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PREFACE

FIFTH EDITION

I originally purchased the Valve Selection Handbook first edition way
back in 1982, during my early years in the oil and gas industry. I was then
working in Indonesia for a company called Huffco, a U.S.-based indepen-
dent operator, who had oil and gas facilities on the island of Borneo. Starved
of information in this jungle environment and during the pre-Internet days,
I needed a reference book that would give me some professional guidance.
I found this information in the Valve Selection Handbook, which either
resolved the current problem that I was facing or “turned on the lights” and
pointed me in the right direction.

I am a great believer in the Internet for general searching, however I
always prefer to review detailed information “off paper.” Even the various
software packages that allow you to search through a specific volume have
their limitations. For this reason I still believe that reference books are
a relevant method of presenting and accessing technical information and
data. Word searches help, but sometimes you do not know exactly what
you are looking for until you have found it.

We are now at edition five and, although valve engineering is far from
rocket science, advances have been made over the last quarter century in
design, manufacturing processes, and materials for construction. Materials
previously known as “exotic,” such as Duplex, Monel®, Inconel®, and
titanium, are know used more commonly and have become economically
viable solutions to engineering problems.

I was honored when I was invited by Phil Carmical of Elsevier Science
to edit the fifth edition of this title, because it was a book that I not only
owned, but also respected because of its usefulness.  have made very subtle
changes to the original text and, because the original was concise and to
the point, I have adopted the same philosophy for the additional chapters
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on actuators, double block and bleed ball valves, and valve locking devices
that have been written for this fifth edition. I have also included a glossary
of valve terminology that will assist the reader.

I value any feedback via the publisher on the content of this book and
where appropriate it will be incorporated in the next edition.

Peter Smith
London, April 2003
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INTRODUCTION

The purpose of this book is to assist the Piping Specifying Engineer in
the selection of valves for a specific application and that meet the design
parameters of the process service. Valve selection is based on function,
material suitability, design pressure/temperature extremities, plant life, end
connections, operation, weight, availability, maintenance, and cost. I have
deliberately placed cost at the end for a reason. If the valve does not meet
the design criteria, then even if it is free, it is still too expensive, because of
the costs to replace it when it fails. Just like life, valve selection is a series
of compromises.

Valves are the components in a fluid flow or pressure system that regulate
either the flow or the pressure of the fluid. This duty may involve stopping
and starting flow, controlling flow rate, diverting flow, preventing back
flow, controlling pressure, or relieving pressure.

These duties are performed by adjusting the position of the closure
member in the valve. This may be done either manually or automatically.
Manual operation also includes the operation of the valve by means of a
manually controlled power operator. The valves discussed here are manu-
ally operated valves for stopping and starting flow, controlling flow rate,
and diverting flow; and automatically operated valves for preventing back
flow and relieving pressure. The manually operated valves are referred to
as manual valves, while valves for the prevention of back flow and the
relief of pressure are referred to as check valves and pressure relief valves,
respectively.
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Rupture discs are non-reclosing pressure-relieving devices which fulfill
a duty similar to pressure relief valves.

Fundamentals

Sealing performance and flow characteristics are important aspects in
valve selection. An understanding of these aspects is helpful and often
essential in the selection of the correct valve. Chapter 2 deals with the
fundamentals of valve seals and flow through valves.

The discussion on valve seals begins with the definition of fluid tightness,
followed by a description of the sealing mechanism and the design of seat
seals, gasketed seals, and stem seals. The subject of flow through valves
covers pressure loss, cavitation, waterhammer, and attenuation of valve
noise.

Manual Valves

* Stopper type closure—globe, needle
* Vertical slide—gate

* Rotary type—ball, plug, butterfly

* Flexible body—diaphragm

Manual valves are divided into four groups according to the way the
closure member moves onto the seat. Each valve group consists of a
number of distinct types of valves that, in turn, are made in numerous
variations.

The way the closure member moves onto the seat gives a particular
group or type of valve a typical flow-control characteristic. This flow-
control characteristic has been used to establish a preliminary chart for
the selection of valves. The final valve selection may be made from the
description of the various types of valves and their variations that follow
that chart.

Note: For literature on control valves, refer to footnote on page 5 of this
book.

Check Valves

* Lift check
* Swing check (single and double plate)
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* Tilting disc
* Diaphragm

The many types of check valves are also divided into four groups
according to the way the closure member moves onto the seat.

The basic duty of these valves is to prevent back flow. However, the
valves should also close fast enough to prevent the formation of a sig-
nificant reverse-flow velocity, which on sudden shut-off, may introduce
an undesirably high surge pressure and/or cause heavy slamming of the
closure member against the seat. In addition, the closure member should
remain stable in the open valve position.

Chapter 4, on check valves, describes the design and operating charac-
teristics of these valves and discusses the criteria upon which check valves
should be selected.

Pressure Relief Valves

* Direct-loaded pressure relief valves
* Piloted pressure relief valves

Pressure relief valves are divided into two major groups: direct-acting
pressure relief valves that are actuated directly by the pressure of the system
fluid, and pilot-operated pressure relief valves in which a pilot controls the
opening and closing of the main valve in response to the system pressure.

Direct-acting pressure may be provided with an auxiliary actuator that
assists valve lift on valve opening and/or introduces a supplementary clos-
ing force on valve reseating. Lift assistance is intended to prevent valve
chatter while supplementary valve loading is intended to reduce valve sim-
mer. The auxiliary actuator is actuated by a foreign power source. Should
the foreign power source fail, the valve will operate as a direct-acting
pressure relief valve.

Pilot-operated pressure relief valves may be provided with a pilot that
controls the opening and closing of the main valve directly by means of an
internal mechanism. In an alternative type of pilot-operated pressure relief
valve, the pilot controls the opening or closing of the main valve indirectly
by means of the fluid being discharged from the pilot.

A third type of pressure relief valve is the powered pressure relief valve in
which the pilot is operated by a foreign power source. This type of pressure
relief valve is restricted to applications only that are required by code.
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Rupture Discs

Rupture discs are non-reclosing pressure relief devices that may be used
alone or in conjunction with pressure relief valves. The principal types of
rupture discs are forward domed types, which fail in tension, and reverse
buckling types, which fail in compression. Of these types, reverse buckling
discs can be manufactured to close burst tolerances. On the debit side,
not all reverse buckling discs are suitable for relieving incompressible
fluids.

While the application of pressure relief valves is restricted to relieving
nonviolent pressure excursions, rupture discs may be used also for relieving
violent pressure excursions resulting from the deflagration of flammable
gases and dust. Rupture discs for deflagration venting of atmospheric
pressure containers or buildings are referred to as vent panels.

Units of Measurement

Measurements are given in SI and imperial units. Equations for solving
in customary but incoherent units are presented separately for solution
in SI and imperial units as presented customarily by U.S. manufacturers.
Equations presented in coherent units are valid for solving in either SI or
imperial units.

Identification of Valve Size and Pressure Class

The identification of valve sizes and pressure classes in this book follows
the recommendations contained in MSS Standard Practice SP-86. Nominal
valve sizes and pressure classes are expressed without the addition of units
of measure; e.g., NPS 2, DN 50 and Class I 50, PN 20. NPS 2 stands for
nominal pipe size 2 in. and DN 50 for diameter nominal 50 mm. Class 150
stands for class 150 1b. and PN 20 for pressure nominal 20 bar.

Standards

Appendix C contains the more important U.S., British, and ISO standards
pertaining to valves. The standards are grouped according to valve type or

group.
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Additional Chapters

There are three additional chapters in the fifth edition of the Valve
Selection Handbook that have not been included previously:

Chapter 8—Actuators
Chapter 9—Double Block and Bleed Ball Valves
Chapter 10—Mechanical Locking Devices for Valves

A comprehensive glossary has also been included in Appendix E to
assist the reader.

This book does not deal with control valves. Readers interested in this field should consult
the following publications of the ISA:

1. Control Valve Primer, A User’s Guide (3rd edition, 1998), by H. D. Baumann.
This book contains new material on valve sizing, smart (digital) valve positioners,
field-based architecture, network system technology, and control loop performance
evaluation.

2. Control Valves, Practical Guides for Measuring and Control (1st edition, 1998),
edited by Guy Borden. This volume is part of the Practical Guide Series, which has
been developed by the ISA. The last chapter of the book deals also with regulators and
compares their performance against control valves. Within the Practical Guide Series,
separate volumes address each of the important topics and give them comprehensive
treatment.

Address: ISA, 67 Alexander Drive, Research Triangle Park, NC 27709, USA. Email
http://www.isa.org






2

FUNDAMENTALS

The fundamentals of a particular type of valve relate to its sealing
characteristics, which include in-line seat sealing when closed and where
applicable stem sealing which should prevent potential leaks into the atmo-
sphere. In the case of process systems handling hazardous fluids, harmful
to both the atmosphere and personnel, stem sealing is considered to be of
more importance.

