Pressure.

(f) Temperature history, or fluid flow data from which the
temperature history can be derived, and the Design Temperature.

(g) Environmental conditions; for example, wind, snow,
earthquake, corrosive atmosphere.

(h) Possibilities of vibration, water hammer, or other
shock loadings.

(i) Need for protection against accidental damage or abuse.
The structural design specification must categorize the postulated
occurrences or hazards into either normal, upset, emergency, faulted, or
testing conditions. The following definitions apply.

Normal and Upset Conditions: Any condition which is a normal part
of the system operation.

Emergency Conditions (infrequent incidents): Those deviations from
normal system operation which are not expected to occur more than
25 times during the life of the system; for example, earthquakes,
water hammer.

Faulted Conditions: Not to be used in this Section.

Testing Conditions: Up to 10 of the tests permitted, including
leak tests. Those tests in excess of 10 shall be included in the
fatigue evaluation.

NOTE: The structural design specification shall be prepared
by the owner of the hyperbaric chamber complex or his
agent (herein after called the owner). A copy of the
structural design specification shall be kept by the
Owner for the life of the complex.



(2) Analysis Procedure for Category I and II Piping System. The
structural analysis of Category I and II piping systems shall conform to the
requirements of ANSI B 31.1 (Reference 2). Insofar as pressure loading is
concerned, the analysis involved is relatively simple. This kind of analysis
has been highly developed in the piping industry. Chapter 4 of Expansion and
Flexibility (Reference 14) is recommended for general background information.
Of the many computer programs that have been developed for this type of
analysis, one that is widely used is described on page 3-12 of Survey Report
on Structural Design of Piping Systems and Components (Reference 19). This
program can be purchased at a nominal cost. While a piping system analysis
if primarily used to establish moments and forces due to restraint of thermal
expansion of the piping, it is also used to establish moments and forces due
to weight loads. Extension of the referenced analysis is required for
dynamic loads such as water hammer.

Where significant temperature changes occur in the fluid, an analysis is also
required in order to establish the magnitude of the temperature gradient.

See Reference 19, Chapter 16, Thermal Stresses in Piping Components, for
further information on this subject. The designer will also want to include
analysis of the effects of differential foundation movement in terms of
additional stress on the piping system.

(3) Analysis Procedure for Category I and II Valves. The
structural analysis of a Category I and II valve shall show that the design
of the valve fulfills the structural design requirements of ANSI B 31.1.
These requirements include pressure-temperature ratings and hydrostatic shell
test pressures.

(4) Stress Report. A stress report contains both the drawings and
the stress analysis calculations. The stress analysis calculations shall
establish that the piping and valve designs shown by the construction
drawings comply with the requirements of the Structural Design Specification
(Section 5, paragraph 5(a) (1)), and with the requirement of the analysis
procedure (Section 5, paragraph 5(a)(2)). Any computer programs used in the
calculations shall be properly identified and described in the Stress Report
to facilitate independent verification.

The Stress Report shall be certified by a registered Professional Engineer,
competent in the design of piping, after he has assured himself that it does
comply with the necessary requirements. The Owner shall review the Stress
Report to the extent necessary to determine that it has satisfied the
requirements of the Design Specification and shall so certify. A copy of the
Stress Report shall be kept by the Owner for the life of the complex.

The engineer who prepares the Stress Report shall inspect the completed
hyperbaric chamber complex to determine whether the actual construction is in
accordance with assumptions and drawings used in the Stress Report. Any
discrepancies shall be reconciled before certification for operation is
granted. He shall also observe the initial hydrostatic test and initial
period of operation to determine whether unanticipated conditions exist (for
example, vibration, water hammer). If such conditions exist, he shall notify
the Owner and necessary corrective action must be taken. A record of these
inspections shall be included in the Stress Report.



b. Category III and IV Piping Systems.

(1) Design Information. In addition to the Design Pressure,
Design Temperature, and information from the System Layout, the piping system
designer must obtain:

(a) The anticipated number of temperature cycles.

(b) The magnitude of the displacements which will be
imposed on the piping system by the connected equipment and intermediate
attachments.

(c) The magnitude of the loads from the piping system
acceptable by the connected equipment.

(2) Analysis Procedure for Category III and IV Piping Systems.
The structural analysis of Category III and IV piping systems shall conform
to the requirements of NAVFAC TS 15401 (Reference 13). The analysis
procedure discussed herein is generally analgous to that required for
commercial piping. However, neither cycles of pressure loading nor
temperature gradients need be considered.

(3) Analysis Procedure for Category III and IV System Valves. The
structural analysis of a Category III and IV system valve shall show that the
design of the valve fulfills the structural design requirements of ANSI B
31.1 (Reference 2).

While ANSI B 16.5 (Reference 20) is entitled Steel Pipe Flanges and Flanged
Fittings, it is nevertheless the primary standard for steel valves sold in
the United States. ANSI B 16.5 controls steel valve designs by prescribing:

(a) Minimum wall thickness.
(b) Dimensions of flanges and bolting, for flanged-end
valves.

(c) Dimensions of welding ends, for welding end valves.

(d) Face-to-face or end-to-end dimensions (by reference to
ANSI B 16.10).

(e) Pressure-temperature ratings.

(f) Minimum hydrostatic test pressure (for the body, not

the seat).

(4) Stress Report. A Stress Report is not required for Category
IIT and IV piping systems. However, it is recommended that the Owner obtain
from the contractor a certification that the piping system meets the
requirements of NAVFAC TS 15401 (Reference 3).



6. NOISE CONSIDERATIONS.

a. Noise Sources. The primary source of noise in hyperbaric chambers
is usually gas flow in pipes. Occasionally the blower for gas circulation in
the atmosphere control loops are noise contributors. Also, care must be
exercised when selecting electric motors for pumps, blowers, or other
required service, because some motors have objectional noise characteristics
when connected to a chamber or piping system. Quantitative information
describing ambient noise in the diving environment is almost nonexistent.
(See Reference 21, Summitt, J.K., and Reimers, S.D., Noise: A Hazard to
Divers and Hyperbaric Chamber Personnel.) Based on general experience,
pneumatic noise in manned hyperbaric chambers can cause two types of
problems: (1) a reduction in diver efficiency resulting from fatigue and/or
poor communications, and (2) temporary or permanent partial loss of hearing.
OPNAV Instruction 6260.2 (Reference 22) establishes an occupational noise
control and hearing conservation program. The following information provides
guidance for acceptable noise levels in hyperbaric chambers, however, the
current issue of OPNAVINST 6260.2, Hearing Conservation Program, should be
consulted when designing and testing hyperbaric systems. The following
information has been excerpted from OPNAVINST 6260.2, and is applicable to
sound levels in the hyperbaric environment.

