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Preface to the Twelfth Edition

The Gas Processors Suppliers Association is an organization
of companies with specialized knowledge of the supply and
service needs of the gas processing and related industries. A
major service to them is embodied in the Engineering Data
Book, which was first published in 1935. Over 150,000 copies
of the Ninth, Tenth, and Eleventh Editions of the book were
distributed for use throughout the world by engineers, operat-
ing personnel, and students.

The Twelfth Edition of the Engineering Data Book, avail-
able in two versions — FPS and SI — is an attempt to assem-
ble, in a single compilation, basic design information together
with data and procedures that can be used by field and plant
engineers to determine operating and design parameters. It is
also intended as an aid to design engineers who, in spite of
increasing availability of computer routines and other sophis-
ticated design methods, require a general reference work as a
guide to accepted engineering practice for estimating, feasibil-

ity studies, preliminary design, and for making on-site oper-
ating decisions.

The loose-leaf format of the Data Book permits periodic up-
dating to meet the changing technology of the process indus-
tries.

GPSA recognizes that the maintenance of the Data Book is
a continuing task. Users’ comments and suggestions are wel-
come. Any such comments should be made in writing to:

Gas Processors Suppliers Association
6526 E. 60th St.

Tulsa, Oklahoma 74145

Fax: (918) 493-3875

e-mail: gpsa@gasprocessors.com

A Brief History of the Engineering Data Book and Sponsoring Organizations

The GPSA Engineering Data Book was first published in
1935 as a booklet containing much advertising and a little
technical information. In subsequent editions, technical infor-
mation was expanded and the Data Book gradually became
the accepted engineering reference work for the gas processing
industry. In addition, the Data Book has found wide accep-
tance in the petroleum refining, gas transmission, and petro-
chemical industries.

The Gas Processors Suppliers Association (GPSA) was or-
ganized in 1928 as the Natural Gasoline Supply Men’s Asso-
ciation (NGSMA). Its principal purpose was as a service
organization to the parent Natural Gasoline Association of
America (NGAA).

Both organizations underwent name changes in subsequent
years in response to changing industry conditions. In 1961, the
organizations became known as the Natural Gas Processors
Association (NGPA) and the Natural Gas Processors Suppliers
Association (NGPSA). In 1974 the names changed to the cur-
rent Gas Processors Association (GPA) and Gas Processors
Suppliers Association (GPSA).

Users of the manual should note that numerous references
throughout the book may refer to publications of these organi-
zations by the names in effect at the time of the publication.

Copyright and Disclaimer

This Engineering Data Book ("Publication") is published by
Gas Processors Suppliers Association ("GPSA") as a service to
the gas processing industry. All information within this Pub-
lication has been compiled and edited in cooperation with the
Gas Processors Association ("GPA"). Unless otherwise specifi-
cally noted herein, all rights are reserved by GPSA, and the
contents of all material in this Publication are copyrighted by
GPSA.

Copyright is not claimed as to any part of an original work
prepared by (i) a U.S. or state government officer or employee
as part of that person’s official duties or (ii) by contributors
whose permission to GPSA to use such data is specifically
noted herein. Unless specifically authorized within the text of
this Publication, content may not be reproduced, dissemi-
nated, published, or transferred in any form or by any means,
except with the prior written permission of GPSA, or as indi-
cated below. Copyright infringement is a violation of federal
law subject to criminal and civil penalties.

While GPA and GPSA have made every effort to present
accurate and reliable technical information in this Publica-

tion, the use of such information is voluntary and GPA and
GPSA do not guarantee the accuracy, completeness, efficacy or
timeliness of such information. Reference herein to any spe-
cific commercial product, process, or service by tradename,
trademark, service mark, manufacturer, or otherwise does not
constitute or imply endorsement, recommendation, or favor-
ing by GPA and GPSA.

The information provided in this Publication is provided
without any warranties of any kind including warranties of
accuracy or reasonableness of factual or scientific assump-
tions, studies or conclusions, or merchantability, fitness for a
particular purpose or non-infringement of intellectual prop-
erty.

In no event will GPA or GPSA and their members be liable
for any damages whatsoever (including, without limitation,
those resulting from lost profits, lost data or business inter-
ruption) arising out of the use, inability to use, reference to or
reliance on the information in this Publication, whether based
on warranty, contract, tort or any other legal theory and
whether or not advised of the possibility of such damages.
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SECTION 1

General Information

This section includes a brief description of the technical ac-
tivities of the Gas Processors Association (GPA) and the Gas
Processors Suppliers Association (GPSA). It includes a com-
pilation of current GPA standards, publications, and Research
Reports, a glossary of terms used in the gas processing indus-
try and several tables of common conversion factors and
equivalents. At the end of the Section is a listing of other tech-
nical associations and societies that publish codes, standards
and other information pertinent to the natural gas processing
industry.

GPA TECHNICAL ACTIVITIES

The Gas Processors Association is an international organi-
zation with a membership of about 100 companies, each of
which is engaged in one or more functions of the natural gas
and gas processing industry, including: natural gas produc-
tion, gathering and processing; production of natural gas lig-
uids (NGLs); volume transport or further processing of natural
gas or gas liquids; or other commerce in natural gas or gas
liquids. Its principal functions include the advancement of gas
processing technology through development and promulga-
tion of international standards for NGL product specifications,
test methods, measurement, and handling. In addition, GPA
sponsors basic research in thermodynamic and transport
properties of natural gases, gas liquids, synthetic gases, and
related process stream components. The dissemination of GPA
technology is accomplished through publication of industry
standards, research reports, and computer programs. This
technology is developed in response to industry needs by a
technical committee organization with the following structure
and responsibilities:

Technical Committee — The parent body responsible
for assessing the technological needs of the gas processing
industry, establishing priorities, assigning problems to appro-
priate working sections, and reviewing results and recommen-
dations of sections as needed.

The seven working sections of the Technical Committee are:

Section A, Facilities Design and Optimization —
Maintains a continuing study of all phases of gas processing
design (process, mechanical, electrical, instrumentation) of
broad industry interest; this responsibility does not include
analytical methods nor basic data on product properties, but
does include onstream process and plant control instrumenta-
tion.

Section B, Analysis — Studies and develops analytical
procedures and methods to improve accuracy and reliability
of test methods and data to meet the needs of the gas process-
ing industry. All of the industry’s sampling procedures, speci-
fication test methods, and analytical standards have issued
from this section.

Section C, Specifications — Maintains existing product
specifications, and generates new and revised specifications in
response to changing industry and market needs. All U.S. and
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many international specifications for LP-gas and other NGL
products are based on the work of this section.

Section F, Technical Data Development — Monitors
the status, availability, and reliability of thermodynamic and
physical property data needed for design and operation of
natural gas and gas processing facilities. This section identi-
fies industry needs for pertinent data, develops research pro-
jects to provide needed data, and supervises research to meet
those needs. The section also evaluates new correlations and
computer models for calculation and application of thermody-
namic and physical properties applicable to natural gas proc-
essing and transport.

Primary responsibility for initiation and supervision of ther-
modynamic and physical properties research is vested in two
steering committees comprised of highly qualified and experi-
enced specialists.

Section H, Product Measurement and Handling —
Monitors measurement data and correlations for both natural
gas and natural gas liquids, and reviews handling procedures
for gas liquids, including underground storage technology. The
section initiates improvements in standards for accurate
measurement and safe handling of both natural gas and gas
liquids.

Section L, Computer Technology and Data Distribu-
tion — This Section is focused on two primary areas: 1) the
continued development of the GPA Home Page on the Internet
and; 2) the pursuit of data in support of the association.

Section M, Operations and Maintenance — This Sec-
tion was formed to assist member companies in addressing
and resolving their operations and maintenance issues, and to
be a forum where such issues on gas gathering and processing
can be discussed. It is anticipated that the results of this com-
mittee can supplement the programs of the GPA Regional
Meetings.

Section N, LNG Committee — This is a new committee
that is being established with the following goals related to
the LNG industry:

1.
2.

Identify and collect relevant standards and reports

Recommend and steward technical and research activi-
ties

Develop documents: best practices, guidelines, specifica-
tions, etc.

Interface with associations with overlapping functions
Represent membership to agencies, government, etc.

Improve public awareness of LNG safety and security

NS o

Provide forums for discussing LNG issues and technolo-
gies
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GPSA TECHNICAL ACTIVITIES

The Gas Processors Suppliers Association is an affiliated
organization of approximately 350 companies that cater to the
supply and service needs of the natural gas producing and
processing industry. The principal technical function of GPSA
is to publish GPA and other technical information through the
GPSA Engineering Data Book. In addition, technical experts
from GPSA companies participate in GPA technical committee
activities described above, and also provide valuable support
and counsel in directing thermodynamic research and techni-

cal data development for the advancement of the industry’s
technology.

Editorial Review Board — The Editorial Review
Board for the Engineering Data Book is the single GPSA tech-
nical committee. The Board is composed of recognized experts
from both GPA and GPSA member companies, and is respon-
sible for the continuing review and revision of the Engineering
Data Book to assure that it meets the needs of the natural gas
processing industry with the latest data and technology.