FLUID TIGHTNESS OF VALVES

Valve Seals

One of the duties of most valves is to provide a fluid seal between the
seat and the closure member. If the closure member is moved by a stem
that penetrates into the pressure system from the outside, another fluid seal
must be provided around the stem. Seals must also be provided between the
pressure-retaining valve components. If the escape of fluid into the atmo-
sphere cannot be tolerated, the latter seals can assume a higher importance
than the seat seal. Thus, the construction of the valve seals can greatly
influence the selection of valves.
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Leakage Criterion

A seal is fluid-tight if the leakage is not noticed or if the amount of
noticed leakage is permissible. The maximum permissible leakage for the
application is known as the leakage criterion.

The fluid tightness may be expressed either as the time taken for a given
mass or volume of fluid to pass through the leakage capillaries or as the
time taken for a given pressure change in the fluid system. Fluid tightness is
usually expressed in terms of its reciprocal, that is, leakage rate or pressure
change.

Four broad classes of fluid tightness for valves can be distinguished:
nominal-leakage class, low-leakage class, steam class, and atom class.

The nominal- and low-leakage classes apply only to the seats of valves
that are not required to shut off tightly, as commonly in the case for the
control of flow rate. Steam-class fluid tightness is relevant to the seat,
stem, and body-joint seals of valves that are used for steam and most
other industrial applications. Atom-class fluid tightness applies to situations
in which an extremely high degree of fluid tightness is required, as in
spacecraft and atomic power plant installations.

Lok! introduced the terms steam class and atom class for the fluid
tightness of gasketed seals, and proposed the following leakage criteria.

Steam Class:

Gas leakage rate 10 to 100 g/s per meter seal length.
Liquid leakage rate 0.1 to 1.0 pg/s per meter seal length.
Atom Class:

Gas leakage rate 1073 to 107> pg/s per meter seal length.

In the United States, atom-class leakage is commonly referred to as zero
leakage. A technical report of the Jet Propulsion Laboratory, California
Institute of Technology, defines zero leakage for spacecraft requirements.>
According to the report, zero leakage exists if surface tension prevents
the entry of liquid into leakage capillaries. Zero gas leakage as such does
not exist. Figure 2-1 shows an arbitrary curve constructed for the use as a
specification standard for zero gas leakage.

Proving Fluid Tightness

Most valves are intended for duties for which steam-class fluid tightness
is satisfactory. Tests for proving this degree of fluid tightness are normally
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Figure 2-1. Proposed Zero Gas Leakage Criterion. (Courtesy of Jet Propulsion
Laboratory, California Institute of Technology. Reproduced from JPL Technical Report
No. 32-926.)

carried out with water, air, or inert gas. The tests are applied to the valve
body and the seat, and depending on the construction of the valve, also
to the stuffing box back seat, but they frequently exclude the stuffing box
seal itself. When testing with water, the leakage rate is metered in terms of
either volume-per-time unit or liquid droplets per time unit. Gas leakage
may be metered by conducting the leakage gas through either water or a
bubble-forming liquid leak-detector agent, and then counting the leakage
gas bubbles per time unit. Using the bubble-forming leakage-detector agent
permits metering very low leakage rates, down to 1 x 1072 or 1 x 10~% sccs
(standard cubic centimeters per second), depending on the skill of the
operator.>

Lower leakage rates in the atom class may be detected by using a search
gas in conjunction with a search-gas detector.
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Specifications for proving leakage tightness may be found in valve stand-
ards or in the separate standards listed in Appendix C. A description of
leakage testing methods for the atom class may be found in BS 3636.

SEALING MECHANISM
Sealability Against Liquids

The sealability against liquids is determined by the surface tension and
the viscosity of the liquid.

When the leakage capillary is filled with gas, surface tension can either
draw the liquid into the capillary or repel the liquid, depending on the angle
of contact formed by the liquid with the capillary wall. The value of the
contact angle is a measure of the degree of wetting of the solid by the liquid
and is indicated by the relative strength of the attractive forces exerted by
the capillary wall on the liquid molecules, compared with the attractive
forces between the liquid molecules themselves.

Figure 2-2 illustrates the forces acting on the liquid in the capillary. The
opposing forces are in equilibrium if

AP = 2T cos6
mr? AP = 2murTcos®  or i 2-1)
r

where
r = radius of capillary
AP = capillary pressure
T = surface tension
6 = contact angle between the solid and liquid

Thus, if the contact angle formed between the solid and liquid is greater
than 90°, surface tension can prevent leakage flow. Conversely, if the
contact angle is less than 90°, the liquid will draw into the capillaries and
leakage flow will start at low pressures.

The tendency of metal surfaces to form a contact angle with the liquid of
greater than 90° depends on the presence of a layer of oily, greasy, or waxy
substances that normally cover metal surfaces. When this layer is removed
by a solvent, the surface properties alter, and a liquid that previously was
repelled may now wet the surface. For example, kerosene dissolves a greasy
surface film, and a valve that originally was fluid-tight against water may
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Figure 2-2, Effect of Surface Tension on Leakage Flow through Capillary.

leak badly after the seatings have been washed with kerosene. Wiping the
seating surfaces with an ordinary cloth may be sufficient to restore the
greasy film and, thus, the original seat tightness of the valve against water.

Once the leakage capillaries are flooded, the capillary pressure becomes
zero, unless gas bubbles carried by the fluid break the liquid column. If
the diameter of the leakage capillary is large, and the Reynolds number of
the leakage flow is higher than critical, the leakage flow is turbulent. As
the diameter of the capillary decreases and the Reynolds number decreases
below its critical value, the leakage flow becomes laminar. This leakage
flow will, from Poisuille’s equation, vary inversely with the viscosity of the
liquid and the length of the capillary and proportionally to the driving force
and the diameter of the capillary. Thus, for conditions of high viscosity and
small capillary size, the leakage flow can become so small that it reaches
undetectable amounts.
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Sealability Against Gases

The sealability against gases is determined by the viscosity of the gas
and the size of the gas molecules. If the leakage capillary is large, the
leakage flow will be turbulent. As the diameter of the capillary decreases
and the Reynolds number decreases below its critical value, the leakage
flow becomes laminar, and the leakage flow will, from Poisuille’s equation,
vary inversely with the viscosity of the gas and the length of the capillary,
and proportionally to the driving force and the diameter of the capillary.
As the diameter of the capillary decreases still further until it is of the same
order of magnitude as the free mean path of the gas molecules, the flow
loses its mass character and becomes diffusive, that is, the gas molecules
flow through the capillaries by random thermal motion. The size of the
capillary may decrease finally below the molecular size of the gas, but
even then, flow will not strictly cease, since gases are known to be capable
of diffusing through solid metal walls.

Mechanism for Closing Leakage Passages

Machined surfaces have two components making up their texture: a wavi-
ness with a comparatively wide distance between peaks, and a roughness
consisting of very small irregularities superimposed on the wavy pattern.
Even for the finest surface finish, these irregularities are large compared
with the size of a molecule.

If the material of one of the mating bodies has a high enough yield
strain, the leakage passages formed by the surface irregularities can be
closed by elastic deformation alone. Rubber, which has a yield strain of
approximately 1,000 times that of mild steel, provides a fluid-tight seal
without being stressed above its elastic limit. Most materials, however,
have a considerably lower elastic strain, so the material must be stressed
above its elastic limit to close the leakage passages.

If both surfaces are metallic, only the summits of the surface irregular-
ities meet initially, and small loads are sufficient to deform the summits
plastically. As the area of real contact grows, the deformation of the surface
irregularities becomes plastic-elastic. When the gaps formed by the surface
waviness are closed, only the surface roughness in the valleys remains.
To close these remaining channels, very high loads must be applied that
may cause severe plastic deformation of the underlying material. However,
the intimate contact between the two faces needs to extend only along
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a continuous line or ribbon to produce a fluid-tight seal. Radially directed
asperities are difficult or impossible to seal.

VALVE SEATINGS

The effectiveness of the seating and the subsequent sealing of a valve
are very important factors in the selection of a valve for a specific process
function. Valve seatings are the portions of the seat and closure member
that contact each other for closure. Because the seatings are subject to
wear during the making of the seal, the sealability of the seatings tends to
diminish with operation.

Metal Seatings

Operational wear is not limited to soft seated valves and it can be
experienced with metal-seated valves if the process system is carrying
a corrosive fluid or a fluid that contains particles. Metal seatings are
prone to deformation by trapped fluids and wear particles. They are further
damaged by corrosion, erosion, and abrasion. If the wear-particle size is
large compared with the size of the surface irregularities, the surface finish
will deteriorate as the seatings wear in. On the other hand, if the wear-
particle size is small compared with the size of the surface irregularities,
a coarse finish tends to improve as the seatings wear in. The wear-particle
size depends not only on the type of the material and its condition,
but also on the lubricity of the fluid and the contamination of the
seatings with corrosion and fluid products, both of which reduce the
wear-particle size.

The seating material must therefore be selected for resistance to erosion,
corrosion, and abrasion. If the material fails in one of these requirements,
it may be completely unsuitable for its duty. For example, corrosive action
of the fluid greatly accelerates erosion. Similarly, a material that is highly
resistant to erosion and corrosion may fail completely because of poor
galling resistance. On the other hand, the best material may be too expen-
sive for the class of valve being considered, and compromise may have to
be made.

Table 2-1 gives data on the resistance of a variety of seating materi-
als to erosion by jets of steam. Stainless steel AISI type 410 (13 Cr) in
heat-treated form is shown to be particularly impervious to attack from
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Table 2-1
Erosion Penetration
(Courtesy Crane Co.)