"(1l) The analysis of a noise environment and its hazard potential
is a complex task which is highly constrained by the nature of the particular
activity and is subject to revisions imposed by facility updating and
equipment changes. Assessment of the potential hazard of noise exposure
shall be performed by an industrial hygienist.

(2) In the absence of an industrial hygienist assessment to the
contrary, personnel exposed to noise levels of 85 dBa or greater or 140 dB
peak sound pressure level for impact or impulse noise should be considered at
risk, and shall be identified for hearing testing. The noise shall be
considered as potentially hazardous and appropriate measures to control the
exposure shall be instituted.

(3) It shall be mandatory for all personnel exposed to high level
noise associated with gunfire, artillery, or missile firing to wear hearing
protective devices regardless of length of exposure, or the technical/
engineering controls in effect.

(4) No individual shall be exposed for any period of time to
steady state or interrupted steady state sound levels exceeding 115 dBa or to
impulse or impact noise which exceeds 140 dB peak sound pressure level
without the use of hearing protective devices. Occupational noise exposures
which exceed these limits should be controlled by the most feasible
technological/engineering methodology and administrative controls. The use
of personal hearing protective devices shall be permitted for the control of
an individual’s exposure while engineering efforts are being pursued. Such
devices shall be used as a matter of routine in those areas/situations where
it has been demonstrated that engineering controls are not feasible.

c. Labeling of Hazardous Noise Areas and Equipment. Navy work areas
or equipment which produce sound pressure levels of 85 dBa or greater or 140
dB peak sound pressure level shall be appropriately labeled, NAVMED 6260.2.



Hazardous Noise Warning Decal, 8" x 10-1/2", and the NAVMED 6260.2A4,
Hazardous Noise Labels (displayed on hand tools), 1" x 1-1/2", are the
approved decals and labels for appropriately marking noise hazardous areas or
equipment."

b. Acceptable Noise Levels. Few quantitative design guidelines exist
relative to acceptable noise levels in hyperbaric chambers for diver
efficiency and communications. Table 5-13 shows acceptable ranges of sound
levels and an upper limit above which there is marked personnel efficiency
decrease. It is, of course, desirable to maintain sound levels at the lower
end of the range. The upper part of the range is acceptable for short
periods of time.

TABLE 5-13
Sound Level Considerations in
Small Compartments (5.13)

Suggested Limits of Sound Levels for Hyperbaric Chambers

[ |
| |
| |
| | In Rest Area | In Work Area |

| Practical |
| Octave Lowest Desirable Lowest | Desirable Upper |
| Band | Practical Maximum | Practical | Maximum | Limit |
| | |
| | 1
| 38-75 75 85 85 | 100 105

| | | | | |
| 75-150 | 65 75 | 75 | 95 | 105

| | | | | |
| 150-300 | 55 65 | 65 | 90 | 100

| | | | | |
| 300-600 | 50 60 | 60 | 85 | 95

| | | | | |
| 600-1200 | 45 55 | 55 | 75 | 85

| | | | | |
| 1200-2400 | 45 55 | 55 | 65 | 75

| | | | | |
| 2400-4800 | 45 55 | 55 | 60 | 70

| | | | | |
| 4800-9600 | 40 50 | 50 | 55 | 65

L | | | | |

(1) For exposures of 8 hours or less, the levels established by
OPNAVINST 6260.2 should be complied with.

(2) For exposures exceeding 8 hours per day, as in saturation
diving, an interim allowable noise exposure level has been established by the
Bureau of Medicine and Surgery.

The maximum allowable sound pressure levels (SPL) in decibels (dBa) for
steady-state background noise from environmental control machinery, and for
intermittent peak noise exposure instances not exceeding 15 minutes duration,
are as follows:

(a) Disregard steady-state noise levels if intensity is 85
dB or less.

(b) Intermittent Peak Noise (compression, decompression,
and ventilating noises):



Daily Number of Maximum Allowable

Exposures SPL
1 105 dB
4 100 dB
8 95 dB

Variations to this table should be based on more detailed information and
BUMED should be consulted.

c. Noise Control. Little detailed guidance can be given in the
control of gas flow noise in hyperbaric chambers. Because of the hazards of
fire, selection of sound absorbing materials become a problem. However,
three noise reducing techniques that can be used aggressively are summarized
briefly:

(1) Minimize Air Flow Rate. Acoustic power in an air-flow system
varies as the fifth power of the flow rate. For example, if an air-moving
system delivers just 10 percent more air flow than required, the overall
sound level can be expected to increase by 60 percent. Therefore, it is
necessary to minimize the excess air flow in a pneumatic system if the sound
level is to be kept within acceptable limits.

(2) Minimize Resistance to Air Flow. Air flowing around or against
surfaces produces turbulence, and turbulence is a potential source of sound,
The turbulence energy content determines the magnitude of the sound.
Turbulence can be minimized by:

(a) Using short, streamline flow paths.
(b) Using large cross sections.

(c¢) Minimizing abrupt discontinuities and changes in flow
path.

(d) Eliminating flow path obstructions.
(e) Keeping boundary surfaces smooth.
(f) Using turning vanes.

(3) Minimize Line-of-Sight Transmission. The radiative sound path
from the noise source to the surrounding air should be made as indirect as
possible, and barriers in the line-of-sight path should be as massive as
practical. This approach could include the construction of a plenum chamber
exterior to the hyperbaric chamber for particularly high air flows. The
designer should also investigate available mufflers, which can reduce noise
levels appreciably. Caution should be exercised however, as muffler fillers
cannot be either flammable or toxic.



7. COLOR CODE FOR PIPING SYSTEMS. All pipe and tubing in a hyperbaric
installation must be color coded and labeled to indicate contents, function,
direction of flow and possible hazards.

All lines must be identified and labeled preferably according to MIL-STD-
1247, Markings, Functions, and Hazard Designations of Hose, Pipe, and Tube
Lines for Aircraft, Missile and Space Systems (see Reference (24)), except
for color.

A redundant identification system shall be used to identify each type of
gas and primary hazard, both by color and by word or letter symbol.