Definitions of Words and Terms Used
in the Gas Processing Industry

absorber
A tower or column that provides contact between natural gas
being processed and a liquid solvent.

absorption
The operation in which one or more components in the gas
phase are transferred to (absorbed into) a liquid solvent.

absorption factor

A factor which is an indication of the tendency for a given gas
phase component to be transferred to the liquid solvent. It is
generally expressed as A = L/KV where L and V are the molar
flows of liquid and vapor, and K is the average value of the
vapor-liquid equilibrium constant for the component of con-
cern.

absorption oil
A hydrocarbon liquid used to absorb and recover components
from the natural gas being processed.

acid gas
The hydrogen sulfide and/or carbon dioxide contained in, or
extracted from, gas or other streams.

adiabatic expansion

The expansion of a gas, vapor, or liquid stream from a higher
pressure to a lower pressure in which there is no heat transfer
between the gas, vapor, or liquid and the surroundings.

adsorbent
A solid substance used to remove components from natural
gas being processed.
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adsorption

The process by which gaseous components are adsorbed on
solids because of their molecular attraction to the solid sur-
face.

amine (alkanolamine)

Any of several liquid compounds containing amino nitrogen
generally used in water solution to remove, by reversible
chemical reaction, hydrogen sulfide and/or carbon dioxide
from gas and liquid hydrocarbon streams.

API Gravity

An arbitrary scale expressing the relative density of liquid pe-
troleum products. The scale is calibrated in degrees API, cal-
culated by the following formula:

d 141.5 g

Deg API = G- Cr - [”
By (60°F/60°F) [

131.5

y = relative density

associated gas
Gaseous hydrocarbons occuring as a free-gas phase under
original oil-reservoir conditions of temperature and pressure.

atmospheric pressure

The pressure exerted on the earth by the earth’s atmosphere.
A pressure of 760 mm of mercury, 29.92 inches of mercury, or
14.696 psia is used as a standard for some measurements.
State regulatory bodies have set other standards for use in
measuring the legal volume of gas. Atmospheric pressure may
also refer to the absolute ambient pressure at any given loca-
tion.



barrel

A common English-unit mesure of liquid volume which, in the
petroleum industry, equals 42 U.S. liquid gallons for petroleum
or natural gas liquid products measured at 60°F and equilib-
rium vapor pressure. One barrel equals 0.159 cubic meters, or
6.29 barrels per cubic meter (See Fig. 1-2).

blanket gas

A gas phase maintained in a vessel containing liquid to pro-
tect the liquid against air contamination, to reduce the haz-
ard of explosion, or to maintain pressure of the liquid. The
source of the gas is external to the vessel.

blow case

A small vessel in which liquid is accumulated and then forced
from the vessel by applying gas or air pressure above the liquid
level.

blowdown

The act of emptying or depressuring a vessel. This may also
refer to discarded material, such as blowdown water from a
boiler or cooling tower.

boilaway test
Sometimes used to describe the GPA weathering test for LP-
gas. Refer to definition for "weathering test".

bottoms

The liquid or residual matter which is withdrawn from the
bottom of a fractionator or other vessel during processing or
while in storage.

B-P mix

A liquefied hydrocarbon product composed chiefly of butanes
and propane. If it originates in a refinery, it may also contain
butylenes and propylene. More specifically, it conforms to the

GPA specifications for commercial B-P mixes as described in
GPA Standard 2140.

breathing

The movement of vapor in or out of an atmospheric pressure
storage tank because of a change of level of the stored liquid,
a change in the temperature of the vapor space above the liq-
uid, or a change of atmospheric pressure.

bs&w (basic sediment and water)
Waste that collects in the bottom of vessels and tanks contain-
ing petroleum or petroleum products.

bubble point
The temperature at a specified pressure at which the first sta-
ble vapor forms above a liquid.

butane, commercial

A liquefied hydrocarbon consisting predominately of butane
and/or butylene and which conforms to the GPA specification
for commercial butane defined in GPA Standard 2140.

butane, normal

In commercial transactions, a product meeting the GPA speci-
fications for commercial butane and, in addition, containing a
minimum of 95 liquid volume percent normal butane. Chemi-
cally, normal butane is an aliphatic compound of the paraffin
series having the chemical formula C4H10 and having all of its
carbon atoms joined in a straight chain.

calorimeter
An apparatus which is used to determine the heating value of
a combustible material.

carbonyl sulfide

A chemical compound of the aldehyde group containing a car-
bonyl group and sulfur (COS). Sometimes a contaminant in
natural gas and NGL. It may need to be removed in order to
meet sulfur specifications.
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casinghead gas

Unprocessed natural gas produced from a reservoir containing
oil. It contains heavier hydrocarbon vapors and is usually pro-
duced under low pressure from a casing head on the well.

charcoal test

A test standardized by the Gas Processors Association and the
American Gas Association for determining the natural gaso-
line content of a given natural gas. The gasoline is adsorbed
from the gas on activated charcoal and then recovered by dis-
tillation. The test is prescribed in Testing Code 101-43, a joint
publication of AGA and GPA.

chromatography

A technique for separating a mixture into individual compo-
nents by repeated adsorption and desorption on a confined
solid bed. It is used for analysis of natural gas and NGL.

Claus Process
A process to convert hydrogen sulfide into elemental sulfur by
selective oxidation.

compressibility factor

A factor, usually expressed as "Z," which gives the ratio of the
actual volume of gas at a given temperature and pressure to
the volume of gas when calculated by the ideal gas law.

compression ratio

The ratio of the absolute discharge pressure from a compressor
to the absolute intake pressure. Also applies to one cylinder
of a reciprocating compressor and one or more stages of a ro-
tating compressor.

condensate

The liquid formed by the condensation of a vapor or gas; spe-
cifically, the hydrocarbon liquid separated from natural gas
because of changes in temperature and pressure when the gas
from the reservoir was delivered to the surface separators. In
a steam system it may be water that is condensed and re-
turned to the boilers.

convergence pressure

The pressure at a given temperature for a hydrocarbon system
of fixed composition at which the vapor-liquid equilibrium K-
values of the various components in the system become, or
tend to become, unity. The convergence pressure is used to
adjust vapor-liquid equilibrium K-values to the particular sys-
tem under consideration. (See TP-22)

copper strip test

A test using a small strip of pure copper to determine qualita-
tively the hydrogen sulfide corrosivity of a product. Refer to
GPA LP-gas copper strip test (Copper Strip Method), ASTM
D-1838 test procedure.

PRESSURE

CRICONDENTHERM

TEMPERATURE



cricondenbar
The highest pressure at which liquid and vapor phases can
exist at equilibrium in a multicomponent system.

cricondentherm
The highest temperature at which liquid and vapor phases can
exist at equilibrium in a multicomponent system.

critical density
The density of a substance at its critical temperature and criti-
cal pressure.

critical pressure
The vapor pressure of a substance at its critical temperature.

critical temperature
For a pure component, the maximum temperature at which
the component can exist as a liquid.

cryogenic plant

A gas processing plant which is capable of producing natural
gas liquid products, including ethane, at very low operating
temperatures, usually below minus 50°F.

cubic meter

A unit of volume measurement commonly used in interna-
tional commerce for petroleum, petroleum products and natu-
ral gas. One cubic meter measured at 60°F = 264.172 U.S.
gallons = 6.29 barrels = 35.315 cubic feet measured at 60°F.

deaerator

An item of equipment used for removing air or other non-con-
densible gases from a process stream or from steam conden-
sate or boiler feed water.

debutanizer
A fractionator designed to separate butane (and more volatile
components if present) from a hydrocarbon mixture.

dehydration
The act or process of removing water from gases or liquids.

demethanized product
A product from which essentially all methane and lighter ma-
terials have been removed.

demethanizer
A fractionator designed to separate methane (and more vola-
tile components if present) from a hydrocarbon mixture.

depropanizer
A fractionator designed to separate propane (and more volatile
components if present) from a hydrocarbon mixture.

desiccant
A substance used in a dehydrator to remove water and mois-
ture. Also a material used to remove moisture from the air.

desulfurization
A process by which sulfur and sulfur compounds are removed
from gases or liquid hydrocarbon mixtures.

dew point

The temperature at any given pressure, or the pressure at any
given temperature, at which liquid initially condenses from a
gas or vapor. It is specifically applied to the temperature at
which water vapor starts to condense from a gas mixture
(water dew point), or at which hydrocarbons start to condense
(hydrocarbon dew point).

distillation

The process of separating materials by successively heating to
vaporize a portion and then cooling to liquefy a part of the
vapor. Materials to be separated must differ in boiling point
and/or relative volatility.
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doctor test

A qualitative method for detecting hydrogen sulfide and mer-
captans in NGL. The test distinguishes between "sour" and
"sweet" products.

dry gas

(1) Gas whose water content has been reduced by a dehydra-
tion process. (2) Gas containing little or no hydrocarbons com-
mercially recoverable as liquid product. Gas in this second
definition preferably should be called lean gas.

end point
The maximum temperature observed on the thermometer
during an ASTM distillation test.