Resulting from the impingement of a 1.59 mm (% inch) diameter jet of
saturated steam of 2.41 MPa (350 psi) pressure for 100 hours on to a
specimen 0.13 mm (0.005 inch) away from the orifice:

Class 1—less than 0.0127 mm (0.0005 inch) penetration
Stainless steel AISI tp 410 (13Cr) bar forged and heat treated
Delhi hard (17Cr)

Stainless steel AISI tp 304 (18Cr, 10Ni) cast

Stellite No. 6

Class 2—0.0127 mm (0.0005 inch) to 0.0254 mm (0.001 inch) penetration
Stainless steel AISI tp 304 (18Cr, 10Ni) wrought

Stainless steel AISI tp 316 (18Cr, 12Ni, 2.4Mo) arc deposit

Stellite No. 6 torch deposit

Class 3—0.0254 mm (0.001 inch) to 0.0508 mm (0.002 inch) penetration
Stainless steel AISI tp 410 (13Cr) forged, hardened 444 Bhn

Nickel—base copper—tin alloy

Chromium plate on No. 4 brass (0.0254 mm = 0.001 inch)

Class 4—0.0508 mm (0.002 inch) to 0.1016 mm (0.004 inch) penetration
Brass stem stock

Nitralloy 25 Ni

Nitalloy high carbon and chrome

Nitralloy Cr—V sorbite—ferrite lake structure, annealed after nitriding 950 Bhn
Nitralloy Cr—V Bhn 770 sorbitic structure

Nitralloy Cr—AlI Bhn 758 ferritic structure

Monel modifications

Class 5—0.1016 mm (0.004 inch) to 0.2032 mm (0.008 inch) penetration
Brass No. 4, No. 5, No. 22, No. 24

Nitralloy Cr—Al Bhn 1155 sorbitic structure

Nitralloy Cr—V Bhn 739 ferrite lake structure

Monel metal, cast

Class 6—0.2032 mm (0.008 inch) to 0.4064 mm (0.016 inch) penetration
Low alloy steel C 0.16, Mo 0.27, Si 0.19, Mn 0.96

Low alloy steel Cu 0.64, Si 1.37, Mn 1.42

Ferro steel

Class 7—0.4064 mm (0.016 inch) to 0.8128 mm (0.032 inch) penetration
Rolled red brass

Grey cast iron

Malleable iron

Carbon steel 0.40 C
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steam erosion. However, if the fluid lacks lubricity, type 410 stainless in
like contact offers only fair resistance to galling unless the mating com-
ponents are of different hardness. For steam and other fluids that lack
lubricity, a combination of type 410 stainless steel and copper-nickel alloy
is frequently used. Stellite, a cobalt-nickel-chromium alloy, has proved
most successful against erosion and galling at elevated temperatures, and
against corrosion for a wide range of corrosives.

API Std 600 lists seating materials and their combinations frequently
used in steel valves.

Sealing with Sealants

Certain valves have the facility to periodically introduce sealants into
the valve seat and stems to maintain an effective seal over an extended
period. The leakage passages between metal seatings can be closed by
sealants injected into the space between the seatings after the valve has
been closed. One metal-seated valve that relies completely on this sealing
method is the lubricated plug valve. The injection of a sealant to the seatings
is used also in some other types of valves to provide an emergency seat
seal after the original seat seal has failed.

Soft Seatings

Soft seats are very effective, but they have limited use at high tempera-
tures and pressures. Manufacturers of proprietary soft seats will state the
maximum and minimum design pressures and temperatures for which their
products are suitable. Some soft seats are also not suitable for some fluids
at certain pressures and temperatures.

In the case of soft seatings, one or both seating faces may consist of a
soft material such as plastic or rubber. Because these materials conform
readily to the mating face, soft seated valves can achieve an extremely
high degree of fluid tightness. Also, the high degree of fluid tightness
can be achieved repeatedly. On the debit side, the application of these
materials is limited by their degree of compatibility with the fluid and by
temperature.

A sometimes unexpected limitation of soft seating materials exists in
situations in which the valve shuts off a system that is suddenly filled with
gas at high pressure. The high-pressure gas entering the closed system acts
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like a piston on the gas that filled the system. The heat of compression can
be high enough to disintegrate the soft seating material.

Table 2-2 indicates the magnitude of the temperature rise that can occur.
This particular list gives the experimentally determined temperature rise
of oxygen that has been suddenly pressurized from an initial state of
atmospheric pressure and 15°C.*

Heat damage to the soft seating element is combated in globe valves by a
heat sink resembling a metallic button with a large heat-absorbing surface,
which is located ahead of the soft seating element. In the case of oxygen
service, this design measure may not be enough to prevent the soft seating
element from bursting into flames. To prevent such failure, the valve inlet
passage may have to be extended beyond the seat passage, so that the end
of the inlet passage forms a pocket in which the high temperature gas can
accumulate away from the seatings.

In designing soft seatings, the main consideration is to prevent the soft
seating element from being displaced or extruded by the fluid pressure.

GASKETS
Flat Metallic Gaskets

Flat metallic gaskets adapt to the irregularities of the flange face by elastic
and plastic deformation. To inhibit plastic deformation of the flange face,
the yield shear strength of the gasket material must be considerably lower
than that of the flange material.

Table 2-2
Experimentally Determined Temperature Rise of Oxygen Due to
Sudden Pressurizing from an Initial State of Atmospheric Pressure

and 15°C
Sudden Pressure Rise Temperature Rise
25 Bar (360 Ib/in?) 375°C (705°F)
50 Bar (725 1b/in?) 490°C (915°F)
100 Bar (1450 Ib/in2) 630°C (1165°F)
150 Bar (2175 Ib/in2) 730°C (1345°F)

200 Bar (2900 Ib/in?) 790°C (1455°F)
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The free lateral expansion of the gasket due to yielding is resisted by the
roughness of the flange face. This resistance to lateral expansion causes
the yield zone to enter the gasket from its lateral boundaries, while the
remainder of the gasket deforms elastically initially. If the flange face is
rough enough to prevent slippage of the gasket altogether—in which case
the friction factor is 0.5—the gasket will not expand until the yield zones
have met in the center of the gasket.’

For gaskets of a non-strain-hardening material mounted between per-
fectly rough flange faces, the mean gasket pressure is, according to Lok,
approximately:

P = 2k (”%) 2-2)

where
Py, = mean gasket pressure

k = yield shear stress of gasket material
w = gasket width
t = gasket thickness

If the friction factor were zero, the gasket pressure could not exceed twice
the yield shear stress. Thus, a high friction factor improves the load-bearing
capacity of the gasket.

Lok has also shown that a friction factor lower than 0.5, but not less than
0.2, diminishes the load-bearing capacity of the gasket only by a small
amount. Fortunately, the friction factor of finely machined flange faces
is higher than 0.2. But the friction factor for normal aluminum gaskets in
contact with lapped flange faces has been found to be only 0.05. The degree
to which surface irregularities are filled in this case is very low. Polishing
the flange face, as is sometimes done for important joints, is therefore not
recommended.

Lok considers spiral grooves with an apex angle of 90° and a depth of
0.1 mm (125 grooves per inch) representative for flange face finishes in the
steam class, and a depth of 0.01 mm (1250 grooves per inch) representative
in the atom class. To achieve the desired degree of filling of these grooves,
Lok proposes the following dimensional and pressure-stress relationships.

P
for steam class: >5 and % >2.25

m

P
>16 and — >5

for atom class:
2k

~|€ ~|%
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Gaskets of Exfoliated Graphite®

Exfoliated graphite is manufactured by the thermal exfoliation of

graphite intercalation compounds and then calendered into flexible foil
and laminated without an additional binder. The material thus produced
possesses extraordinary physical and chemical properties that render it
particularly suitable for gaskets. Some of theses properties are:

High impermeability to gases and liquids, irrespective of temperature
and time.

Resistance to extremes of temperature, ranging from —200°C (—330°F)
to 500°C (930°F) in oxidizing atmosphere and up to 3,000°C (5,430°F)
in reducing or inert atmosphere.

High resistance to most reagents, for example, inorganic or organic acids
and bases, solvents, and hot oils and waxes. (Exceptions are strongly oxi-
dizing compounds such as concentrated nitric acid, highly concentrated
sulfuric acid, chromium (VI)-permanganate solutions, chloric acid, and
molten alkaline and alkaline earth metals).

Graphite gaskets with an initial density of 1.0 will conform readily to
irregularities of flange faces, even at relatively low surface pressures.
As the gasket is compressed further during assembly, the resilience
increases sharply, with the result that the seal behaves dynamically.
This behavior remains constant from the lowest temperature to
more than 3,000°C (5,430°F). Thus graphite gaskets absorb pressure
and temperature load changes, as well as vibrations occurring in the
flange.

The ability of graphite gaskets to conform relatively easily to sur-
face irregularities makes these gaskets particularly suitable for sensitive
flanges such as enamel, glass, and graphite flanges.

Large gaskets and those of complicated shape can be constructed simply
from combined segments that overlap. The lapped joints do not constitute
weak points.