COLOR CODE FOR SHORE BASED SYSTEMS

Gas System Designation Color Paint
Helium He Buff
Oxygen 0 Green
Helium-Oxygen mix He-0 Buff and Green
Nitrogen N Light Gray
Exhaust E Silver

Air (low pressure) ALP Tan

Air (high pressure) AHP Dark Gray
Chilled Water cw Blue and White
Hot water HW Red and White
Potable Water FW Blue

The color code for AFLOAT and Portable systems is the same, except that high
and low pressure air are both colored black.
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CHAPTER 6. LIFE SUPPORT SYSTEMS

1. SCOPE. This chapter presents criteria for the design, fabrication, and
protection of the life support systems which furnish the PV with the bodily
requirements of human occupants at elevated pressures. The atmosphere for
breathing is supplied by the air system, gas system, and auxiliary breathing
system. Food is supplied by the nutrient system. Water for drinking,
washing, shower, and toilet is supplied by the potable water system and the
waste water is removed by the sanitary system. All of these systems must be
controlled and monitored.

Section 1. ATMOSPHERE REQUIREMENTS

1. ATMOSPHERE. The mixture and quantity requirements for breathing gas in
hyperbaric facilities are determined by the physiological response of the
human body when exposed to elevated pressures. The breathing mechanisms that
serve to regulate partial pressures of oxygen and carbon dioxide in the blood
at sea level serve equally well at higher pressures if the partial pressures
of oxygen, nitrogen, and carbon dioxide, as well as the respiratory volume,
are similar to those at sea level. Medical research has provided sufficient
information on physical tolerance to partial-pressure levels to permit safe
selection of both composition and consumption requirements of breathing gas
for hyperbaric facilities. This section suggests ranges and limits for
composition, consumption, and temperature-humidity of required breathing gas
for chamber occupants.

2. BREATHING GAS COMPOSITION REQUIREMENTS. Gas, in order to serve as a
breathing medium, must conform to certain limits. The various problems
connected with specification of gas composition are discussed below.

a. Oxygen Concentration. Air is used as a breathing gas only for
relatively low pressures (to 300 feet seawater for hyperbaric facilities)
because nitrogen and oxygen become toxic at the elevated partial pressures of
compressed air, The percentage of oxygen in the breathing mixture must be
reduced with increasing pressure to maintain the oxygen partial pressure
within a range of about 0.21 to 1.2 atm (atmospheres absolute pressure). For
long exposure periods, the mixture should contain oxygen at a partial
pressure between 0.21 and 0.50 atm. U.S. Navy practice for saturation diving
missions is to maintain the oxygen partial pressure between 0.30 and 0.32
atm. In order to maintain blood oxygen levels within acceptable limits,
oxygen partial pressure is held nearly constant regardless of total pressure,
and the remaining pressure 1is provided by increasing the proportion and
partial pressure of the diluent gas.

b. Anoxia an Oxygen Toxicity. Figure 6-1 relates the percentage of
oxygen in the breathing mixture to pressure depth, and to oxygen partial
pressure in both psia and atm. The curves show a large area within which
mixtures are physiologically acceptable, bounded on the lower side by curves
defining different levels of anoxia (oxygen deficiency) and on the upper side
by levels of oxygen toxicity. It will be noted in Figure 6-1 that the first
symptoms of anoxia occur where oxygen partial pressure falls to 0.16 atm, and
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that the inhabitant becomes helpless at an oxygen partial pressure of 0.12
atm. In the region of high oxygen concentrations, it may be seen that oxygen
toxicity limits the maximum partial pressure for long-term exposure to about
1.2 atm, but that higher concentrations can be tolerated for short periods.
These toxicity limits are imposed by effects on the central nervous system
that result in unconsciousness and convulsions. A different limit is
encountered in exposures over extended periods, which is imposed by lung
irritation and eventual lung damage. This occurs with 10 percent incidence
in a l4-day period with an oxygen partial pressure of 0.6 atm. In order to
avoid pulmonary irritation, present practice in exposures for extended
periods 1s to limit oxygen partial pressure to about 0.3 atm. (See Reference
(1), NAVSHIPS 0994-003-7010, U.S. Navy Diving-Gas Manual and Reference (2),
Lambertson, Limitations and Breakthroughs in Manned Underseas Activity.)

c. Oxygen versus Depth Ranges. From inspection of Figure 6-1 it is
evident that, at any fixed pressure, it is feasible to breathe a wide range
of mixtures without ill effects. For example, at a pressure depth of 200
feet, the mixture could be as lean as 3 percent oxygen (0.21 atm) or as rich
as 17 percent oxygen (1.2 atm) without encountering any short-term
physiological limits. Likewise, for a given oxygen concentration in the
breathing mixture, the chamber inhabitant can make excursions over a fairly
wide depth range. A mixture containing 10 percent oxygen, for example, would
permit operations between 36 and 360 feet, with the possibility of short
excursions as deep as 600 feet.

CAUTION: It is important to note that dangerous anoxia can
occur if lean mixtures, intended for deep operations,
are breathed during ascent and decompression. It is
necessary to provide higher oxygen concentrations at
shallower depths to stay within the working range
indicated in Figure 6-1.

d. Diluent Gasses. The oxygen percentages shown in Figure 6-1 are
applicable with any diluent gas or mixture of diluent gasses.
Oxygen-nitrogen mixtures, including air, can be used freely if the nitrogen
partial pressure is limited to 3 atm, the pressure at which the first
symptoms of nitrogen narcosis appear. However, nitrogen partial pressures to
5.5 atm can be used with care by experienced divers for short periods (see
Reference (3), U.S. Navy Diving Manual). (This is equivalent to diving at
200 feet with air.) For depth greater than 200 feet, helium is the diluent
gas now generally used because it is nontoxic at any practical depth and
because its low density reduces breathing effort. When helium is used, it
introduces two serious problems which must be solved: Occupant body heat loss
due to extremely high heat transfer coefficient of helium and occupant
high-pitched speech due to the sonic velocity of helium. The primary body
heat loss problem can be solved by raising the chamber temperature under
pressure at least 15 deg. F above normal for diver comfort. Because the
occupant cannot be returned to normal pressure and temperature immediately,
the PV must have a good heating system with precise temperature control and
at least one backup heat source to keep the occupant warm for a mission of
many days. The high-pitched speech problem can be eliminated by the use of
the helium speech unscrambler for communications.



e. Contaminants. Various constituents of compressed gasses can have
detrimental effects on the health of the diver. Some of these contaminants
and their effects are discussed in the following paragraphs.