EP-mix (ethane-propane mix)
A product consisting of a mixture of essentially ethane and
propane.

expansion turbine

A device which converts part of the energy content of a gas or
liquid stream into mechanical work by expanding the gas or
liquid through a turbine from which work is extracted.

extraction

The process of transferring one or more components from one
liquid phase to another by virtue of different solubility in the
two liquids. It is also used to indicate removal of one or more
constituents from a stream.

field separator
A vessel in the oil or gas field for separating gas, hydrocarbon
liquid, and water from each other.

flash point
The lowest temperature at which vapors from a hydrocarbon
liquid will ignite. See ASTM D-56.

fractionation

See definition of "distillation." Generally used to describe
separation of a mixture of hydrocarbons into individual prod-
ucts based on difference in boiling point and/or relative vola-
tility.

freeze valve

A specially constructed and calibrated valve designed and

used solely for determining the water content in propane prod-
uct. See ASTM D-2713.

gas constant (R)

The constant multiplier in the Ideal Gas Law. Numerically,
R=PV/T, if V is the volume of one mole of an ideal gas at tem-
perature T and pressure P.

gas hydrate
Refer to definition of "hydrate".

gas injection

The injection of natural gas into a reservoir to maintain or
increase the reservoir pressure or reduce the rate of decline of
the reservoir pressure.

gas lift
A method for bringing crude oil or water to the surface by
injecting gas into the producing well bore.

gas-oil ratio (GOR)

The ratio of gas to liquid hydrocarbon produced from a well.
This may be expressed as standard cubic feet of gas per barrel
of stock tank liquid.

gas processing

The separation of constituents from natural gas for the pur-
pose of making salable products and also for treating the resi-
due gas to meet required specifications.



gas processing plant
A plant which processes natural gas for recovery of natural
gas liquids and sometimes other substances such as sulfur.

gas-well gas
The gas produced or separated at surface conditions from the
full well stream produced from a gas reservoir.

gas-well liquids
The liquid separated at surface conditions from the full well
stream produced from a gas reservoir.

gathering system
The network of pipelines which carry gas from the wells to the
processing plant or other separation equipment.

gpm/GPM

(1) gpm (gallons per minute): The term used to describe the
rate of flowing fluid in gallons per minute. (2) GPM — Prefer-
ably Gal/Mcf (gallons per thousand cubic feet): This term re-
fers to the content in natural gas of components which are
recoverable or recovered as liquid products.

heat medium (heating medium)

A material, whether flowing or static, used to transport heat
from a primary source such as combustion of fuel to another
material. Heating oil, steam, and an eutectic salt mixture are
examples of heat mediums.

heating value (heat of combustion)

The amount of heat obtained by the complete combustion of a
unit quantity of material. The gross, or higher, heating value
is the amount of heat obtained when the water produced in
the combustion is condensed. The net, or lower, heating value
is the amount of heat obtained when the water produced in
the combustion is not condensed.

heavy ends

The portion of a hydrocarbon mixture having the highest boil-
ing point. Usually hexanes or heptanes and all heavier hydro-
carbons are the heavy ends in a natural gas stream.

hexanes plus (or heptanes plus)

The portion of a hydrocarbon fluid mixture or the last compo-
nent of a hydrocarbon analysis which contains the hexanes (or
heptanes) and all hydrocarbons heavier than the hexanes (or
heptanes).

hydrate

A solid material resulting from the combination of a hydrocar-
bon with water under pressure.

immiscible

Liquids that will not mix nor blend to give homogeneity are
said to be immiscible.

ideal gas (also called "perfect" gas)
A gas that obeys the ideal gas law expressed as PV=RT, see
Fig. 1-4.

inerts

Elements or compounds not acted upon chemically by the sur-
rounding environment. Nitrogen and helium are examples of
inert constituents of natural gases.

isobutane

In commercial transactions, a product meeting the GPA speci-
fication for commercial butane and, in addition, containing a
minimum of 95 liquid volume percent isobutane. Chemically,
a hydrocarbon of the paraffin series with the formula C4H1o
and having its carbon atoms branched.

jacket water
Water which fills, or is circulated through, a casing which par-
tially or wholly surrounds a vessel or machine element in order

1-5

to remove, add, or distribute heat in order to control the tem-
perature within the vessel or element.

Joule-Thomson effect

The change in gas temperature which occurs when the gas is
expanded at constant enthalpy from a higher pressure to a
lower pressure. The effect for most gases at normal pressure,
except hydrogen and helium, is a cooling of the gas.

lead acetate test

A method for detecting the presence of hydrogen sulfide by
discoloration of paper which has been moistened with lead ace-
tate solution. See ASTM D-2420.

lean gas

(1) The residue gas remaining after recovery of natural gas
liquids in a gas processing plant. (2) Unprocessed gas contain-
ing little or no recoverable natural gas liquids.

lean oil
Absorption oil as purchased or recovered by the plant, or oil
from which the absorbed constituents have been removed.

lift gas
Gas used in a gas lift operation.

light ends
The low-boiling, easily evaporated components of a hydrocar-
bon liquid mixture.

light hydrocarbons
The low molecular weight hydrocarbons such as methane, eth-
ane, propane and butanes.

LNG (liquefied natural gas)
The light hydrocarbon portion of natural gas, predominately
methane, which has been liquefied.

loading rack

A structural and piping installation alongside a railroad track
or roadway used for the purpose of filling railroad tank cars
or transport trucks.

LPG (liquefied petroleum gas)
Refer to definition of "LP-gas".

LP-gas (liquefied petroleum gas)

Predominately propane or butane, either separately or in mix-
tures, which is maintained in a liquid state under pressure
within the confining vessel.

LRG (liquefied refinery gas)

Liquid propane or butane produced by a crude oil refinery. It
may differ from LP-gas in that propylene and butylene may
be present.

LTX (low temperature extraction unit)

A unit which uses the cooling of a constant enthalpy expansion
to increase liquid recovery from streams produced from high
pressure gas condensate reservoirs. Also called LTS (low tem-
perature separation) unit.

Mecf
An abbreviation for one thousand cubic feet of gas.

MMecf
An abbreviation for one million cubic feet of gas.

mercaptan
Any of a homologous series of compounds of the general for-
mula RSH. All mercaptans possess a foul odor.

miscible flood
A method of secondary recovery of fluids from a reservoir by
injection of fluids that are miscible with the reservoir fluids.



natural gas

Gaseous form of petroleum. Consisting predominately of mix-
tures of hydrocarbon gases. The most common component is
methane.

natural gasoline

A mixture of hydrocarbons, mostly pentanes and heavier, ex-
tracted from natural gas, which meets vapor pressure, end
point, and other specifications for natural gasoline as adopted
by the GPA. See GPA Standard 3132.

natural gas processing plant
Term used for gas processing plant, natural gasoline plant,
gasoline plant, etc.

NGL (natural gas liquids)

Natural gas liquids are those hydrocarbons liquefied at the
surface in field facilities or in gas processing plants. Natural
gas liquids include ethane, propane, butanes, and natural
gasoline.

odorant

An odoriferous compound added to natural or LP-gas to impart
a distinctive odor for detection of fugitive vapors. Ethyl mer-
captan is the most widely used odorant for LP-gas, while ter-
tiary butyl mercaptan, usually mixed with small amounts of
other compounds, is the predominant odorant for natural gas.
oil-well gas

Gas that is produced from an oil well.

on-stream factor

The percentage of time a unit is on-stream.

operating factor
The percentage of time a unit is performing the function for
which it was designed.

outage
The vapor volume in a liquid vessel left for liquid expansion.
Sometimes referred to as ullage.

packaged unit

A shop-assembled group of equipment and accessories which
needs only foundations, inlet and outlet piping, and utility con-
nections to make an operating unit.

packed column

A fractionation or absorption column filled with packing de-
signed to give the required contact between the rising vapors
and the descending liquid.

peak shaving

The use of non-conventional fuels to supplement the normal
supply of pipeline gas during periods of extremely high de-
mand.

pentane-plus

A hydrocarbon mixture consisting of isopentane (C5H12) and
heavier components with higher boiling points.

pigging

A procedure for forcing a device through a pipeline for cleaning
purposes, separating products, or inspecting the line.
pipeline gas

Gas which meets a transmission company’s minimum specifi-
cations.

propane
A normally gaseous paraffinic compound (C3Hg). The term in-
cludes all products covered by GPA specifications for commer-
cial and HD-5 propane. See GPA Standard 2140.

propane, commercial
A liquefied hydrocarbon product consisting predominately of
propane and/or propylene and which conforms to the GPA
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specification for commercial propane as defined in GPA Stand-
ard 2140.

propane HD-5

A special grade of propane consisting predominately of pro-
pane and which conforms to the GPA specification for HD-5
propane as defined in GPA Standard 2140.

raw gas
Unprocessed gas, or the inlet gas to a gas processing plant.

raw mix liquids
A mixture of natural gas liquids prior to fractionation. Also
called "raw make".

real gas

A gas that does not obey the ideal gas law. Instead its behavior
is expressed as PV = zRT where z is the compressibility factor
and z # 1.0. For an ideal gas z = 1.0, see Fig. 1-4.

recovery
That percent or fraction of a given component in the plant feed
which is recovered as plant product.

recycle
Return of part of a process stream to a point upstream from
where it was removed to enhance recovery or control.

reflux

In fractionation, the portion of condensed overhead returned
to the column to enhance achievable purity of the overhead
product.

reflux ratio
A way of giving a relative measurement to the volume of re-
flux. Usually referred either to the feed or overhead product.

relative density (See specific gravity)
relief system

The system for safely relieving excess pressure to avoid ex-
ceeding equipment design pressure.

residue

The material which remains after a separation process. (1)
Residue gas is that gas remaining after the recovery of liquid
products. (2) Residue may also be the heaviest liquid or solid
remaining after distillation or reclaiming process.

retrograde condensation (vaporization)

Condensation or vaporization that is the reverse of expected
behavior. Condensation caused by a decrease in pressure or an
increase in temperature. Vaporization caused by an increase
in pressure or a decrease in temperature.

rich gas

Gas feed to a gas processing plant for liquid recovery.

rich oil

The oil leaving the bottom of an absorber. It is the lean oil plus
the absorbed constituents.