Graphite can be used without misgivings in the food industry.

Common gasket constructions include:

Plain graphite gaskets

Graphite gaskets with steel sheet inserts

Graphite gaskets with steel sheet inserts and inner or inner and outer edge
cladding
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* Grooved metal gaskets with graphite facings
* Spiral wound gaskets

Because of the graphite structure, plain graphite gaskets are sensitive to
breakage and surface damage. For this reason, graphite gaskets with steel
inserts and spiral wound gaskets are commonly preferred. There are, how-
ever, applications where the unrestrained flexibility of the plain graphite
gasket facilitates sealing.

Spiral Wound Gaskets

Spiral wound gaskets consist of a V-shaped metal strip that is spirally
wound on edge, and a soft filler inlay between the laminations. Several
turns of the metal strip at start and finish are spot welded to prevent the
gasket from unwinding. The metal strip provides a degree of resiliency to
the gasket, which compensates for minor flange movements; whereas, the
filler material is the sealing medium that flows into the imperfections of
the flange face.

Manufacturers specify the amount of compression for the installed gas-
ket to ensure that the gasket is correctly stressed and exhibits the desired
resiliency. The resultant gasket operating thickness must be controlled by
controlled bolt loading, or the depth of a recess for the gasket in the flange,
or by inner and/or outer compression rings. The inner compression ring has
the additional duty of protecting the gasket from erosion by the fluid, while
the outer compression ring locates the gasket within the bolt diameter.

The load-carrying capacity of the gasket at the operating thickness is
controlled by the number of strip windings per unit width, referred to as
gasket density. Thus, spiral wound gaskets are tailor-made for the pressure
range for which they are intended.

The diametrical clearance for unconfined spiral wound gaskets between
pipe bore and inner gasket diameter, and between outer gasket diameter
and diameter of the raised flange face, should be at least 6 mm (}1 in). If
the gasket is wrongly installed and protrudes into the pipe bore or over the
raised flange face, the sealing action of the gasket is severely impaired.
The diametrical clearance recommended for confined gaskets is 1.5 mm
({5 in).

The metal windings are commonly made of stainless steel or nickel-
based alloys, which are the inventory materials of most manufacturers.
The windings may be made also of special materials such as mild steel,
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copper, or even gold or platinum. In selecting materials for corrosive fluids
or high temperatures, the resistance of the material to stress corrosion or
intergranular corrosion must be considered. Manufacturers might be able
to advise on the selection of the material.

The gasket filler material must be selected for fluid compatibility and
temperature resistance. Typical filler materials are PTFE (polytetrafluoro-
ethylene), pure graphite, mica with rubber or graphite binder, and ceramic
fiber paper. Manufacturers will advise on the field of application of each
filler material.

The filler material also affects the sealability of the gasket. Gaskets with
asbestos and ceramic paper filler materials require higher seating stresses
than gaskets with softer and more impervious filler materials to achieve
comparable fluid tightness. They also need more care in the selection of
the flange surface finish.

In most practical applications, the user must be content with flange face
finishes that are commercially available. For otherwise identical geometry
of the flange-sealing surface, however, the surface roughness may vary
widely, typically between 3.2 and 12.5 pm Ra (125 and 500 pin. Ra).
Optimum sealing has been achieved with a finish described in ANSIB16.5,
with the resultant surface finish limited to the 3.2 to 6.3 wm Ra (125 to
250 pin. Ra) range. Surface roughness higher than 6.3 pm Ra (250 pin.
Ra) may require unusually high seating stresses to produce the desired
flange seal. On the other hand, surface finishes significantly smoother than
3.2 wm Ra (125 pin. Ra) may result in poor sealing performance, probably
because of insufficient friction between gasket and flange faces to prevent
lateral displacement of the gasket.

A manufacturer’s publication dealing with design criteria of spiral
wound gaskets may be found in Reference 7.

Gasket Blowout

Unconfined gaskets in flanged joints may blow out prior to leakage
warning when inadequately designed.

This mode of gasket failure will not occur if the friction force at the gasket
faces exceeds the fluid force acting on the gasket in the radial direction, as
expressed by the equation:

Ptndp,

2WF > Ptnd, or F>
2p

(2-3)
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where
W = friction factor
F = gasket working load
P = fluid gauge pressure
t = gasket thickness
dm, = mean gasket diameter

The joint begins to leak if:
F > wPmnd,, 2-4)

in which
m = gasket factor
w = gasket width

The gasket factor is a measure of the sealing ability of the gasket, and
defines the ratio of residual gasket stress to the fluid pressure at which
leakage begins to develop. Its value is found experimentally.

It follows thus from Equations 2-3 and 2-4 that the gasket is safe
against blowout without prior leakage warning if:

t

w > —
~ 2um

(2-5)

Krigeloh® regarded a gasket factor of 1.0 and a friction factor of 0.1 safe
for most practical applications. Based on these factors, the width of the
gasket should be not less than five times its thickness to prevent blowout
of the gasket without prior leakage warning.

VALVE STEM SEALS

Compression Packings

Construction. Compression packings are the sealing elements in stuffing
boxes (see Figures 3-17 through 3-19). They consist of a soft material that
is stuffed into the stuffing box and compressed by a gland to form a seal
around the valve stem.

The packings may have to withstand extremes of temperature, be resis-
tant to aggressive media, display a low friction factor and adequate
structural strength, and be impervious to the fluid to be sealed. To meet
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this wide range of requirements, and at the same time offer economy of
use, innumerable types of packing constructions have evolved.

The types of lubricants used for this purpose are oils and greases when
water and aqueous solutions are to be sealed, and soaps and insoluble sub-
stances when fluids like oil or gasoline are to be sealed. Unfortunately,
liquid lubricants tend to migrate under pressure, particularly at higher tem-
peratures, causing the packing to shrink and harden. Such packings must,
therefore, be retightened from time to time to make up for loss of packing
volume. To keep this loss to a minimum, the liquid content of valve stem
packings is normally held to 10% of the weight of the packing.

With the advent of PTFE, a solid lubricant became available that can be
used in fibrous packings without the addition of a liquid lubricant.

Asbestos is now avoided in packings where possible, replaced by poly-
mer filament yarns, such as PTFE and aramid, and by pure graphite fiber or
foil. Other packing materials include vegetable fibers such as cotton, flax,
and ramie (frequently lubricated with PTFE), and twisted and folded metal
ribbons.

The types of fibrous packing constructions in order of mechanical
strength are loose fill, twisted yarn, braid over twisted core, square-plait
braid, and interbraid constructions. The covers of the latter three types
of packing constructions often contain metal wire within the strands to
increase the mechanical strength of the packing for high fluid pressure and
high temperature applications.

Reference 9 offers advice on selection and application of compression
packings. Standards on packings may be found in Appendix C.

Sealing action. The sealing action of compression packings is due to their
ability to expand laterally against the stem and stuffing box walls when
stressed by tightening of the gland.

The stress exerted on the lateral faces of a confined elastic solid by
an applied axial stress depends on Poisson’s ratio for the material, as
expressed by:

— (1_—“) (2-6)
I

where
o1 = lateral stress
0, = axial stress
(L = Poisson’s ratio
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= ratio of lateral expansion to axial compression of an elastic solid
compressed between two faces

Thus, the lateral stress equals the axial stress only if p = 0.5, in which
case the material is incompressible in bulk.

A material with a Poisson’s ratio nearly equal to 0.5 is soft rubber, and
it is known that soft rubber transmits pressure in much the same way as a
1iquid.10 Solid PTFE has Poisson’s ratio of 0.46 at 23°C (73°F) and 0.36 at
100°C (212°F).!! A solid PTFE packing is capable of transmitting 85% and
56% of the axial stress to the lateral faces at the respective temperatures.
Other packing materials, however, are much more compressible in bulk,
so Poisson’s ratio, if it can be defined for these materials, is considerably
less than 0.5.

When such packing is compressed in the stuffing box, axial shrinkage of
the packing causes friction between itself and the side walls that prevents
the transmission of the full gland force to the bottom of the packing. This
fall in axial packing pressure is quite rapid, and its theoretical value can be
calculated.'?!3

The theoretical pressure distribution, however, applies to static condi-
tions only. When the stem is being moved, a pressure distribution takes
place so that an analysis of the actual pressure distribution is difficult.

The pressure distribution is also influenced by the mode of packing instal-
lation. If the packing consists of a square cord, bending of the packing
around the stem causes the packing to initially assume the shape of a trape-
zoid. When compressing the packing, the pressure on the inner periphery
will be higher than on the outer periphery.

When the fluid pressure applied to the bottom of the packing begins to
exceed the lateral packing pressure, a gap develops between the packing
and the lateral faces, allowing the fluid to enter this space. In the case of
low-pressure applications, the gland may finally have to be retightened to
maintain a fluid seal.

When the fluid pressure is high enough, the sealing action takes place just
below the gland, where the fluid pressure attempts to extrude the packing
through the gland clearances. At this stage, the sealing action has become
automatic.