(1) Carbon dioxide can be a major contaminant in a breathing-gas
system being supplied by a compressor because of its existence in the air
being compressed, or because of improper function of the compressor. A
significant amount of carbon dioxide is also produced by chamber inhabitants.
Respiration accounts for the largest part of COr2q production. The amount
varies between 0.15 and 0.40 pounds/man/hour, depending upon the level of
physical activity. The normal concentration of COf2q in expired air is 3.75
percent. The physiological reaction to carbon dioxide at atmospheric
pressure as a function of its partial pressure is shown in Figure 6-2. In
order to remain below a given partial pressure, as the total pressure is
increased, requires the attainment of lower and lower concentrations of
carbon dioxide. Acceptable limits of carbon dioxide concentrations as a
function of exposure period and depth are shown in Figure 6-3. Because the
physiological effects of concentration as a function of pressure have not
been investigated in as much detail for carbon dioxide as for oxygen, the

effect of depth has been estimated as shown in Figure 6-3. (See Reference
(4), Roth, Space-Cabin Atmospheres; Part IV -- Engineering Trade-Offs of
One-Versus Two-Gas Systems.) This estimation is based on reported values

(see Reference (5), Elkins, The Chemistry of Industrial Toxicology and
Reference (6), Williams, Some Effects of Water Vapor and System Pressure on
Dynamic Reaction to COf2q with Solid Absorbents) and on the effect of oxygen
concentration as shown in Figure 6-1. For exposure periods shorter than one
hour, carbon dioxide partial pressure of 0.5 percent produces only mild toxic
effects, and serious discomfort may result at 2.0 percent.

(2) Carbon monoxide is sometimes available as a contaminant of a
breathing-gas system being supplied by a compressor. It exists in the air
being compressed and it is a byproduct of an improper functioning compressor.
A small amount of carbon monoxide is also produced by the diver (10 cc per
day at 1 atm) (see Reference (7), Gannoe, Final Report on Gas Monitoring
Equipment Investigation). The toxic effect of carbon monoxide is due
primarily to its affinity for hemoglobin, the oxygen carrier of the blood.
If 500 ppm of carbon monoxide is inhaled at atmospheric pressure until
equilibrium is approached, 50 percent of the hemoglobin in the body will be
combined with carbon monoxide. This will result in slight confusion and
possible fainting or collapse upon exertion. Asphyxiation by carbon monoxide
to the extent of unconsciousness, if not prolonged, usually has no
significant after effects. Prolonged anoxemia, however, may result in
permanent damage to the brain. Exposure to concentrations greater than 1200
ppm can be fatal. Figure 6-4 shows limits for carbon monoxide extrapolated
to a depth of 1000 feet. These curves do not consider the partial pressure
of oxygen in compressed-air exposures which would allow the carbon monoxide
content to be greater than shown here. Work by the Navy Toxicology Unit has
shown that with a constant partial pressure of oxygen the acute toxicity of
carbon monoxide is a linear function of its partial pressure (see Reference
(8), Wands, Some Recommended Standards for Compressed Air for Breathing).
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(3) Water Vapor. The respiratory system can tolerate a wide
variation in the amount of water vapor contained in the air. Experience has
shown that the relative humidity in breathing gas should be at least 30
percent to prevent lung irritation. A relative humidity of over 90 percent
can be tolerated but condensation becomes a problem with equipment operation.
In general, the relative humidity of breathing gas should be between 50 and
70 percent.

(4) Hydrocarbons represent some of the most significant classes of
contaminants which may be present in a sealed environment.

(a) Sources. Sources of troublesome hydrocarbon contaminants
include (1) organic solvents in the form of paints, paint thinners, alcohols,
degreasing and dry cleaning agents, adhesives, metal cleaners, etc.; (2)
lubricating and fuel oils; (3) certain normally nonvolatile plastics (vinyls
and Teflon for instance) which, if subjected to high temperatures, will exude
toxic fumes; and (4) chamber inhabitants. Strict attention shall be paid to

not only what is used in the chamber but also what is locked in during
pressurization.
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(b) Health hazards. The organic solvents, especially the
halogenated varieties, are all hazardous to health in some degree. High
concentration of the vapor may cause the sudden onset of dizziness, headache,
nausea, vomiting, and central nervous system depression leading to
unconsciousness and death; lesser concentrations may also cause serious
illness. Symptoms do not generally appear until after considerable damage
has been done to vital organs such as the liver, kidneys, and bone marrow.
The toxicological properties of hydrocarbons vary. The volatile liquid
hydrocarbons are somewhat narcotic, and the higher molecular-weight members
are irritating. Certain of the aromatic group have carcinogenic
(cancer-producing) properties, and a few of the other high-molecular-weight
compounds are poisonous. Benzene is the most dangerous of the common
hydrocarbons because it has a cumulative effect that can be fatal.

(c) Fire hazard. The presence of hydrocarbons in the
chamber, especially in high Of2q atmospheres, presents a serious fire hazard.

(d) Limits. Figure 6-5 shows two limits for total
hydrocarbons in a breathing-gas system as a function of depth. These curves
have been estimated on the basis that the allowable concentration of
hydrocarbons during an extended dive at 1000 feet is 5 percent of that
allowed at atmospheric pressure (see Reference (7)). The slope of the curve
for short-duration dives is the same as that for extended dives.

(5) Oxides of nitrogen are possible trace contaminants of
breathing-gas systems. They are produced by the high-temperature combustion
of 0il or gasoline, and they can be contained in air being compressed for a
breathing-gas system. Nitrogen dioxide (NOf2q) is considerably more toxic
than nitric oxide (NO), acting as an acutely irritating substance. In equal
concentrations, it is more injurious than carbon monoxide. Figure 6-6 shows
two limits of concentration for nitrogen dioxide as a function of depth. The
limit at the surface is from federal specification BB-A-1034. These curves
were based on the assumption that the allowable concentration of nitric oxide
or nitrogen dioxide during an extended dive at a 100-foot depth is 5 percent
of that allowed at atmospheric pressure. The slope of the curve for the
short-duration dive is the same as that of the extended dive.