RVP (Reid Vapor Pressure)

The vapor pressure of a material measured by the Reid
Method and apparatus as detailed in ASTM Test Procedure
D-323.

s & w (See bs&w)

saturated compounds
Hydrocarbon compounds having no unsaturated carbon va-
lence bonds. Natural gas and natural gas liquids are mixtures
of saturated compounds.

saturated liquid
Liquid which is at its boiling point or is in equilibrium with a
vapor phase in its containing vessel.

saturated vapor
Vapor at its dew point.



scf (standard cubic feet)
Gas volume at standard temperature and pressure.

shrinkage

The reduction in volume of a gas stream by removal of some
of its constituents such as for recovered products, fuel, or
losses.

SNG (Synthetic or Substitute Natural Gas)
The gas product resulting from the gasification of coal and/or
gas liquids or heavier hydrocarbons.

solution gas
Gas which originates from the liquid phase in an oil reservoir.

sour
Liquids and gases are said to be "sour" if they contain hydro-
gen sulfide, carbon dioxide, and/or mercaptans above a speci-
fied level. It also is used to refer to the feed stream to a
sweetening unit.

sour gas

Gas containing undesirable quantities of hydrogen sulfide,
mercaptans, and/or carbon dioxide. It also is used to refer to
the feed stream to a sweetening unit.

specific gravity

The ratio of the mass of a given volume of a substance to that
of another equal volume of another substance used as stand-
ard. Unless otherwise stated, air is used as the standard for
gases and water for liquids, with the volumes measured at
60°F and standard atmospheric pressure.

splitter

A name applied to fractionators, particularly those separating
isomers (e.g., butane splitter refers to a tower producing most
ofthe isobutane in the feed as overhead and most of the normal
butane in the feed as bottoms).

sponge absorbent
An absorbent for recovering vapors of a lighter absorbent that
is used in the main absorption process of a gas processing plant.

stabilized condensate
Condensate that has been stabilized to a definite vapor pres-
sure in a fractionation system.

stabilizer
A fractionation column designed to reduce the vapor pressure
of a liquid stream.

stage separation system
A system of separators where the liquid portion of the well
effluent is separated from formation gas and flash vapors.

still

The column where the absorbed product is recovered from the
lean absorption oil. In plants using a low molecular weight
absorption oil, the still is designed as a fractionation column.
In plants using a high molecular weight absorption oil, the still
may use steam or other fluids as stripping medium. Also used
to refer to regenerators in amine treating and glycol dehydra-
tion systems.

strapping
A term applied to the process of calibrating liquid storage ca-
pacity of storage tanks in increments of depth.

stream day
A continuous 24 hour period of plant operation.

stripper

A column wherein absorbed constituents are stripped from the
absorption oil. The term is applicable to columns using a strip-
ping medium, such as steam or gas.
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stripping factor
An expression used to describe the degree of stripping. Mathe-
matically, it is KV/L, the reciprocal of the absorption factor.

stripping medium

As stated under "stripper"”, the medium may be steam, gas, or
other material that will increase the driving force for strip-
ping.

sulfur

A yellow, non-metallic chemical element. In its elemental
state, it exists in both crystalline and amorphous forms. In
many gas streams, sulfur may be found as volatile sulfur com-
pounds, such as hydrogen sulfide, sulfur oxides, mercaptans,
and carbonyl sulfide. Reduction of the concentration of these
gaseous sulfur compounds is often necessary for corrosion con-
trol and possibly for health and safety reasons.

sulfur dioxide (SO2)

A heavy, colorless, suffocating gas that is chemically an oxide
of sulfur. Conversion of the gaseous sulfur oxides to sulfur is
necessary for corrosion control, for health and safety reasons,
and for complying with governmental standards.

sweet
Gas containing essentially no objectionable sulfur compounds.
Also, treated gas leaving a sweetening unit.

sweet gas

Gas which has no more than the maximum sulfur and/or COg
content defined by (1) the specifications for the sales gas from
a plant; (2) the definition by a legal body. Also, the treated gas
leaving a sweetening unit.

temperature correction factor

A factor for correcting volume at a given temperature to that
at a specific reference temperature. Reference temperature
most commonly used in the petroleum industry is 60°F.

therm
A unit of gross heating value equivalent to 100,000 Btu.

tonne

A unit of mass measurement, commonly used in international
petroleum commerce; an expression for the metric ton, or 1000
kilograms.

trayed column

A vessel wherein gas and liquid, or two essentially immiscible
liquids, are contacted, usually counter-currently on trays. Also
refer to packed column.

turboexpander
Refer to definition of "expansion turbine."

ullage (See outage)

unsaturated compounds

Hydrocarbon compounds having one or more unsaturated va-
lence bonds, i.e., ethylene, propylene. These compounds are not
found in natural gas streams or gas liquids because of their
relatively high chemical reactivity. Unsaturates are produced
by a thermal cracking or chemical reaction and can be found
in synthetic gas (SNG) or light refinery gases (LRG).

vapor pressure (true vapor pressure)

The pressure exerted by the equilibrium vapor of a liquid when
confined in a closed previously evacuated tank or test appara-
tus.

vapor pressure gasoline
A descriptive phrase for natural gasoline meeting a specified
vapor pressure.

vapor pressure, GPA
Vapor pressure as specified by GPA procedures.



vapor recovery
Equipment or process for the recovery of desired components
from stock tank vapors or vapors from some other source.

volatile sulfur
An obsolete term referring to sulfur compounds that will va-
porize readily (See sulfur).

weathering

The evaporation of liquid caused by exposing it to the condi-
tions of atmospheric temperature and pressure. Partial evapo-
ration of liquid by use of heat may also be called weathering.

weathering test

A GPA test for LP-gas for the determination of heavy compo-
nents in a sample by evaporation under specified conditions.
weight in air

Weight compared to a standard with no correction for air buoy-
ancy.

wellhead
The assembly of fittings, valves, and controls located at the

surface and connected to the flow lines, tubing, and casing of
the well so as to control the flow from the reservoir.

wet gas

(1) A gas containing water, or a gas which has not been dehy-
drated. (2) A term synonymous with rich gas. Refer to defini-
tion of "rich gas".

Wobbe number

A number proportional to the heat input to a burner at con-
stant pressure. In British practice, it is the gross heating value
of a gas divided by the square root of its gravity. Widely used
in Europe, together with a measured or calculated flame
speed, to determine interchangeability of fuel gases.

Conversion Factors

In these tables, factors for conversion, including conversions
to the International System of Units (SI), are based on ASTM
Standard for Metric Practice, E380-91. The latest edition of
this publication should be studied for more detail on the SI
system, including definitions and symbols.

In calculating derived factors in the tables that follow, exact
conversions were used, when available, rather than the 7-digit
round-offs listed in ASTM E380 conversion tables. Derived fac-
tors given below are rounded to the same number of significant
digits as the source factors.

In any conversion of fundamental measurement units, some
confusion may result due to redefinition of units used in earlier
tables. For example, in 1959 a small refinement was made in
the definition of the yard, which changed its length from
3600/3937 meter (or 1 inch = 25.4000508 mm) to 0.9144 m
exactly (or 1 inch = 25.4 mm exactly). The tables below are
based on the new definition, but one should be aware that

where U.S.land measurements are concerned, the old relation-
ship applies. Refer to ASTM E380-91, note 13, for more detail.

Energy Units Conversion

Confusion may arise in the definition of units for heat or
energy. In the tables below, the Btu (IT) and calorie (IT) are
used. These are the heat units recommended by the Interna-
tional Conference on the Properties of Steam, as defined:

1 Btu (IT) = 1055.055 852 62 joule (exactly)
1 Calorie (IT) = 4.186 800 joule (exactly)

For information only, other definitions that may be used
elsewhere:

1 Btu (Mean) = 1055.87 joule

1 Btu (39°F) = 1059.67 joule

1 Btu (60°F) = 1054.68 joule

1 Btu (Thermochemical) = 1054.350 joule
1 calorie (Mean) = 4.190 02 joule

FIG. 1-2
Conversion Factor Tables
Velocity
(Length/unit of time)
ft/sec ft/min Miles/hr (U.S. Statute) m/sec m/min km/hr
1 60 0.6818182 0.3048 18.288 1.09728
0.01666667 1 0.01136364 5.08 x 107 0.3048 0.018288
1.466667 88 1 0.44704 26.8224 1.609344
3.280840 196.8504 2.236936 1 60 3.6
0.05468066 3.280840 0.03728227 0.016667 1 0.06
0.9113444 54.68066 0.6213712 0.2777778 16.66667 1
Energy
Ft-lbf Kg-meter Btu (IT) Kilo-calorie (IT) Hp-hr Kilowatt-hr joule (J)
1 0.1382550 1.285068 x 1072 3.238316 x 10~ 5.050505 x 10~ 3.766161 x 10~ 1.355818
7.233014 1 9.294911 x 10~ 2.342278 x 107 3.653037 x 107° 2.724070 x 107 9.806650
778.1692 107.5858 1 0.2519958 3.930148 x 10~ 2.930711 x 107 1055.056
3088.025 426.9348 3.968321 1 1.559609 x 107 1.163 x 107 4186.8
1980000 273744.8 2544.434 641.1865 1 0.7456999 2684520.
2655224 367097.8 3412.142 859.8452 1.341022 1 3600000.
0.7375621 0.1019716 9478171 x 107* 2.388459 x 10~ 3.725061 x 107" 2777778 x 107 1
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FIG. 1-2 (Cont'd)