Readings of the fluid pressure gradient of leakage flow along the stuffing
box of rotating shafts, as shown in Figure 2-3, confirm this function of
the stuffing box seal.!>!3 The pressure gradient at low fluid pressures is
more or less uniform, which indicates little influence by the fluid pressure
on the sealing action. On the other hand, the readings at high fluid pressure
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Figure 2-3. Distribution of Fluid Pressure for Four Rings of PTFE-Impregnated Plaited
Cotton Packing Where P; = Applied Fluid Pressure and Py = Normalized Fluid
Pressure |3{/I3F and Py = Fluid Pressure. Each Set of Measurements Taken 6 Hours
After Change of Pressure. Shaft Speed: 850 rev/min. Applied Gland Pressure:

250 |b/in2. Water pressure, lb/in2: 5 1000, A 700, e 400, 0 250, x 75, + 26,2.
(Reprinted from Proceedings of the Institution of Mechanical Engineers, London, 174
No. 6, 1960, p. 278, by D. F. Denny; and D. E. Tumbull.)

show that 90% of the pressure drop occurs across the packing ring just
below the gland. This indicates a dominant influence of the fluid pressure
on the sealing action.

In the case of high fluid pressures, therefore, the packing ring just below
the gland is the most important one, and must be selected for resistance
to extrusion and wear and be carefully installed. Also, extra long stuffing
boxes for high-pressure applications do not serve the intended purpose.
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If the packing is incompressible in bulk, as in the case of soft rubber, the
axial packing pressure introduced by tightening of the gland will produce
a uniform lateral packing pressure over the entire length of the packing.
Fluid pressure applied to the bottom of the packing increases the lateral
packing pressure by the amount of fluid pressure, so the sealing action is
automatic once interference between packing and the lateral restraining
faces has been established.

Unfortunately, rubber tends to grip the stem and impede its operation
unless the inner face of the rubber packing is provided with a slippery
surface. For this reason, rubber packings are normally used in the form
of O-rings, which because of their size offer only a narrow contact face
to the stem.

Corrosion of stainless steel valve stems by packings. Stainless steel
valve stems—in particular those made of AISI type 410 (13Cr) steel—
corrode frequently where the face contacts the packing. The corrosion
occurs usually during storage preceding service, when the packing is
saturated with water from the hydrostatic test.

If the valve is placed into service immediately after the hydrostatic test,
no corrosion occurs.'* H. J. Reynolds, Jr. has published the results of
his investigations into this corrosion phenomenon; the following is an
abstract.!> Corrosion of stainless steel valve stems underlying wet packing
is theorized to be the result of the deaerated environment imposed on the
steel surface by the restricting packing—an environment that influences
the active-passive nature of the metal. Numerous small anodes are created
at oxygen-deficient sensitive points of the protective oxide surface film
on the stainless steel. These, along with large masses of retained passive
metal acting as cathodes, result in galvanic cell action within the metal.
Graphite, often contained in the packing, acts as a cathodic material to the
active anodic sites on the steel, and appreciably aggravates the attack at
the initial corrosion sites through increased galvanic current density.

Because of the corrosion mechanism involved, it is impractical to make
an effective non-corrosive packing using so-called non-corrosive ingredi-
ents. Incorporating a corrosion inhibitor into the packing is thus required,
which will influence the anodic or cathodic reactions to produce a minimum
corrosion rate. Of the anodic inhibitors evaluated, only those contain-
ing an oxidizing anion, such as sodium nitrite, are efficient. Cathodic
protection by sacrificial metals such as zinc, contained in the packing,
also provides good corrosion control. Better protection with a minimum
effect on compression and serviceability characteristics of the packing
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is provided by homogeneously dispersed sodium nitrite and a zinc-dust
interlayer incorporated into the material.

High chromium-content stainless steels—especially those containing
nickel—exhibit a marked increase in resistance to corrosion by inhibited
packing, presumably because of the more rapidly protective oxide surface
film and better retention of the passivating film.

Lip-Type Packings

Lip-type packings expand laterally because of the flexibility of their lips,
which are forced against the restraining side walls by the fluid pressure.
This mode of expansion of the packing permits the use of relatively rigid
construction materials, which would not perform as well in compression
packings. On the debit side, the sealing action of lip-type packings is in
one direction only.

Most lip-type packings for valve stems are made of virgin or filled
PTFE. However, fabric-reinforced rubber and leather are also used, mainly
for hydraulic applications. Most lip-type packings for valve stems are V
shaped, because they accommodate themselves conveniently in narrow
packing spaces.

The rings of V-packings made of PTFE and reinforced rubber are
designed to touch each other on small areas near the tips of their lips,
and large areas are separated by a gap that permits the fluid pressure to act
freely on the lips. Leather V-packing rings lack the rigidity of those made
of PTFE and reinforced rubber, and are therefore designed to fully support
each other.

V-packings made of PTFE and reinforced rubber are commonly provided
with flared lips that automatically preload the restraining lateral faces.
In this case, only slight initial tightening of the packing is necessary to
achieve a fluid seal. V-packing rings made of leather have straight walls
and require a slightly higher axial preload. If a low packing friction is
important, as in automatic control valves, the packing is frequently loaded
from the bottom by a spring of predetermined strength to prevent manual
overloading of the packing.

Squeeze-Type Packings

The name squeeze-type packing applies to O-ring packings and the like.
Such packings are installed with lateral squeeze, and rely on the elastic
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strain of the packing material for the maintenance of the lateral preload.
When the fluid pressure enters the packing housing from the bottom, the
packing moves towards the gap between the valve stem and the back-up
support and thereby plugs the leakage path. When the packing housing is
depressurized again, the packing regains its original configuration. Because
elastomers display the high-yield strain necessary for this mode of action,
most squeeze packings are made of these materials.

Extrusion of the packing is controlled by the width of the clearance gap
between the stem and the packing back-up support, and by the rigidity
of the elastomer as expressed by the modulus of elasticity. Manufacturers
express the rigidity of elastomers conventionally in terms of Durometer
hardness, although Durometer hardness may express different moduli of
elasticity for different classes of compounds. Very small clearance gaps are
controlled by leather or plastic back-up rings, which fit tightly around the
valve stem. Manufacturers of O-ring packings supply tables, which relate
the Durometer hardness and the clearance gap around the stem to the fluid
pressure at which the packing is safe against extrusion.

Thrust Packings

Thrust packings consist of a packing ring or washer mounted between
shoulders provided on bonnet and valve stem, whereby the valve stem is
free to move in an axial direction against the packing ring. The initial stem
seal may be provided either by a supplementary radial packing such as a
compression packing, or by a spring that forces the shoulder of the stem
against the thrust packing. The fluid pressure then forces the shoulder of
the stem into more intimate contact with the packing.

Thrust packings are found frequently in ball valves such as those shown
in Figures 3-61 through 3-63, 3-65, and 3-67.

Diaphragm Valve Stem Seals

Diaphragm valve stem seals represent flexible pressure-containing valve
covers, which link the valve stem with the closure member. Such seals
prevent any leakage past the stem to the atmosphere, except in the case of
a fracture of the diaphragm. The shape of the diaphragm may represent a
dome, as in the valve shown in Figure 3-7,'° or a bellows, as in the valves
shown in Figures 3-6 and 3-39. Depending on the application of the valve,
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the construction material of the diaphragm may be stainless steel, a plastic,
or an elastomer.

Dome-shaped diaphragms offer a large uncompensated area to the fluid
pressure, so the valve stem has to overcome a correspondingly high fluid
load. This restricts the use of dome-shaped diaphragms to smaller valves,
depending on the fluid pressure. Also, because the possible deflection of
dome-shaped diaphragms is limited, such diaphragms are suitable only for
short lift valves.

Bellows-shaped diaphragms, on the other hand, offer only a small
uncompensated area to the fluid pressure, and therefore transmit a corres-
pondingly lower fluid load to the valve stem. This permits bellows-shaped
diaphragms to be used in larger valves. In addition, bellows-shaped
diaphragms may be adapted to any valve lift.

To prevent any gross leakage to the atmosphere from a fracture of the
diaphragm, valves with diaphragm valve stem seals are frequently provided
with a secondary valve stem seal such as a compression packing.

FLOW THROUGH VALVES

Valves may be regarded as analogous to control orifices in which the area
of opening is readily adjustable. As such, the friction loss across the valve
varies with flow, as expressed by the general relationship

v o (Ah)!?

v o (Ap)2

where

v = flow velocity
Ah = headloss
Ap = pressure loss

For any valve position, numerous relationships between flow and flow
resistance have been established, using experimentally determined resis-
tance or flow parameters. Common parameters so determined are the
resistance coefficient ¢ and, dependent on the system of units, the flow
coefficients Cy, Ky, and A, . It is standard practice to base these parameters
on the nominal valve size.!”18
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Resistance Coefficient ¢

The resistance coefficient ¢ defines the friction loss attributable to a valve
in a pipeline in terms of velocity head or velocity pressure, as expressed
by the equations

2
Ah = g;/— (coherent SI or imperial units) 2-7
g
vZp
and: Ap = CT (coherent SI units) (2-8)
v3p L
or: Ap = §2— (coherent imperial units) 2-9)
8

where
p = density of fluid
g = local acceleration due to gravity

The equations are valid for single-phase flow of Newtonian liquids and
for both turbulent and laminar flow conditions. They may also be used for
flow of gas at low Mach numbers. As the Mach number at the valve inlet
approaches 0.2, the effects of compressibility become noticeable but are
unlikely to be significant even for Mach numbers up to 0.5.7

Valves of the same type but of different manufacture, and also of the
same line but different size, are not normally geometrically similar. For
this reason, the resistance coefficient of a particular size and type of valve
can differ considerably between makes. Table 2-3 can therefore provide
only typical resistance-coefficient values. The values apply to fully open
valves only and for Re > 10* Correction factor K| for partial valve
opening may be obtained from Figure 2-4 through 2-7.