(6) Sulfur dioxide is probably the most widespread of the man-made
air pollutants, and it is often contained in the air being compressed for a
breathing-gas system. Concentrations in excess of 10 ppm are definitely
irritating. Figure 6-7 shows two limits of sulfur dioxide for breathing-gas
systems as a function of depth. The curves are estimated on the basis that
the allowable concentration of sulfur dioxide during an extended dive at a
1000-foot depth is 5 percent of that allowed at atmospheric pressure. The
slope of the curve for the short-duration dive is the same as that of the
extended dive.

3. BREATHING GAS CONSUMPTION REQUIREMENTS. In a chamber atmosphere human
breathing gas requirements are based on oxygen that is consumed in
respiration. The diluent gas (nitrogen and/or helium) is not consumed or
altered.
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NOTE: If a built-in breathing (BIB) system is employed,

high concentration of oxygen, or pure oxygen, is
breathed and the exhaled gas must be vented outside
the chamber.

Chamber supply gas requirements are a function of both breathing gas
requirements and supply system design, and are discussed in Sections 2 and 3.
Figure 6-8 relates oxygen consumption and respiratory volume to rate of
exertion. The data for Figure 6-8 are based on experimental measurements and
provide a basis for the selection of breathing-gas quantities. The mass rate
of oxygen consumption and corresponding carbon dioxide production varies with
the rate of exertion and is independent of depth. As indicated in Figure
6-8, values of oxygen consumption vary from about 0.5 standard liters per
minute (slm) when at rest to about 4.0 slm with heavy exertion. These

values are equivalent to 0.0895 and 0.716 pound of oxygen per hour, or 1.14
and 9.13 standard cubic feet (scf) per hour. The actual volume of oxygen
consumed at depth would decrease in inverse proportion to absolute pressure
in accordance with gas laws. The values for respiratory minute volume (RMV)
shown in Figure 6-8 are determined by carbon dioxide ventilation requirements
within the body, and these volumes are the same at diving depths. Thus, the
mass flow of gas to meet respiratory ventilation requirements increases in
direct proportion with depth and with oxygen consumption. (See Reference
(9), Riegel, Design of Breathing Apparatus for Diving to Great Depths.)
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4. TEMPERATURE-HUMIDITY REQUIREMENTS. Experimental data relating comfort
to temperature and humidity for hyperbaric conditions is very scarce.
However, guidelines can be established from past chamber experience.

a. Temperature. Chamber temperatures in the range of 70 to 80 deg. F
are required for air missions to 200 feet, however, helium-oxygen missions
require higher-than-normal temperatures to keep occupants comfortable.
Chamber temperatures in the range of 85 to 95 deg. F are required at the 400
to 2000-foot depths. Helium heat transfer properties and increased density
are responsible for greater quantities of heat being convected away from the
body. Lower pressures and gas mixes more closely resembling air dictate
progressively lower gas temperatures for comfortable body temperature
maintenance.

The designer should note that the comfort range for
helium dives is very narrow. Adequate control equipment
must be provided.

NOTE:

b. Humidity. Experience has shown humidity requirements to be the same
for hyperbaric atmospheres as for normal atmospheres. In general, the
humidity should not be under 30 percent and normally controlled between 50
and 70 percent.



5. PRESSURIZATION/DEPRESSURIZATION. The limiting pressurization/
depressurization rates must be known and provision for adherence to these
limits designed into the chamber systems.

a. Pressurization. The pressurization rate for hyperbaric chambers will
vary from a few feet per minute to the higher rates required for submarine
escape training. Design pressurization rates for chambers intended for
treatment of decompression sickness should be 100 feet per minute from 0 to
165 feet seawater pressure.

b. Depressurization. Design depressurization rates should be in
accordance with the diving decompression schedules listed in the U.S. Navy
Diving Manual (Reference (3)). Normally, the capability for very slow
depressurization is required, 4 feet per hour being a typical rate. The
control system design should incorporate automatic mode to relieve the
chamber operator at the slow rates.

Section 2. AIR SYSTEMS

1. COMPRESSED AIR SYSTEMS. Compressed air systems are used mainly in
recompression chambers, experimental air diving, and air saturation diving
hyperbaric complexes. This section discusses the basic elements of an air
system as shown schematically in Figure 6-9.

2. INTAKE AIR FILTER. Regardless of how clean the atmospheric air is at
the point of compressor suction, the air must be filtered to prevent
contamination and unnecessary wear in the compressor. Under local
contamination, such as exhaust of an internal combustion engine near the
suction filter, the compressor or the engine must be shut down. In cases
where an emergency diesel generator is installed in the facility, an
electrical interlock which will shut down the compressor when the generator
starts is desirable.

Air intakes should be located in the open, well above ground level and sited
as far as possible from equipment which emit impurities. Hoods, screens,
and/or filters should be used to protect the intake from rain, hail, and
other wind-borne debris.

Compressor manufacturers will supply requirements for pressure drop through
intake piping and filtering. The manufacturer will also provide the maximum
length and size of intake piping recommended so as not to damage the
compressor. If this information is not supplied by the manufacturer, it is
recommended that the pressure drop not exceed 3 inches of water. A dry type
intake filter is recommended over all other types, an oil bath type is
prohibited.

3. COMPRESSOR. The air compressor should have the required output flow
capacity and discharge pressure of compressed air at an acceptable air purity
with good reliability and low maintenance.
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a. Capacity. Output flow capacity should be large enough to support

the operating requirements of the facility. If the compressor supports a
recompression chamber, the capacity should be equal to or greater than the
compressed air or ventilation requirement unless there is a large storage
capacity. If the compressor is to support a saturation complex, the capacity
should be large enough to replenish the storage capacity within a moderate
time frame in the event of an emergency requirement.

b. Pressure. Discharge pressure of the compressor should not exceed
the working pressure of the piping system or storage flasks.

c. Purity. Air purity of compressor discharge should be as clean as
possible for breathing media.

d. Reliability. Completely reliable and low maintenance compressors
are available in several types. The most common and most preferred is the
reciprocating type compressor. When an oil-lubricated compressor is
selected, it is possible to meet the breathing gas standards through the use
of 0il separators and special filtration equipment.

4. OIL FILTER AND SEPARATOR. The most effective oil filtration and separator
system for an oil-lubricated compressor is the coalescing filter element.