Conversion Factor Tables

Length
Inches Feet Yards Miles (U.S. Statute) Millimeters Meters
1 0.08333333 0.02777778 1.578283 x 107° 25.4 0.0254
12 1 0.3333333 1.893939 x 107+ 304.8 0.3048
36 3 1 5.681818 x 107* 914.4 0.9144
63360. 5280 1760 1 1609344 1609.344
0.03937008 3.280840 x 1073 1.093613 x 1072 6.213712 x 107 1 0.001
39.37008 3.280840 1.093613 6.213712 x 107* 1000 1
Area
Sq inches Sq feet Sq yards Acres Sq miles (U.S. Statute) Sq meters
1 6.944444 x 10 | 7.716049 x 107* | 1.594225 x 1077 2.490977 x 107° 6.4516 x 107
144 1 0.1111111 2.295684 x 107° 3.587006 x 10~ 9.290304 x 1072
1296 9 1 2.066116 x 107* 3.228306 x 10" 0.8361274
6272640. 43560. 4840. 1 0.0015625 4046.856
4014489600 27878400 3097600. 640 1 2589988.
1550.0031 10.76391 1.195990 2.471054 x 1074 3.861022 x 107" 1
Capacity-volume
Cu inches Cu feet Cu yards Liters Cu meters U.S. gallons Imp. gallons Barrels (42 U.S. gal)
1 5.787037 x 107* | 2.143347 x 107° 0.01638706 | 1.638706 x 107° | 4.329004 x 107> | 3.604649 x 107 1.030715 x 10~*
1728 1 0.03703704 28.31685 0.02831685 7.480520 6.228833 0.1781076
46656 27 1 764.5549 0.7645549 201.9740 168.1784 4.808905
61.02374 0.03531467 1.307951 x 107° 1 0.001 0.2641720 0.2199692 6.289810 x 107>
61023.74 35.31467 1.307951 1000 1 264.1720 219.9692 6.289810
231.0000 0.1336806 4951132 x 107 3.785412 0.003785412 1 0.8326739 2.380952 x 1072
277.4196 0.1605437 5.946064 x 107 4.546092 0.004546092 1.200950 1 0.02859406
9702.001 5.614584 0.2079475 158.9873 0.1589873 42 34.97230 1
Mass
Ounces Pounds Short tons Long tons Kilograms Metric tons
1 0.0625 3.125x 10 2.790179 x 107° 0.02834952 2.834950 x 107°
16 1 5x107* 4.464286 x 107* 0.4535924 4535924 x 107*
32000 2000 1 0.8928571 907.1847 0.9071847
35840 2240 1.12 1 1016.047 1.016047
35.27396 2.204623 1.102311 x 1073 9.842065 x 1074 1 0.001
35273.96 2204.623 1.102311 0.9842065 1000 1
Weight per unit of area
Lb/sq ft Lb/sq in kg/sq cm kg/sq m Short tons/sq ft Long tons/sq ft kg/sq mm
1 0.006944444 4.882428 x 107 4.882428 0.0005 4.464286 x 1074 4.882428 x 1076
144 1 0.07030695 703.0695 0.072 0.06428571 7.030695 x 10~*
2048.161 14.22334 1 10000 1.024081 0.9143578 0.01
0.2048161 0.001422334 0.0001 1 1.024081 x 107* 9.143578 x 10™° 0.000001
2000 13.88889 0.9764855 9764.855 1 0.8928571 0.009764855
2240 15.55556 1.093664 10936.64 1.12 1 0.01093664
204816.1 1422.334 100 1 000 000 102.4081 91.43578 1
Weight per unit of area, pressure
kgf/cm? kPa 1bf/in? Mm mercury (0°C) in. mercury (32°F) in. water (39.2°F) agl‘:;rsllc)l};%‘is Millibars
1 98.06650 14.22334 735.561 28.9591 393.712 0.9678411 980.6650
0.01019716 1 0.1450377 7.50064 0.295301 4.01474 0.009869233 10
0.07030695 6.894757 1 51.7151 2.03603 27.6807 0.06804596 68.94757
0.00135951 0.133322 0.0193367 1 0.0393701 0.535253 0.00131579 1.33322
0.0345315 3.38638 0.491153 25.4 1 13.5954 0.0334210 33.8638
0.00253993 0.249082 0.0361263 1.86827 0.0735541 1 0.00245825 2.49082
1.033227 101.3250 14.69595 760.002 29.9213 406.794 1 1013.250
0.001019716 0.1 0.01450377 0.750064 0.0295301 0.401474 9.869233 x 10~ 1
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A.P.I. and Baumé Gravity Tables and Weight Factors

FIG. 1-3

APIL Baumé Specific Lb/ U.S. gal/ APIL Baumé Specific Lb/ U.S. gal/
gravity gravity gravity U.S. gal 1b gravity gravity gravity U.S. gal 1b

0 10.247 1.0760 8.962 0.1116

1 9.223 1.0679 8.895 0.1124 51 50.57 0.7753 6.455 0.1549
2 8.198 1.0599 8.828 0.1133 52 51.55 0.7711 6.420 0.1558
3 7.173 1.0520 8.762 0.1141 53 52.54 0.7669 6.385 0.1566
4 6.148 1.0443 8.698 0.1150 54 53.53 0.7628 6.350 0.1575
5 5.124 1.0366 8.634 0.1158 55 54.52 0.7587 6.316 0.1583
6 4.099 1.0291 8.571 0.1167 56 55.51 0.7547 6.283 0.1592
7 3.074 1.0217 8.509 0.1175 57 56.50 0.7507 6.249 0.1600
8 2.049 1.0143 8.448 0.1184 58 57.49 0.7467 6.216 0.1609
9 1.025 1.0071 8.388 0.1192 59 58.48 0.7428 6.184 0.1617
10 10.00 1.0000 8.328 0.1201 60 59.47 0.7389 6.151 0.1626
11 10.99 0.9930 8.270 0.1209 61 60.46 0.7351 6.119 0.1634
12 11.98 0.9861 8.212 0.1218 62 61.45 0.7313 6.087 0.1643
13 12.97 0.9792 8.155 0.1226 63 62.44 0.7275 6.056 0.1651
14 13.96 0.9725 8.099 0.1235 64 63.43 0.7238 6.025 0.1660
15 14.95 0.9659 8.044 0.1243 65 64.42 0.7201 5.994 0.1668
16 15.94 0.9593 7.989 0.1252 66 65.41 0.7165 5.964 0.1677
17 16.93 0.9529 7.935 0.1260 67 66.40 0.7128 5.934 0.1685
18 17.92 0.9465 7.882 0.1269 68 67.39 0.7093 5.904 0.1694
19 18.90 0.9402 7.830 0.1277 69 68.37 0.7057 5.874 0.1702
20 19.89 0.9340 7.778 0.1286 70 69.36 0.7022 5.845 0.1711
21 20.88 0.9279 7.727 0.1294 71 70.35 0.6988 5.817 0.1719
22 21.87 0.9218 7.676 0.1303 72 71.34 0.6953 5.788 0.1728
23 22.86 0.9159 7.627 0.1311 73 72.33 0.6919 5.759 0.1736
24 23.85 0.9100 7.578 0.1320 74 73.32 0.6886 5.731 0.1745
25 24.84 0.9042 7.529 0.1328 75 74.31 0.6852 5.703 0.1753
26 25.83 0.8984 7.481 0.1337 76 75.30 0.6819 5.676 0.1762
27 26.82 0.8927 7.434 0.1345 77 76.29 0.6787 5.649 0.1770
28 27.81 0.8871 7.387 0.1354 78 77.28 0.6754 5.622 0.1779
29 28.80 0.8816 7.341 0.1362 79 78.27 0.6722 5.595 0.1787
30 29.79 0.8762 7.296 0.1371 80 79.26 0.6690 5.568 0.1796
31 30.78 0.8708 7.251 0.1379 81 80.25 0.6659 5.542 0.1804
32 31.77 0.8654 7.206 0.1388 82 81.24 0.6628 5.516 0.1813
33 32.76 0.8602 7.163 0.1396 83 82.23 0.6597 5.491 0.1821
34 33.75 0.8550 7.119 0.1405 84 83.22 0.6566 5.465 0.1830
35 34.73 0.8498 7.076 0.1413 85 84.20 0.6536 5.440 0.1838
36 35.72 0.8448 7.034 0.1422 86 85.19 0.6506 5415 0.1847
37 36.71 0.8398 6.993 0.1430 87 86.18 0.6476 5.390 0.1855
38 37.70 0.8348 6.951 0.1439 88 87.17 0.6446 5.365 0.1864
39 38.69 0.8299 6.910 0.1447 89 88.16 0.6417 5.341 0.1872
40 39.68 0.8251 6.870 0.1456 90 89.15 0.6388 5.316 0.1881
41 40.67 0.8203 6.830 0.1464 91 90.14 0.6360 5.293 0.1889
42 41.66 0.8155 6.790 0.1473 92 91.13 0.6331 5.269 0.1898
43 42.65 0.8109 6.752 0.1481 93 92.12 0.6303 5.246 0.1906
44 43.64 0.8063 6.713 0.1490 94 93.11 0.6275 5.222 0.1915
45 44.63 0.8017 6.675 0.1498 95 94.10 0.6247 5.199 0.1924
46 45.62 0.7972 6.637 0.1507 96 95.09 0.6220 5.176 0.1932
47 50.61 0.7927 6.600 0.1515 97 96.08 0.6193 5.154 0.1940
48 50.60 0.7883 6.563 0.1524 98 97.07 0.6166 5.131 0.1949
49 50.59 0.7839 6.526 0.1532 99 98.06 0.6139 5.109 0.1957
50 50.58 0.7796 6.490 0.1541 100 99.05 0.6112 5.086 0.1966

The relation of Degrees Baumé or A.P.I. to Specific Gravity is expressed by
the following formulas:

For liquids lighter than water:

140 140
D Baumé = —= -1 =
egrees Baume G 30, G 130 + Degrees Baumé

141.5

141.5
D APIL = ——-1315 G =
egrees G ’ 1315 + Degrees A P.L
For liquids heavier than water:
145 145
D B ¢ = 145 ——— G =
egrees Baume G’ 145 + Degrees Baumé

G = Specific Gravity = ratio of the weight of a given volume of oil at 60°F to
the weight of the same volume of water at 60°F.