The Engineering Sciences Data Unit, London,!” deals more com-
prehensively with pressure losses in valves. Their publication also
covers correction factors for Re < 10* and shows the influence of valve
size on the ¢-Value and scatter of data, as obtained from both pub-
lished and unpublished reports and from results obtained from various
manufacturers.

In the case of partially open valves and valves with reduced seat area,
as in valves with a converging/diverging flow passage, the energy of
the flow stream at the vena contracta converts partially back into static
energy.
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Table 2-3
Approximate Resistance Coefficients of Fully Open Valves Under
Conditions of Fully Turbulent Flow

Globe valve, standard pattern:

¢ Full bore seat, cast.

* Full bore seat, forged (small sizes only).
Globe valve, 45° oblique pattern:

¢ Full bore seat, cast. t=1.0-3.0
Globe valve, angle pattern:

¢ Full bore seat, cast.

* Full bore seat, forged (small sizes only).
Gate valve, full bore:
Ball valve, full bore:
Plug valve, rectangular port:

* Full flow area.

* 80% flow area.

* 60% flow area.
Plug valve, circular port, full bore:
Butterfly valve, dependent on blade thickness:
Diaphragm valve:

* Weir type.

* Straight-through type.
Lift check valve (as globe valve):
Swing check valve:
Tilting-disc check valve:
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Figure 2-4. Approximate Effect of Partial Opening of Globe Valves on Resistance
Coefficient. (Courtesy of Engineering Sciences Data Unit. Reproduced from Item No.
69022, Figure 13.)
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Figure 2-5. Approximate Effect of Partial Opening of Gate Valves on Resistance

Coefficient. (Courtesy of Engineering Sciences Data Unit. Reproduced from ltem No.
69022, Figure 14.)
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Figure 2-6. Approximate Effect of Partial Opening of Diaphragm Valves on
Resistance Coefficient. (Courtesy of Engineering Sciences Data Unit. Reproduced from
Item No. 69022, Figure 15.)

Figure 2-8 shows the influence of the pressure recovery on the resistance
coefficient of fully open venturi-type gate valves in which the gap between
the seats is bridged by an eyepiece.

The amount of static energy recovered depends on the ratio of the dia-
meters of the flow passage (d2/D?), the taper angle (0/2) of the diffuser,
and the length (L) of straight pipe after the valve throat in terms of pipe
diameter (d = valve throat diameters, and D = pipe diameter).
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Figure 2-7. Approximate Effect of Partial Opening of Butterfly Valves on Resistance
Coefficient. (Courtesy of Engineering Sciences Data Unit. Reproduced from Item No.
69022, Figure 12.)

If the straight length of pipe after the valve throat > 12 D, the pressure
loss cannot exceed the Borda-Carnot loss, which is:

_ (Va—vp)?

Ah
2g

(2-10)

where
vq = flow velocity in valve throat
vp = flow velocity in pipeline

This maximum pressure loss occurs if the taper angle («/2) of the diffuser
>30°. With adecreasing taper angle, the pressure loss decreases and reaches
its lowest value at a taper angle of 4°.

If the straight pipe after the valve throat < 12 D, the pressure loss increases
and reaches its maximum value when the static energy converted into
kinetic energy gets completely lost, in which case:

(Vi-Vd)
2g

Ah = 2-11)

The friction loss approaches this maximum value if the valve with
a converging/diverging flow passage is mounted directly against a
header.
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Figure 2-8. Resistance Coefficient of Fully Open Gate Valves with
Converging-Diverging Flow Passage and Eye Piece Between the Seats. Curves ato ¢
Apply to L > 12 D, and Curve d for L = Zero, Where L = Straight Length of Pipe
Downstream of Venturi Throat. (Courtesy of VDI Verlag GmbH, Reproduced from
BWK Arbeitsblatt 42, Dec. 1953, by H. Haferkamp and A. Kreuz.)

Flow Coefficient C,

The flow coefficient C, states the flow capacity of a valve in gal
(U.S.)/min of water at a temperature of 60°F that will flow through a valve
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with a pressure loss of one pound per square inch at a specific opening
position, as defined by the equation:

A 172
C, =Q (ﬂ x ﬁ) 2-12)
Ap g

Where
Q =U.S. gal/min
Apo = reference differential pressure = 1 Ib/in.?
Ap = operating differential pressure in 1b/in.?
po = density of reference fluid, water = 62.4 b/ft3
p = density of operating fluid in 1b/ft?

Because p/py = specific gravity and the numerical value of Apy is unity,
Equation 2-12 is normally presented in the form:

12
CV=Q(AEP) (2-13)

Where
G = specific gravity

This relationship is incorporated in the International Standards Associ-
ation (ISA) standards S.39.1 to S.39.4 and Publication 534-1'? of the
International Electrotechnical Commission (IEC), and applies to single-
phase and fully turbulent flow of Newtonian liquids. For other flow
conditions, refer to the above ISA standards, IEC Publication 534-2 Parts
1 and 2, or Reference 20.

Flow Coefficient K,

The flow coefficient K is a version of coefficient C, in mixed SI
units. It states the number of cubic meters per hour of water at a tem-
perature between 5° and 40°C that will flow through the valve with a
pressure loss of one bar at a specific opening position, as defined by the
equation:

A 1/2
K, =Q(=2P 2 (2-14)
Ap  po
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where
Q = m>/hour
Apg = reference differential pressure = 1 bar
Ap = operating differential pressure, bar
po = density of reference fluid (water = 1,000 kg/m3)
p = density of operating fluid, kg/m>

Because p/py = specific gravity and the numerical value of Apy is unity,
Equation 2-14 is normally presented in the form:

G\ 2
Ky :Q(A_p> (2-15)

where

G = specific gravity

This relationship is contained in the IEC Publication 534-1'° and applies
to single-phase and fully turbulent flow of Newtonian liquids. For other
flow conditions, refer to IEC Publication 534-2, Parts 1 and 2, or to
manufacturer’s catalogs.

Flow Coefficient A,

The flow coefficient Ay is a version of the flow coefficient K, in coherent
SI units. Ay states the number of cubic meters per second of water at a
temperature between 5° and 40°C that will flow through the valve with a
pressure loss of one Pascal at a specific opening position, as defined by the
equation:

1/2
Ay =Q (Aip) 2-16)

where

Q = flow rate, m’/s
p = operational differential pressure, Pa
p = density of Newtonian liquid, kg/m?
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A, is derived from Equation 2-8, which may be presented in the following
forms:

<2>1/2(Ap)1/2
Q=aA(Z) (2P 2-17)
g p

A 2 172 o 172
) =l 2-18)

where
v = flow velocity of fluid, m/s
A= cross-sectional area, m?

172
The expression A (E) is replaced in Equation 2-16 by a single

expression Ay.

This relationship is contained in IEC Publication 534-1!° and applies to
single-phase and fully turbulent flow of Newtonian liquids. For other flow
condition, see IEC Publication 534-2, Parts 1 and 2.

Interrelationships Between Resistance and Flow
Coefficients

Resistance and flow coefficients are interrelated. If one coefficient is
known, the other coefficients can be calculated. These are the interrela-
tionships in which:

dinch = reference pipe bore, inches
dmm = reference pipe bore, mm

4 2
(L 889 204d, 2984, 462y, (2-19)
2 03¢z T R 10%2
4 2
_ 6652y, 16dh, o 258dL, 39984, oo
K2 10%K2 YT g2 103172
4 2
_Si2dl, 123y, TI6dL, LU, o
109A% 1012A3 v 106C1/2 106@1/2
Ky -3
=¥ 865 x 10 (2-22)

Cy
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A
¥ —-23.8x107° (2-23)
Gy
A
¥ =27.8x107° (2-24)
Ky

Relationship Between Resistance Coefficient
and Valve Opening Position

The relationship between fractional valve opening position and relative
flow through the valve is denoted as flow characteristic. When flow at all
valve opening positions is taken at constant inlet pressure ion, the flow
characteristic thus determined is referred to as inherent. Figure 2-9 shows
such inherent flow characteristics that are typical for flow control valves.

In the most practical applications, however, the pressure loss through the
valve varies with valve opening position. This is illustrated in Figure 2-10
for a flow system incorporating a pump. The upper portion of the figure
represents the pump characteristic, displaying flow against pump pressure,
and the system characteristic, displaying flow against pipeline pressure
loss. The lower portion of the figure shows the flow rate against valve
opening position. The latter characteristic is referred to as the installed
valve flow characteristic and is unique for each valve installation. When
the valve has been opened further to increase the flow rate, the pressure
at the inlet of the valve decreases, as shown in Figure 2-10. The required
rate of valve opening is, therefore, higher in this case than indicated by the
inherent flow characteristic.