5. STORAGE FLASKS. The flasks designed to store compressed air must meet
specific requirements more stringent than that for other breathing gasses.
Consideration must be made for the moisture content and extracting the water.
The size of the flask and the desired storage pressure must also be primary.
The bottles should be stored so that a drain valve is in the lowest position.
If the flask is to be mounted to stand upright, a drain valve must be located
in the lower point. If the bottle’s valving is located at the lowest point,
then a valve must be installed as part of the piping as shown in Figure 6-10.
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FIGURE 6-10
Vertical Storage Flask Drain

If the flask is to be mounted on the horizontal plane and the storage flask
is equipped with a drain valve in the flask, the flask must be tipped
downward at an angle so that the drain valve is at the lowest point as shown
in Figure 6-11. Normally the valve is located at least 6 inches below the
furthest low spot in the flask.

If the bottle is not equipped with a drain valve, provision may be to add the
valve or install a low-point suction line as shown in Figure 6-12.

6. PREVENTION OF LINE FREEZE. In geographical locations where freezing
winter conditions prevail, provision must be included to prevent air line
freezing. Air line freezing occurs when the dew-point of the air is above the
ambient temperature. During operations when air is used from storage, the
pipes will collect condensate causing the outside of the pipe valves and
regulators to accumulate a layer of ice. Pipes should be insulated or
protected against the elements and wherever possible valves and regulators
should be mounted inside the building.

7. ADDITIONAL INFORMATION ON COMPRESSORS AND COMPRESSED AIR DISTRIBUTION
SYSTEMS. For additional information on compressors and compressed air
distribution systems, refer to NAVFAC DM-3, Mechanical Engineering Design
Manual (see Reference (10)).
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Section 3. GAS SYSTEMS

1. MIXED GAS BREATHING SYSTEMS. The correct gas mixture of helium, oxygen,
and nitrogen for missions under high pressure (greater than 300 feet) is
supplied to the PV by the gas system. The basic elements of the gas system
are shown in Figure 6-13.
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FIGURE 6-13
Typical Gas System
2. TRUCK TRANSFER. Delivery of the large volumes of pure helium, oxygen,

and nitrogen required for saturation diving are made by truck trailers. The
hyperbaric facility design should provide easy access for the trailer to the
transfer position. A truck trailer drive-through road or access at the
transfer position is desirable. Transfer of gas by the equalizing method
followed by the pumping method through a compressor or pump is shown in
Figure 6-14.

3. GAS STORAGE. Three gasses are usually stored for mixed-gas dives:
oxygen, helium, and heliox mixture. Storage volumes are determined by depth,
chamber mission time (descent time, bottom time, and decompression time),
breathing gas composition requirements, and number of divers. In addition,
there must always be available an adequate back-up storage of all gas for
both breathing and pressurization to complete the decompression schedule from
maximum chamber pressure, including sufficient gas for possible stages of
repressurization or recompression.
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Gas Transfer to Storage

In making gas storage volume calculations it must be recognized that the
storage volume will not flow gas to the chamber when at equilibrium pressure
with the chamber unless provisions are included to transfer the gas. In Part
2 of the U.S. Navy Diving-Gas Manual (Reference (1)), tables of gas
properties are presented for convenient use in the design of diving systems.
These tables show how gasses such as helium, oxygen, and air deviate from the
ideal gas laws. The pressure range covered is 0 to 1500 feet of seawater for
chamber calculations, and 500 to 5000 psi for gas storage calculations. The
temperature range covered is 30 deg. F to 130 deg. F. Properties of 5 pure
gasses and of 25 mixtures of heliox are tabulated.

Required storage volume will dictate the size and number of storage flasks
required. Flask shape and volume for the various sizes used by the U.S. Navy
is included in military specification MIL-F-22606.

4. GAS MIXING. When gasses, other than air, are used for breathing at depth,
a method of accurately mixing the various gasses must be devised.

Commercial mix rig systems are available which utilize a continuous flow
mixing process. This method has proved most accurate, repeatable and a
producer of a large quantity of gas in a short period. Figure 6-15 shows how
the pure gasses flow at normal storage pressures (1100 psi or greater) to the
input regulator (1), the gas is then heated to a specified and controlled
temperature in heaters (2), so that the flow metering valves (3) always
measure gas at the same pressure and temperature. This eliminates the need
for computing temperature and pressure corrections. After passing through
the metering valves, the three gas streams are mixed in a turbulent mixing
chamber (4), then passed through a regulator (5) that controls the
flowmeter-outlet pressure at 950 psi. A sample of the mixed gas is withdrawn
through line (6) and passed through a gas analyzer. The main gas stream
passes through regulator (7), where its pressure is regulated at the value
needed to supply the diver. An accumulator (9) provides for mixed-gas
storage. With the above pressure levels, the rate of flow of the mixture is
160 scfm, equivalent to 6 cfm at depth for a depth of 850 feet. The mixer
output may be used to supply the PV directly or may be routed through a
compressor to storage.
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FIGURE 6-15

Schematic Arrangement of Airco Mixmaker® Mixing Systern {1)

5. CARBON DIOXIDE CONTROL. After the gasses are supplied to the chamber,
the task is then to maintain the gas in a clean breathable state. This is
the function of the life support system. The life support of a saturation
system consists of removing the carbon dioxide, odors, and dust from the gas
and cooling to dehumidify, and heating the gas. As shown in Figure 6-16, gas
is drawn from the chamber through a double hull stop valve, then through a
blower to the carbon dioxide scrubber. After the scrubber, the gas is
dehumidified by cooling then reheated to the desired temperature. A Purifil
filter following the carbon dioxide scrubber is included to remove body
odors. A filter element on top of the Purifil filter made of Armalon will
remove all dust particles.
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FIGURE 6-16
Carbon Dioxide Control
a. COr2q Absorbent. The weight of absorbent required is determined by

the weight of carbon dioxide to be absorbed and the efficiency of absorbent
use. Carbon dioxide weight is determined by the number of divers served, the
carbon dioxide production rate per diver, and the operating period.
Efficiency of absorbent use is determined by canister design and operating
conditions; high efficiency requires good distribution of gas flow through
the bed, humidity above 70 percent, temperature above 60 deg. F, and freedom
from moisture condensation in the bed. Figure 6-17 summarizes the
characteristics of Baralyme, lithium hydroxide, and Sodasorb, three
commercial carbon dioxide absorbents. Baralyme can be used if there is a
potential moisture problem because it is not caustic if wetted. Sodasorb can
be used for hyperbaric chambers in which moisture is not a problem.