The above tables are based on the weight of 1 U.S. gallon (3.785 liters) of
oil with a volume 0f 231 cubic inches (3785 cubic centimeters) at 60°F (15.56°C)
in air at 760mm of pressure and 50% humidity. Assumed weight of 1 U.S. gallon
of water at 60°F in air is 8.32828 pounds (3.77764 kg).

To determine the resulting gravity by mixing oils of different gravities:
md; + ndsg
m+n

D =

D = Density or Specific Gravity of mixture
m = Volume proportion of oil of d; density
n = Volume proportion of oil of dz density
d; = Specific Gravity of m oil

d2 = Specific Gravity of n oil
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Values of the Gas Constant Rin PV =nRT

FIG. 1-4

Basis of units listed below is 22.4140 liters at 0°C and 1 atm for the volume of 1 g mole. All other values calculated from conversion factors listed in tables.

n Temperature Pressure Volume R n Temperature Energy R
gm mol K atm liter 0.082 057 477 gm mol K calorie 1.9859
gm mol K atm cm® 82.057 gm mol K joule 8.3145
gm mol K mm Hg liter 62.364
gm mol K bar liter 0.083 145 1b mol °R Btu 1.9859
gm mol K kg/em? liter 0.084 784 1b mol °R hp-hr 0.000 780 48
gm mol K kPa m® 0.008 314 5 1b mol °R Kw-hr 0.000 582 00
1b mol °R atm ft? 0.730 24 1b mol °R ft-1b 1545.3
1b mol °R in.Hg £t 21.850
1b mol ‘R mm Hg fit? 554.98 k mol K joule 83145
1b mol °R Ib/in? ft? 10.732
1b mol °R 1b/ft? £t 1545.3
1b mol K atm fit? 1.3144
1b mol K mm Hg £t 998.97
k mol K kPa m® 8.3145
k mol K bar m® 0.083 145
FIG. 1-5
Commercial Base Pressure Conversion Factors
(Factors to Convert to Other Base Pressures)
oo [ a0 [ waes [ Og%mare [ nmite 14900 [ s [ aams | WD [avmg | e o | 164
13.9 1.0000 | 0.9488 0.9440 0.9458 0.9440 | 0.9456 | 0.9437 | 0.9603 | 0.9434 | 0.9329 | 0.9251 | 0.8476
14.65 1.0540 | 1.0000 0.9950 0.9969 0.9950 | 0.9966 | 0.9946 | 1.0122 | 0.9943 | 0.9832 | 0.9750 | 0.8933
101.325 kPa @ 15°C 1.0593 | 1.0050 1.0000 1.0019 1.0000 | 1.0016 | 0.9996 | 1.0173 | 0.9993 | 0.9882 | 0.9800 | 0.8978
14.696 or 760 mm Hg 1.0573 | 1.0031 0.9981 1.0000 0.9981 | 0.9997 | 0.9977 | 1.0153 | 0.9974 | 0.9863 | 0.9781 | 0.8960
14.696 @ 59°F 1.0593 | 1.0050 1.0000 1.0019 1.0000 | 1.0016 | 0.9996 | 1.0173 | 0.9993 | 0.9882 | 0.9800 | 0.8978
14.7 1.0576 | 1.0034 0.9984 1.0003 0.9984 | 1.0000 | 0.9980 | 1.0156 | 0.9976 | 0.9866 | 0.9784 | 0.8963
14.73 1.0597 | 1.0055 1.0004 1.0023 1.0004 | 1.0020 | 1.0000 | 1.0177 | 0.9997 | 0.9886 | 0.9804 | 0.8982
14.73 Sat. 1.0413 | 0.9880 0.9830 0.9849 0.9830 | 0.9846 | 0.9826 | 1.0000 | 0.9823 | 0.9714 | 0.9633 | 0.8826
30" Hg 1.0601 | 1.0058 1.0007 1.0026 1.0007 | 1.0024 | 1.0003 | 1.0180 | 1.0000 | 0.9889 | 0.9807 | 0.8984
14.9 1.0719 | 1.0171 1.0119 1.0139 1.0119 | 1.0136 | 1.0115 | 1.0294 | 1.0112 | 1.0000 | 0.9917 | 0.9085
15.025 1.0809 | 1.0256 1.0204 1.0224 1.0204 | 1.0221 | 1.0200 | 1.0381 | 1.0197 | 1.0084 | 1.0000 | 0.9162
16.4 1.1795 | 1.1195 1.1138 1.1159 1.1138 | 1.1156 | 1.1134 | 1.1331 | 1.1130 | 1.1007 | 1.0915 | 1.0000
FIG. 1-6
Pressure Equivalents
psia in.Hg @ 32°F mm Hg @ 0°C kPa
1 2.03603 51.7151 6.8948
0.491153 1 25.400 3.38638
0.019337 0.3937 1 0.1333
0.14504 0.2953 7.5006 1
13.9 28.3008 718.8399 95.83772
14.65 29.82784 757.62621 101.00882
14.696 29.9215 760.0051 101.32598
14.6959 29.9213 760.00 101.3250
14.7 29.9296 760.21197 101.3536
14.73 29.9907 761.7634 101.5604
14.73456 30.00 761.999 101.5918
14.9 30.3368 770.55499 102.73252
15.025 30.59135 777.01937 103.5944
16.4 33.39532 848.12764 113.0747
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FIG. 1-7

Viscosity Relationships

absolute viscosity (centipoises)

Kinematic viscosity (centistokes) = 3
density (g/cm”)0

ft¥/sec = (centistokes)(1.07639 x 107)
centistokes = (ft¥/sec)(92903.4)
* Usually same as specific gravity.

APPROXIMATE VISCOSITY CONVERSIONS

ft%/sec (50-100 SSU)
ft¥/sec (100-350 SSU)
ft%isec (over 350 SSU)

centistokes (50-100SSU) =
centistokes (100-350 SSU) =

centistokes (over 350 SSU)
centistokes (over 350 SSU)
centistokes (over 500 SSU)
centistokes (over 300 Redwood #1)
centistokes (over 50 Redwood #2)
centistokes (over 18 Engler)
centistokes (over 20 Stormer)
centistokes (over 1.0 Demler #10)

centistokes (over 1.3 Demler #1) =
centistokes (over 14 Parlin #20) =
centistokes (over 230 Ford #4) =

centistokes

[(SSU)(2.433 x 107%)] - (0.00210/SSU)
[(SSU)(2.368 x 1079)] - (0.00145/SSU)
[SSU (at 100°F) (2.3210 x 107%)]
[(SSU) (0.226)] - (205.3/SSU)

[(SSU) (0.220)] - (147.7/SSU)

[SSU (at 100°F or 37.8°C) (0.21576)]
[SSU (at 210°F or98.9°C) (0.21426)]
[SSU (at 122°F or 50°C) (2.120)]
[Redwood #1 (Standard (0.255)]
[Redwood #2 (Admiralty) (2.3392)]
(Engler) (7.389)

(Stormer) (2.802)

(Demler #10) (31.506)

(Demler #1) (3.151)

(Parlin Cup #20) (61.652)

(Ford Cup #4) (3.753)

6200 Barbey

VISCOSITY - UNIT CONVERSIONS

KINEMATIC VISCOSITY

[ MULTIPLY BY TO OBTAIN
ft¥/sec 92903.04 centistokes
ft¥/sec 0.092903 sq meters/sec
sq meters/sec 10.7639 ft¥/sec
sq meters/sec 1000 000.0 centistokes
centistokes 0.000 001 sq meters/sec
centistokes 0.000 010 763 9 ft%/sec

ABSOLUTE OR DYNAMIC VISCOSITY
Ibf-sec/ft> 47880.26 centipoises
Ibf-sec/ft? 47.8803 Pascal-sec
centipoises 0.000 102 kg-sec/sq meter
centipoises 0.000 020 885 4 Ibf-sec/sq ft*
centipoises 0.001 Pascal-sec
Pascal-sec 0.020 885 4 1bf-sec/sq ft
Pascal-sec 1000 centipoises

* Sometimes absolute viscosity is given in terms of pounds mass. In this case —

(centipoises)(0.000672) = lbm/ft - sec.