1 _QUICK OPENING
1 ) 2__SOUARE ROOT
3_LINEAR
% 4 EQUAL PERCENTAGE
w
0 1

VALVE OPENING POSITION

Figure 2-9. Inherent Flow Characteristics of Valves.
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Figure 2-10. Re|c1tionship Between Flow Rate, Valve Opening Position, and
Pressure Loss in a Pumping system.

If the pump and system characteristic shows that the valve has to absorb
a high-pressure drop, the valve should be sized so that the required pressure
drop does not occur near the closed position, since this will promote damage
to the seatings from the flowing fluid. This consideration leads frequently
to a valve size smaller than the adjoining pipe.

Cavitation of Valves

When a liquid passes through a partially closed valve, the static pressure
in the region of increasing velocity and in the wake of the closure member
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drops and may reach the vapor pressure of the liquid. The liquid in the
low-pressure region then begins to vaporize and form vapor-filled cavities,
which grow around minute gas bubbles and impurities carried by the liquid.
When the liquid again reaches a region of high static pressure, the vapor
bubbles collapse suddenly or implode. This process is called cavitation.

The impinging of the opposing liquid particles of the collapsing
vapor bubble produces locally high but short-lived pressures. If the
implosions occur at or near the boundaries of the valve body or the
pipe wall, the pressure intensities can match the tensile strength of these
parts. The rapid stress reversals on the surface and the pressure shocks
in the pores of the boundary surface lead finally to local fatigue failures
that cause the boundary surface to roughen until, eventually, quite
large cavities form.

The cavitation performance of a valve is typical for a particular valve
type, and it is customarily defined by a cavitation index, which indicates the
degree of cavitation or the tendency of the valve to cavitate. This parameter
is presented in the literature in various forms. The following is a convenient

index used by the United States Bureau of Reclamation.?!-2
Py —P
c=-4"°V (2-25)
Py — Py
where

C = cavitation index

P, = vapor pressure relative to atmospheric pressure (negative)

P4 = pressure in pipe 12 pipe diameters downstream of the valve seat
P, = pressure in pipe 3 pipe diameters upstream of the valve seat

Figure 2-11 displays the incipient cavitation characteristics of butter-
fly, gate, globe, and ball valves, based on water as the flow medium.
The characteristics have been compiled by the Sydney Metropolitan Water
Sewerage and Drainage Board, and are based on laboratory observations
and published data.?? Because temperature entrained air, impurities, model
tolerances, and the observer’s judgment influence the test results, the
graphs can serve only as a guide.

The development of cavitation can be minimized by letting the pressure
drop occur in stages. The injection of compressed air immediately down-
stream of the valve minimizes the formation of vapor bubbles by raising
the ambient pressure. On the debit side, the entrained air will interfere with
the reading of any downstream instrumentation.
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Figure 2-11. Incipient Cavitation Characteristics of Various “In-Line” Valves.
(Courtesy of The Institution of Engineers, Australia.13.)

A sudden enlargement of the flow passage just downstream of the valve
seat can protect the boundaries of valve body and pipe from cavitation
damage. A chamber with the diameter of 1.5 times the pipe diameter and
a length of 8 times the pipe diameter including the exit taper has proved
satisfactory for needle valves used in waterworks.?*

Waterhammer from Valve Operation

When a valve is being opened or closed to change the flow rate, the
change in kinetic energy of the flowing fluid column introduces a transient
change in the static pressure in the pipe. In the case of a liquid, this transient
change in the static pressure is sometimes accompanied by a shaking of
the pipe and a hammering sound—thus the name waterhammer.

The transient pressure change does not occur instantaneously along the
entire pipeline but progressively from the point at which the change of
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flow has been initiated. If, for example, a valve at the end of a pipeline is
closed instantaneously, only the liquid elements at the valve feel the valve
closure immediately. The kinetic energy stored in the liquid elements then
compresses these elements and expands the adjoining pipe walls. The other
portion of the liquid column continues to flow at its original velocity until
reaching the liquid column which is at rest.

The speed at which the compression zone extends towards the inlet end
of the pipeline is uniform and equals the velocity of sound in the liquid
within the pipe. When the compression zone has reached the inlet pipe
end, all liquid is at rest, but at a pressure above the normal static pressure.
The unbalanced pressure now creates a flow in the opposite direction and
relieves the rise in the static pressure and the expansion of the pipe wall.
When this pressure drop has reached the valve, the whole liquid column
is again under normal static pressure, but continues to discharge towards
the inlet pipe end so that a wave of subnormal pressure is created, starting
at the valve. When this pressure wave has made the round trip, the normal
pressure and the original direction of flow are restored. Now the cycle
starts again and repeats itself until the kinetic energy of the liquid column
is dissipated in friction and other losses.

Joukowsky has shown that instantaneous valve closure raises the static
pressure in the pipeline by:

AP = avp/B (2-26)

where
AP = rise in pressure above normal
v = velocity of a rested flow
a = velocity of pressure wave propagation

172
K
P KDc
P 2=
B < + Ee )
p = density of the liquid
K = bulk modulus of the liquid
E = Young’s modulus of elasticity of the pipe wall material
D = inside diameter of pipe

e = thickness of pipe wall
¢ = pipe restriction factor (¢ = 1.0 for unrestricted piping)
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B (ST units) = 1.0
B (imperial units, fps) = g = 32.174 ft/s>

In the case of steel piping with a D/e ratio of 35 and water flow, the
pressure wave travels at a velocity of approximately 1200 m/s (about 4000
ft/s), and the static pressure increases by 13.5 bar for each 1 m/s, or about
60 Ib/in? for each 1 ft/s instantaneous velocity change.

If the valve does not close instantaneously but within the time of a
pressure-wave round trip of 2L/a, where L is the length of the pipeline, the
first returning pressure wave cannot cancel the last outgoing pressure wave,
and the pressure rise is the same as if the valve were closed instantaneously.
This speed of closure is said to be rapid.

If the valve takes longer to close than 2L/a, the returning pressure waves
cancel a portion of the outgoing waves so that the maximum pressure rise
is reduced. This speed of closure is said to be slow.

To minimize the formation of unduly high surge pressures from opening
or closing valves, stop valves should be operated slowly and in a manner
that produces a uniform rate of change of the flow velocity. Check valves,
however, are operated by the flowing fluid, and their speed of closure is
a function of the valve design and the deceleration characteristic of the
retarding fluid column.

If the surge pressure is due to a pump stopping, the calculation of the
surge pressure must take into account the pump characteristic and the rate
of change of the pump speed after the power supply has been cut off.

If the distance between the check valve and the point of pressure wave
reflection is long, and the elevation and the pressure at this point are low,
the system tolerates a slow-closing check valve. On the other hand, if the
distance between the check valve and the point of reflection is short, and
the pressure at this point is high, the flow reverses almost instantaneously
and the check valve must be able to close extremely fast. Such nearly
instantaneous reverse flow occurs, for example, in multipump installations
in which one pump fails suddenly. Guidelines on the selection of check
valves for speed of closure are given in Chapter 4.

Calculation of the fluid pressure and velocity as a function of time
and location along a pipe can be accomplished in several ways. For
simple cases, graphical and algebraic methods can be used. However,
the ready availability of digital computers has made the use of numer-
ical methods convenient and allows solutions to any desired accuracy
to be obtained. See Reference 25 for a description of this calculating
method.
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In some cases it may be impossible or impractical to reduce the effects of
waterhammer by adjusting the valve characteristic. Consideration should
then be given to changing the characteristic of the piping system. One of the
most common ways of achieving this is to incorporate one or more surge
protection devices at strategic locations in the piping system. Such devices
may consist of a standpipe containing gas in direct contact with the liquid
or separated from the liquid by a flexible wall or a pressure relief valve.

The effects of waterhammer may also be altered by deliberately changing
the acoustic properties of the fluid. This can be done, for example, by
introducing bubbles of a non-dissolvable gas directly into the fluid stream.
The effect of this is to reduce the effective density and bulk modulus of the
fluid. A similar effect can be achieved if the gas is enclosed in a flexible
walled conduit, or hose, which runs the length of the pipe.

If even a small amount of gas is present, the effect of pipe wall elasticity
in Equation 2-26 becomes insignificant, and the modified acoustic velocity
may be expressed by:

az |22 (2-27)

where
K = modified fluid bulk modulus

B = 1.0 (coherent SI units)
B = 32.174 ft/s*> (imperial units, fps)
K¢ = bulk modulus of gas
K; = bulk modulus of liquid
Vg = volume of gas
V] = volume of liquid
V: = total volume
pg = density of gas
p; = density of liquid
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Figure 2-12. Propagation Velocity o of a Pressure Wave in Pipeline for Varying
Air Content (Theoretical and Experimental Results).2® Reprint from Fluid Transients by
E. B. Wylie and V. L Streeter, by courtesy of the authors.

Figure 2-12 shows the effect of air content on the wave propagation
velocity in water. Note that a small amount of air content produces a wave
speed less than the speed of sound in air, which, for dry air at 20°C (68°F)
and atmospheric pressure, is 318 m/s (1042 ft/s).

Attenuation of Valve Noise??