b. Quantity of COf2q. The weight of carbon dioxide generated depends
upon the rate of oxygen consumption, which varies with the rate of effort as
shown in Figure 6-8, and with the respiratory quotient, which is the ratio of
carbon dioxide produced to oxygen consumed. At moderate depths, the maximum
rate of oxygen consumption is about 3 slm; at very great depths this
decreases to 2 slm because of increased breathing resistance. The
respiratory quotient varies from 0.7 to 1.1, averaging 0.9. Thus, the
maximum rate of carbon dioxide production for 3 slm oxygen consumption and
0.9 respiratory quotient, is 2.7 slm, equivalent to 0.71 pounds/hour.

c. Effect of Temperature. The rate at which carbon dioxide is
absorbed is considerably lower at 40 deg. F than at 70 deg. F. In some
scrubbers sized for adequate performance at 70 deg. F, absorbing capacity at
40 deg. F may be as little as 1/3 that at 70 deg. F.

d. Absorbent Bed Configuration. A variety of absorbent-bed
configurations are in use, and none seem to have advantages that make them
universally applicable. The principle design requirements are to provide an
adequate amount of absorbent, uniform distribution of gas flow through the
absorbent bed, and sufficient time for the absorption reactions to occur.
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(1) Sizing. The total weight of the absorbent can be selected on
the basis of the total weight of carbon dioxide to be absorbed. The volume
of a tightly-packed absorbent bed will then depend upon the absorbent
density, Figure 6-18, and the residence time will be the same for any
configuration of this volume. (Residence time is equal to absorbent bed
volume divided by gas volume flow.)

If the bed volume is selected on the basis of absorbent weight, then the
residence time of gas in the bed will be proportional to the operating period
for which the scrubber is designed, and the rate of ventilation through the
absorber. As a general rule, the volume flow rate required for COf2q removal
should be the same at all depths, matching respiratory volume
characteristics.

(2) Pressure Drop. The pressure drop through an absorbent bed will
depend upon the relation of flow cross section and bed depth for a fixed bed
volume. A large cross section and small depth will result in low pressure
drop. However, a uniform flow distribution over the cross section depends
upon uniformity of pressure drop. This may be difficult to control if the bed
is too thin or if the absorbent material is not packed properly in the
canister. These difficulties can be minimized by using a perforated plate at
the inlet of the bed to provide controlled pressure drop and flow
distribution, and by establishing proper packing techniques. Figure 6-18
shows the relation of pressure drop to superficial velocity, pressure, and
bed depth for air passing through a bed of 4 to 8 mesh Sodasorb or Baralyme
pellets. The superficial velocity is defined as the calculated velocity for
flow through the empty bed space. The data of Figure 6-18 are experimental
data for air only and are taken in a flow regime of variable friction and
momentum losses such that the data cannot be readily interpreted for
helium-oxygen mixtures.

(3) Canister Design. Figure 6-19 shows two typical canister
designs. Annular canisters are used with radial flow in either the inward or
the outward direction. Cylindrical canisters usually contain annular baffles
as shown to minimize by-passing of flow at the canister walls. The canister
requires frequent servicing due to limited absorbent life. The cover should
be of the quick-opening type, such as shown in Figure 3-23, and to facilitate
removal and replacement of the absorbent, the designer should consider the
use of cartridge-type replacement units. Servicing of the canister will be
necessary also due to the corrosive effects of the absorbents. Careful
selection of materials will reduce this tendency. However, the canister
should be accessible for cleaning.

6. TEMPERATURE-HUMIDITY CONTROL. A typical temperature-humidity control as
shown in Figure 6-20 includes the following elements:

a. Cooling coil.
b. Cooling coil control valve.
c. Cooling coil by-pass.

d. Water trap.
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Relation of Pressure Drop to Superficial Velocity, Pressure, and
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Pressure, and Bed Depth for Air Passing Through a Bed
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e. Heating coil.
f. Heating coil control valve.

Gas flowing into the control is cooled to remove the moisture, then reheated
to an acceptable temperature. The cooling coil by-pass is used when the
moisture content is low enough that further dehumidification would produce
unacceptably low relative humidity.

Heating and cooling coils are sized by consideration of the worst case loads.
The control valves on each coil and the by-pass on the cooling duct are used
to adjust the system to less-than-worst case conditions. Heating coil
capacity worst case is the high-pressure, high-helium atmosphere which
requires higher chamber temperatures to maintain acceptable body heat loss of
the inhabitants. Cooling coil capacity worst case may occur when the chamber
is first closed and the moisture content of the atmosphere is high, when the
chamber must be kept cold during a test, or when moisture must be removed at
high chamber pressure. Cooling coil capacity will also determine the time



required to achieve an acceptable relative humidity.
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FIGURE 6-19
Typical Canister Configuration {1}

(1) Psychrometric Calculations. Standard psychrometric charts are
commonly used in calculating the effects of heating and cooling moist air at
atmospheric pressure. Such charts relate enthalpy changes to wet- and dry-
bulb temperatures, relative humidity, dew point, and specific humidity, and
permit graphical solutions of usual problems. These standard charts are set
up for a single gas mixture (air) and for a single pressure (14.7 psia), and
are not suitable for use with a range of gas compositions and pressures.

Figures 6-21 through 6-23 show three psychrometric charts developed for use
at elevated pressures from 14.7 psia to 200 psia. Figure 6-22 covers the
pressure range from 100 psia to 600 psia. Figure 6-23 provides temperature
corrections for moisture enthalpy, to be applied to enthalpy data from
Figures 6-21 and 6-22. Figures 6-21 and 6-22 are similar except for the
vertical scale.

The mole has been used as the unit of gas quantity. A mole, as used in this
discussion, is a quantity having a weight, in pounds, equal to the molecular
weight of the dry gas. The volume of a mole of gas is the same for any gas
of any molecular weight, at any specified temperature-pressure. Accordingly,
the molar volume and the partial pressure of water vapor provide a means of
determining the quantity of water per mole of gas, on which all other



psychrometric relations are based.