ABSOLUTE TO KINEMATIC VISCOSITY

centipoises 1/density (g/cm3) centistokes
centipoises 0.000 671 97/density (Ib/ft3) ft¥/sec
Ibf-sec/ft> 32.174/density (b/ft>) ft%/sec
kg-sec/m2 9.80665/density (kg/ms) sq meters/sec
Pascal-sec 1000/density (g/cm3) centistokes
KINEMATIC TO ABSOLUTE VISCOSITY
centistokes density (g/cm3) centipoises
sq meters/sec (0.10197)[density (kg/m3)] kg-sec/sq meter
ft%/sec (0.03108) [density (Ib/ft3)] Ibf-sec/ft>
ft¥/sec (1488.16) [density (Ib/ft>)] centipoises
centistokes (0.001) [density (g/cmS)] Pascal-sec
sq meters/sec (1000) [density (g/cmS)] Pascal-sec
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1 calorie (15°C) = 4.185 80 joule
1 calorie (20°C) = 4.181 90 joule
1 calorie (Thermochemical) = 4.184 000 joule

The fundamental relationship between the Btu and the calo-
rie:

gram-pound relationship

Fahrenheit—Celsius scale relationship

« 453.592 29
1.8

1 therm = 100,000 Btu = 105.5056 x 10° J
=105,505.6 kJ = 1.055 056 x 10° kJ.
(Btu denotes British Thermal Units)
(ref: Physical Properties of Natural Gases,
Gas Unie, 1988 p. 23)

1 decatherm = 1,000,000 Btu = 1 MMBtu = 10° Btu
1 thermie = 1 Mcal (15°C) = 4.1858 x 10% J
1 terajoule = 1 TJ = 1 x 102 Joule

or: Btu = calorie (IT, mean, or other)

Gas Volume Relationships
Gas volume are commonly referred to in "standard" or
"normal” units.

Standard conditions commonly refers to gas volumes
measured at:

15°C and 101.3250 kPa
60°F and 14.696 psia

These P & T conditions are often indicated as Standard Tem-
perature and Pressure, abbreviated to STP. However standard
conditions can refer to other combinations of pressure and
temperature as might be agreed between gas buyer and seller.
There is no internationally accepted standard for STP. In 1980
GPA adopted 15°C, 101.3250 kPa (abs) as standard conditions
for ST units. Thus standard molar volumes are:

23.645 std m*/kmol at 15°C (288.15 K), 101.8250 kPa.
GPA SI standard conditions.

379.49 std ft*/1b mol at 60°F (519.67°R), 14.696 psia.

Other standard conditions sometimes used are:

P T
101.3250 kPa 20°C
100.0 kPa 15°C
14.73 psia 60°F
14.40 psia (99.28 kPa) 60°F
and others

Normal conditions refers to gas volumes measured at 0°C
and 101.3250 kPa (760 mm Hg), often abbreviated to NTP
(Normal Temperature and Pressure). The normal molar vol-
ume is:

22.414 Nm®/kmol at 0°C (273.15 K), 101.3250 kPa

Example 1-1 — Consider 100 kg of 16 mole weight gas.
This is equivalent to 220.5 pounds and 6.25 kmol (13.78 b
mols). The volume occupied by this mass can be found by
using the relationships presented above:

147.8 std m® (15°C, 101.3250 kPa)
140.1 Nm® (0°C, 101.3250 kPa)
5,229 std ft? (scf) (60°F, 14.696 psia)

Thus the following volume conversions individually repre-
sent the same mass (kg, kmol or Ib, Ib mol) of gas assuming
either constant z or ideal gas behavior.

1 Nm? = 37.33 scf. Same mass on either side of this
equation.

1 std m® = 35.38 scf. Again, same mass on either side
of this equation, but 1 std m® (15°C) contains slightly
smaller mass than in 1 Nm? (0°C). Gas is less
dense at 15°C than at 0°C.

Other Useful Relationships
Physical conversion of ft* and m® is given in Fig. 1-2.
Absolute zero: 0 K (-273.15°C), 0°R (-459.67°F).

1 Thermochemical unit x 0.999 331 2 = IT Unit (Btu or
other)

1 Thermochemical cal/gm x 1.8 x 0.999 331 2 = IT Btw/lb
Entropy, 1 Btu/(Ib - °R) = 4.186 8 kJ/(kg - K)
Enthalpy, 1 Btw/lb = 2.326 kd/kg

7000 Grains = 1 1b,,

1 Grain = 64.798 91 mg

1 Grain/100 scf = 22.888 352 mg/m®

1 Grain/U.S. gallon = 17.118 06 g/m®

1 Hectare = 10 000 m” = 100 are = 2.471 acres
°C=5/9 (°F - 32)

°F =9/5 (°C) + 32

K=°C+273.15=5/9 °R

°R=°F +459.67=1.8K

1 newton of force = 1 kg - m/s?=1N

1 pascal pressure = 1 N/m? = 1 Pa

Notes:

1. Pressure is stated as psia except where specifically indi-
cated otherwise.

2. Base temperature is assumed to be 60°F except where
specifically indicated otherwise.

3. Saturated water vapor pressure at 60°F equals 0.2561
psi (International Critical Tables).

4. 60°F = 15.6°C 15°C = 59°F

5. 30" Hg @ 32°F is normally assumed equivalent to 14.73
psi commercially.

6. To convert heating value or gas price from one base pres-
sure to another, the reciprocals of the above conversion
factors apply.

7. kPa represents kPa (abs) unless indicated as kPa (ga) for
gauge pressure.

8. kJ/(kmol - K) = kJ/(kmol - °C)



FIG. 1-8
Approximate Atomic Weights

Name Symbol Atomic Approximate
Number Atomic Weight
Aluminum Al 13 27.0
Antimony Sb 51 121.8
Argon Ar 18 39.9
Arsenic As 33 74.9
Barium Ba 56 137.3
Boron B 5 10.8
Bromine Br 35 79.9
Cadmium Cd 48 112.4
Calcium Ca 20 40.1
Carbon C 6 12.0
Chlorine Cl 17 35.5
Chromium Cr 24 52.0
Cobalt Co 27 58.9
Copper Cu 29 63.5
Fluorine F 9 19.0
Gold Au 79 197.0
Helium He 2 4.0
Hydrogen H 1 1.0
Todine I 53 126.9
Iron Fe 26 55.8
Lead Pb 82 207.2
Lithium Li 3 6.9
Magnesium Mg 12 24.3
Manganese Mn 25 54.9
Mercury Hg 80 200.6
Molybdenum Mo 42 95.9
Neon Ne 10 20.2
Nickel Ni 28 58.7
Nitrogen N 7 14.0
Oxygen (0] 8 16.0
Phosphorus P 15 31.0
Platinum Pt 78 195.1
Potassium K 19 39.1
Radon Rn 86 222.0
Selenium Se 34 79.0
Silicon Si 14 28.1
Silver Ag 47 107.9
Sodium Na 11 23.0
Strontium Sr 38 87.6
Sulfur S 16 32.1
Tin Sn 50 118.7
Titanium Ti 22 47.9
Tungsten W 74 183.9
Vanadium A% 23 50.9
Zinc Zn 30 65.4

Note: Precise values of atomic weights vary. For example 1959 values were
based on oxygen = 16.000, whereas 1961 values use the isotope C*? = 12.000
as the basis. The above values are rounded to one decimal place for use in
less precise calculations.
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FIG. 1-9

Gaseous Composition of Air

Gas Symbol Molecular Volume %
Weight
Basic constituents
Nitrogen N, 28.013 78.084 + 0.004 %
Oxygen O, 32.0 20.946 +0.002 %
Argon Ar 39.948 0.934 + 0.001 %
Trace gases
Neon Ne 20.183 18.12 + 0.04 ppm
Helium He 4.003 5.239 £ 0.05 ppm
Krypton Kr 83.80 1.14 £ 0.01 ppm
Xenon Xe 131.30 0.087 + 0.001 ppm
Hydrogen H, 2.016 0.5 + 0.01 ppm
Impurities
Water H,0 18.015 01-28%
Carbon dioxide COq 44.011 300 * 30 ppm
Methane CH, 16.043 1.5 to 2.5 ppm
Carbon monoxide CO 28.010 0.061 to 1.1 ppm
Sulphur dioxide SO, 64.06 1.1 ppm
Nitrous oxide N:O 44,012 0.5 ppm
Ozone O3 47.998 0.011 to 0.11
Nitrogen dioxide NO, 46.005 0.005 to 0.02 ppm
Radon Rn 222 Trace
Nitric oxide NO 30.006 Trace

Openshaw, D. and Cain, S., "Ultra-pure Cryogenic Nitrogen Generator", TCE, The
Chemical Engineer, The Institution of Chemical Engineers, Rugby, England, UK.,

November 2002, p. 30.

FIG. 1-10
Greek Alphabet

o A=Alpha
3 B=Beta

y l=Gamma
0 A=Delta

€ E=Epsilon
( Z=Zeta

n H=Eta

0 ©=Theta

I 1=Iota

Kk K=Kappa

A A-Lambda
pUM=Mu

v N=Nu

& ==Xi

0 O=Omicron

n M=Pi

p P=Rho

0 2=Sigma
1 T=Tau

v Y=Upsilon
¢ ©=Phi

X X=Chi

Y W=Psi

w Q=Omega
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GPA Publications*

TECHNICAL STANDARDS MANUAL — A one-volume
loose-leaf manual that contains the official test methods
and specifications of the GPA. Included are GPA Standards
101-43, 2140, 2142, 2145, 2165, 2166, 2172, 2174, 2177,
2186, 2187, 2188, 2194, 2261, 2265, 2286, 2377, 3132, 8173,
8182, 8186, 8195, RB-181, RB-194 and ASTM Test Proce-
dures D86, D130, D156, D216, D287, D323, D1070, D1265,
D1267, D1657, D1837, D1838, D2158, D2163, D2713,
D2784. Subject tabbed for ready reference.