The letting down of gas by valves from a high to a low pressure can
produce a troublesome and, in extreme cases, unbearable noise. A major
portion of the noise arises from the turbulence generated by the high-
velocity jet shearing the relatively still medium downstream of the valve.
A silencer found successful in combating this noise is the perforated dif-
fuser, in which the gas is made to flow through numerous small orifices.
The diffuser may consist of a perforated flat plate, cone, or bucket.

The diffuser attenuates the low and mid frequencies of the valve noise,
but also regenerates a high frequency noise in the perforations, which,
however, is more readily attenuated by the passage through the pipe and
the air than the lower frequencies. A second beneficial effect of the diffuser
is to distribute the flow more evenly, over the cross section of the pipe.
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Ingard has shown that the normalized acoustic resistance of a perforated
flat plate mounted across the pipe is directly proportional to both the Mach
number of the flow through the perforations and the factor

1—0\?

(=)

where o = open area ratio of the perforated plate.”® Although this cannot
be directly related to noise attenuation, it would appear that the Mach
number should be as large as possible, and o as small as possible. For
practical purposes, a maximum Mach number of 0.9 is suggested. If the
available pressure drop across the diffuser is limited, a Mach number with
a lower value may have to be chosen. Practical values for the open area
ratio may be taken as between 0.1 and 0.3. Practical values lower than 0.1
may result in an excessively large diffuser, while values higher than 0.3
may result in too low an attenuation.

The peak frequency of the jet noise is also inversely proportional to
the diameter of the jet. Therefore, from the point of noise attenuation,
the diameter of the perforations should be as small as possible. To avoid
the nozzles from becoming blocked, nozzles with a minimum diameter of
5 mm are frequently used.

If the flow velocity in the pipe downstream of the silencer is high, the
boundary layer turbulence along the pipe may generate a noise comparable
with the attenuated valve noise. Experience suggests that this will not be a
problem if the Mach number of the flow in the pipe is kept below about 0.3.

Predicting valve noise and silencer performance is a complex matter.
Discussions on these subjects, including the design of silencers, may be
found in the References 29, 30, 31, 32 and 33. Further discussions on the

generation and radiation of piping noise may be found in References 34
and 35.
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MANUAL VALVES

FUNCTIONS OF MANUAL VALVES

A manual valve is considered to be a valve that is operated by plant
personnel directly, by the use of either a handwheel/wrench or an on/off
actuator in the case of shutdown valves. Certain automated valves with
actuators are also supplied with handwheels to allow manual operation in
the event of power failure.

Manual valves serve three major functions in fluid-handling systems:
stopping and starting flow, controlling flow rate, and diverting flow. Valves
for stopping and starting flow are frequently employed also for controlling
flow rate, and vice versa, while valves for diverting flow are designed for
that single purpose.

GROUPING OF VALVES BY METHOD OF
FLOW REGULATION

Manual valves may be grouped according to the way the closure member
moves onto the seat. Four groups of valves are thereby distinguishable:

1. Closing-down valves. A stopper-like closure member is moved to
and from the seat in the direction of the seat axis.

47
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2. Slide valves. A gate-like closure member is moved across the flow
passage.

3. Rotary valves. A plug or disc-like closure member is rotated within
the flow passage, around an axis normal to the flow stream.

4. Flex-body valves. The closure member flexes the valve body.

Each valve group represents a number of distinct types of valves that use
the same method of flow regulation, but differ in the shape of the closure
member. For example, plug valves and butterfly valves are both rotary
valves, but of a different type. In addition, each valve is made in numer-
ous variations to satisfy particular service needs. Figure 3-1 illustrates the
principal methods of flow regulation and names the types of valves, which
belong to a particular valve group.

SELECTION OF VALVES

The method by which the closure member regulates the flow and the
configuration of the flow path through the valve impart a certain flow
characteristic to the valve, which is taken into account when selecting
a valve for a given flow-regulating duty.

Valves for Stopping and Starting Flow

These valves are normally selected for low flow resistance and a straight-
through flow passage. Such valves are slide valves, rotary valves, and
flex-body valves. Closing-down valves offer by their tortuous flow pas-
sage a higher flow resistance than other valves and are therefore less
frequently used for this purpose. However, if the higher flow resistance can
be accepted—as is frequently the case—closing-down valves may likewise
be used for this duty.

Valves for Controlling Flow Rate

These are selected for easy adjustment of the flow rate. Closing-down
valves lend themselves for this duty because of the directly proportional
relationship between the size of the seat opening and the travel of the
closure member. Rotary valves and flex-body valves also offer good throt-
tling control, but normally only over a restricted valve-opening range.
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Groups of Valves
By Method of Valve Types Refer to
Flow Regulation Page
Closing Down
Globe Valve 54
% Piston Valve 69
Sliding
Parallel Gate Valve 73
Wedge Gate Valve 84
Rotating
P Plug Valve 97
ﬁ Ball Valve 108
/ Butterfly Valve 120
.-
Flexing of
Valve Body
Pinch Valve 137
—L Diaphragm Valve 143
/\

Figure 3-1. Principal Types of Valves Grouped According to the Method of Flow
Regulation.

Gate valves, in which a circular disc travels across a circular seat open-
ing, achieve good flow control only near the closed valve position and are
therefore not normally used for this duty.

Valves for Diverting Flow

These valves have three or more ports, depending on the flow diversion
duty. Valves that adapt readily to this duty are plug valves and ball valves.
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For this reason, most valves for the diversion of flow are one of these types.
However, other types of valves have also been adapted for the diversion
of flow, in some cases by combining two or more valves that are suitably
interlinked.

Valves for Fluids with Solids in Suspension

If the fluid carries solids in suspension, the valves best suited for this duty
have a closure member that slides across the seat with a wiping motion.
Valves in which the closure member moves squarely on and off the seat
may trap solids and are therefore suitable only for essentially clean fluids
unless the seating material can embed trapped solids.

Valve End Connections

Valves may be provided with any type of end connection used to connect
piping. The most important of these for valves are threaded, flanged, and
welding end connections.

Threaded end connections. These are made, as a rule, with taper or
parallel female threads, which screw over tapered male pipe threads.
Because a joint made up in this way contains large leakage passages, a
sealant or filler is used to close the leakage passages. If the construction
material of the valve body is weldable, screwed joints may also be seal
welded. If the mating parts of the joint are made of different but weldable
materials with widely differing coefficients of expansion, and if the oper-
ating temperature cycles within wide limits, seal welding the screwed joint
may be necessary.

Valves with threaded ends are primarily used in sizes up to DN 50
(NPS 2). As the size of the valve increases, installing and sealing the joint
become rapidly more difficult. Threaded end valves are available, though,
in sizes up to DN 150 (NPS 6).

To facilitate the erection and removal of threaded end valves, couplings
are used at appropriate points in the piping system. Couplings up to DN 50
(NPS 1) consist of unions in which a parallel thread nut draws two coupling
halves together. Larger couplings are flanged.

Codes may restrict the use of threaded end valves, depending on
application.
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Flanged end connections. These permit valves to be easily installed and
removed from the pipeline. However, flanged valves are bulkier than
threaded end valves and correspondingly dearer. Because flanged joints
are tightened by a number of bolts, which individually require less tighten-
ing torque than a corresponding screwed joint, they can be adapted for all
sizes and pressures. At temperatures above 350°C (660°F), however, creep
relaxation of the bolts, gasket, and flanges can, in time, noticeably lower
the bolt load. Highly stressed flanged joints can develop leakage problems
at these temperatures.

Flange standards may offer a variety of flange face designs and also
recommend the appropriate flange face finish. As a rule, a serrated flange
face finish gives good results for soft gaskets. Metallic gaskets require a
finer flange finish for best results. Chapter 2 discusses the design of gaskets.

Welding end connections. These are suitable for all pressures and tem-
peratures, and are considerably more reliable at elevated temperatures and
other severe applications than flanged connections. However, removal and
re-erection of welding end valves is more difficult. The use of welding end
valves is therefore normally restricted to applications in which the valve
is expected to operate reliably for long periods, or applications which are
critical or which involve high temperatures.

Welding end valves up to DN 50 (NPS 2) are usually provided with
welding sockets, which receive plain end pipes. Because socket weld joints
form a crevice between socket and pipe, there is the possibility of crevice
corrosion with some fluids. Also, pipe vibrations can fatigue the joint.
Therefore, codes may restrict the use of welding sockets.

Standards Pertaining to Valve Ends

Appendix C provides a list of the most important U.S. and British
standards pertaining to valve ends.

Valve Ratings

The rating of valves defines the pressure-temperature relationship within
which the valve may be operated. The responsibility for determining valve
ratings has been left over the years largely to the individual manufacturer.
The frequent U.S. practice of stating the pressure rating of general purpose
valves in terms of WOG (water, oil, gas) and WSP (wet steam pressure)
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is a carryover from the days when water, oil, gas, and wet steam were
the substances generally carried in piping systems. The WOG rating refers
to the room-temperature rating, while the WSP rating is usually the high
temperature rating. When both a high and a low temperature rating is
given, it is generally understood that a straight-line pressure-temperature
relationship exists between the two points.

Some U.S. and British standards on flanged valves set ratings that equal
the standard flange rating. Both groups of standa