39-232



[o2u0 Aliplwny-aimeladws |
0Z-9 34dNDHId

|01juod 1103 Bulpay

uOHOLyli4 puD

~uoypayling of

doJ4] JajDM

jO4jueD)
(10 buijoo)

/ WoisAS |DACLY

-8y ¢0D woly

sspdAg 10D o:__ooo\




{sob Aip djowy/nig IuALo) aunjSIon J0 Adjoylug

8

1200
1000
BOO
600

130

120

110

100

90

FIGURE 6-21
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The slopes of constant-wet-bulb lines for different gas mixtures are shown in
the upper left area of Figures 6-21 and 6-22. The molar specific heats of
air, nitrogen, and oxygen are approximately equal at 6.95 Btu/pound-mole, as
represented by the highest line, and the molar specific heat of helium is
lower, at 4.96 Btu/pound-mole, represented by the lowest line. Lines for gas
mixtures containing different percentages of helium are plotted between these
limits. To determine a constant-wet-bulb-temperature line, draw a line
parallel to the appropriate line in the upper left area of the chart,
starting at the intersection of the wet-bulb temperature value and the proper
pressure curve. Extend the line to the right until it reaches the desired
value of dry-bulb temperature. The mole fraction of water vapor in the
mixture at the dry-bulb temperature is read from the right scale. The
relative humidity can then be calculated as the ratio of this value to the
value corresponding to the intersection of the dry-bulb temperature with the
proper pressure curve. If both the dry-bulb temperature and the relative
humidity are known, wet-bulb temperature can be found by the following
procedure: (1) read moisture mole fraction for saturated gas at dry-bulb
temperature and proper pressure curve; (2) multiply this value by relative
humidity, and plot the result on the dry-bulb temperature line; (3) draw a
constant-wet-bulb temperature line from this point to the left, to intersect
with the proper pressure curve. The wet-bulb temperature can be read below
this intersection on the temperature scale.

Both enthalpy and moisture concentration appear on the vertical scale of
Figures 6-21 and 6-22, with the temperature correction for the effect of
mixture shown in Figure 6-23. Most of the enthalpy of the water vapor is in
the latent heat of vaporization. Consequently, the water-vapor enthalpy is
almost directly proportional to the amount of water vapor present. Enthalpy
is expressed in Btu/mole of dry gas.

7. GAS DISTRIBUTION. The following items are important considerations in
designing systems for distributing compressed gas to, from, and between the
gas system components.

a. Flexibility. Flexibility is necessary in the routing of gasses to
provide back-up in the event of critical equipment malfunction. This
includes emergency by-pass valves around filters, regulators, or any other
equipment where by-pass may be necessary in event of malfunction, and
redundant gas supply lines so that loss of one line will not jeopardize the
safety of the chamber occupants.

b. Line Size. Proper line sizes are necessary to supply maximum gas
flows required by the various system components.

c. Valves. Proper valve sizes and opening rates are necessary to
allow system operators to be able to control flows and pressures required to
maintain chamber habitability.

d. Dead Ends. Dead ends, bends, and low points should be kept to a
minimum in the piping and distribution system but should permit cleaning of
the system in place.

e. Exhaust Lines. Exhaust lines should be provided from all gas
storage banks. Exhaust lines designed for oxygen service should discharge to
the atmosphere at a location which will minimize fire hazards and
contamination to the system.



8. COMPRESSORS/TRANSFER PUMPS. Commercially available compressors
presently being used for compressing or transferring helium, oxygen, or
helium-oxygen mixtures are diaphragm-type compressors. The diaphragm
compressor 1s a combination of two systems, hydraulic on one side of the
diaphragm, and breathing gas on the other. The hydraulic system provides the
force to move the diaphragm, which in turn compresses the gas.

CAUTION: A system should be provided to positively and
rapidly detect the rupture or failure of the
diaphragm, before the hydraulic fluid can contaminate
the pumped gas. It should be so
designed that an interlock circuit will shut down
the compressor when failure is detected.

A compressor should incorporate a by-pass check valve, for equalizing
pressure across the diaphragm before compressor startings, and a vent to
atmosphere immediately downstream of the discharge valve. Gas from
compressor/transfer pumps should pass through a back pressure regulator
designed to handle the maximum required compressor flow and set at desired
flask charging pressure.

System requirements needed to select a compressor/transfer pump include
suction pressure, discharge pressure, suction gas temperature, materials, and
capacity.

9. GAS MONITORING. The quality of the compressed gas should be
continuously, or at least periodically checked to assure that low contaminant
requirements are maintained. The contaminants, which should be monitored in
the chamber are COr2q, oxygen, and hydrocarbons. Levels and ranges of the
various chamber gasses and contaminant limits are discussed in Section 1,
Paragraph 2, Breathing Gas Composition Requirements.

Gas analysis equipment is available from various manufacturers for use in
testing gas samples for contaminants. Figure 6-24 shows how gas samples are
taken from the chamber, reduced to 15 psig, and fed through a capillary line
to the analysis equipment to rapidly detect any change in the gas.

Calibrotion Standards
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I
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Other |
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FIGURE 6-24
Gas Sampling Equipmant



Section 4. AUXILIARY BREATHING SYSTEMS

1. BUILT-IN-BREATHING APPARATUS. Built-in-breathing (BIB) apparatus should
be provided in the chamber for use in rapid descent mixed gas dives,
emergency treatments, oxygen therapy, and decompression treatment. Mask,
oral-nasal, or mouthpiece type apparatus can also be used to protect against
inhalation of products of combustion, excessively hot gasses, or against
toxic gasses in the event of chamber atmosphere contamination.

The number of BIB’s provided should be greater than the maximum number of
chamber inhabitants to allow for the possibility of some of the masks being
damaged or being made inaccessible during an emergency. Complete sets of
BIB’s should allow access to all internal chamber controls.

A typical BIB system is shown in Figure 6-25. The high pressure oxygen or
mixed gas is plumbed to the mask supply regulator then through a hull stop
valve to the diver BIB mask. The supply regulator is a dome-loaded tracking
regulator which is loaded using the chamber internal pressure and regulates
the supply pressure to 100 psig over chamber pressure. The regulator on the
BIB mask reduces the pressure to a normal demand pressure. A hand-loaded
regulator is less expensive and works effectively if the chamber occupants
are always near the regulator to make adjustments during the mission. In
either case, the regulator must automatically exhaust ascent modes. The
overboard dump regulator must be a negative bias regulator with a maximum
discharge pressure of 15 psig. Keyed disconnects will prevent wrong hose
connections.
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Stop Bias
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Supply Tracking
BIE Mask Regulator I [ :
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FIGURE 6-25

Typical BIE Gas System



The open-circuit BIB mask exhaust leads to the chamber itself directly from
the mask, or to an overboard dump system, which discharges the unused gas
outside the chamber. The chamber exhaust or the overboard dump is preferred
to prevent an uncontrolled Op2q buildup within the chamber which will pres