PLANT OPERATIONS TEST MANUAL — A one-volume
loose leaf manual containing the significant tests commonly
used in the operation of a plant. This convenient compila-
tion contains test methods which originated with ASTM,
API, PEA, GPA, U.S. Bureau of Mines, Betz Laboratories,
Girdler Corp. and Fluor Corporation. In addition, it con-
tains all of the information in the "Technical Standards
Manual."

CORROSION DETECTION REPORT — A practical and
convenient field guide to detecting, locating, and measuring
common corrosion problems in gas processing plants and
related equipment.

PLANT PROJECT AND DESIGN CHECK LIST — Pre-
pared by Technical Section A to serve as a guide in planning
and preparing job and equipment specifications using cate-
gories normally required for a processing plant.

ENERGY CONSERVATION CHECK LIST — Prepared by
Technical Section A, and patterned after the earlier "Plant
Project and Design Check List", it was developed to serve
as a guide check list for energy conservation within various
units of equipment.

SAFETY INSPECTION CHECK LIST — Prepared by the
Safety Committee to show the plant and design engineer
items of importance to check from the viewpoint of safety
in design and operation. It consists of approximately 60
pages covering 15 areas in the gas processing plant.

GUIDE FOR PERFORMANCE TESTING OF PLANT
EQUIPMENT — Prepared by Section A as a guide for
checking the performance of various items of equipment
within a plant. Over 200 pages divided into five major sec-
tions: A. Plant Acceptance and Performance Tests; B. Tow-
ers and Vessels; C. Engines and Turbines; D. Compressors,
Pumps and Blowers; and E. Heating and Cooling.

BIBLIOGRAPHY ON HYDROCARBONS — A comprehen-
sive bibliography of important articles on hydrocarbons and
associated compounds. Over 100 pages with 1300 abstracts,
cloth bound, 9 x 12 inches. The text material covers the pe-
riod from 1946-1960 inclusive. It contains a wealth of time-
saving references for petroleum engineers, chemists,
researchers, and students. J. A. Muckleroy.

NORTH AMERICAN STORAGE CAPACITY FORLIGHT
HYDROCARBONS AND U.S. LP-GAS IMPORT TER-
MINALS — A biennial report compiling the storage facili-
ties for light hydrocarbons in the U.S. and the terminal
facilities in the U.S. capable of receiving imported LP-gas.
Excel Diskette available.
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SALES OF NATURAL GAS LIQUIDS AND LIQUEFIED
REFINERY GASES — A joint publication of API, GPA,
PERC, and NPGA summarizes annual survey data on gas
liquids sales — by product, by major market uses, and by
state.

NGL SUPPLY/DEMAND/INVENTORY DATA — A compi-
lation of historical gas plant and refinery production of gas
liquids production, by month and by product. Data are ex-
tended to include total monthly supply, demand and inven-
tories of individual products. Also available on LOTUS 123
diskette. Current monthly summaries of these data are
available on request.

LP-GAS ODORIZATION SYMPOSIA PROCEEDINGS —
Collection of papers presented at two symposia on LP-gas
Odorization Technology in 1989 and 1990. Co-sponsored by
the National Propane Gas Association and the Propane Gas
Association of Canada, these proceedings are a compilation
of information on LP-gas odorants, odorization practices
and equipment, and original research into the behavior of
odorants in the LP-gas fuel system.

REPORT OF INVESTIGATIONS-ODORIZATION OF
LP-GAS — A summary of research findings and studies
conducted during 1986-1990 by a joint task force of repre-
sentatives from GPA, the National Propane Gas Association
and the Propane Gas Association of Canada. Includes task
force recommendations for effective odorization of LP-gas.

ANNUAL CONVENTION PROCEEDINGS — Collection of
all technical papers presented in the technical forums and
general sessions of the GPA annual conventions.

Standards and Bulletins

Specifications

GPA Standard 2140 — Liquefied Petroleum Gas Specifica-
tions and Test Methods.

GPA Standard 3132 — Natural Gasoline Specifications and
Test Methods.

Analytical Methods

AGA-GPA CODE 101 — Standard Compression and Char-
coal Tests for Determining the Natural Gasoline Content of
Natural Gas.

GPA 2100 — Tentative Method for the Qualitative Determi-
nation of COS in Propane.

GPA Standard 2165 — Standard for Analysis of Natural Gas
Liquid Mixtures by Gas Chromatography.

GPA Standard 2177 — Analysis of Demethanized Hydrocar-
bon Liquid Mixtures Containing Nitrogen and Carbon Di-
oxide by Gas Chromatography.

GPA Standard 2186 — Tentative Method for the Extended
Analysis of Hydrocarbon Liquid Mixtures Containing Ni-



trogen and Carbon Dioxide by Temperature Programmed
Gas Chromatography.

GPA Standard 2187 — Tentative Method for the Determina-
tion of Ammonia in Liquid Propane.

GPA Standard 2188 — Tentative Method for the Determina-
tion of Ethyl Mercaptan in LP-gas Using Length of Stain
Tubes.

GPA Standard 2194 — Tentative Low Pressure Field
Method for Determining Ethyl Mercaptan Odorant in LP-
gas Using Length of Stain Tubes.

GPA Standard 2198 — Selection, Preparation, Validation,
Care, and Storage of Natural Gas and Natural Gas Liquid
Reference Standard Blends.

GPA Standard 2261 — Analysis for Natural Gas and Similar
Gaseous Mixtures by Gas Chromatography.

GPA Standard 2265 — GPA Standard for Determination of
Hydrogen Sulfide and Mercaptan Sulfur in Natural Gas
(Cadmium Sulfate-Iodometric Titration Method).

GPA Standard 2286 — Tentative Method of Extended Analy-
sis for Natural Gas and Similar Gaseous Mixtures by Tem-
perature Programmed Gas Chromatography.

GPA Standard 2290 — Tentative Method for the Determina-
tion of Carbonyl Sulfide (COS) in Unodorized Liquid Pro-
pane.

GPA Standard 2377 — Test for Hydrogen Sulfide and Carb-
on Dioxide in Natural Gas Using Length of Stain Tubes.

Measurement Standards

GPA Standard 2142 — Standard Factors for Volume Correc-
tion and Specific Gravity Conversion of Liquefied Petro-
leum Gases.

GPA Standard 2145 — Physical Constants for Paraffin Hy-
drocarbons and Other Components of Natural Gas. Data
are given in both English and SI Units.

1-17

GPA Standard 2172 — Calculation of Gross Heating Value,
Relative Density and Compressibility of Natural Gas Mix-
tures from Compositional Analysis.

GPA Standard 8173 — Method for Converting Mass of Natu-
ral Gas Liquids and Vapors to Equivalent Liquid Volumes.
Data are given in both English and SI Units.

GPA Standard 8182 — Tentative Standard for the Mass
Measurement of Natural Gas Liquids.

GPA Standard 8186 — Measurement of Liquid Hydrocarbon
by Truck Scales.

GPA Standard 8195 — Tentative Standard for Converting
Net Vapor Space Volumes to Equivalent Liquid Volumes.

GPA Reference Bulletin 181 — Heating Value as a Basis
for Custody Transfer of Natural Gas. A reference to provide
authoritative interpretation of accepted procedures for de-
termining heating values.

GPA Reference Bulletin 194 — Tentative NGL Loading
Practices.

Sampling Methods

GPA Standard 2166 — Obtaining Natural Gas Samples for
Analysis by Gas Chromatography.

GPA Standard 2174 — Method for Obtaining Liquid Hydro-
carbon Samples Using A Floating Piston Cylinder.

Miscellaneous Standards

GPA Publication 1167 — GPA Glossary-Definition of Words
and Terms Used in the Gas Processing Industry.

* GPA Committees periodically update or revise GPA publica-
tions. The last two digits of the year in which the publication
is revised are appended to the publication number, e.g., GPA
2145-02.



GPA Research Reports

Results of most of the GPA sponsored research projects since
1971 have been published as numbered Research Reports. In
some cases, individual company sponsored data have been
published as Technical Publications.

RR-1

RR-2

RR-3

RR-4

RR-5

RR-6

RR-7

RR-8

RR-9

RR-10

RR-11

RR-12

RR-13

Bibliography of Data Sources for Low-Temperature
Vapor-Liquid Equilibria in Non-Absorber Oil Sys-
tems — R. D. Gunn and S. V. Mainkar, University of
Texas, Austin, Texas. Project 692-A.

K-Values in Highly Aromatic and Highly
Naphthenic Real Oil Absorber Systems - Grant Wil-
son and Sherman T. Barton, P-V-T, Inc., Houston,
Texas. Project 691.

Enthalpy and Entropy of Non-Polar Liquids at Low
Temperatures - K. C. Chao and R. A. Greenkorn,
Purdue University, Lafayette, Indiana.

Evaluation of Eight Enthalpy Correlations - Ken-
neth E. Starling, David W. Johnson and Philip C.
Colver, University of Oklahoma, Norman, Okla-
homa. Project 681.

Experimental Measurements of Vapor-Liquid Equilib-
rium Data for the Ethane-Carbon Dioxide and Nitro-
gen-n-Pentane Binary Systems - Kurata-Swift
Consulting Engineers, Lawrence, Kansas. Project
692-B.

Enthalpies of Methane-C7 Systems - Bert Eakin,
Grant M. Wilson and Will E. DeVaney, P-V-T, Inc.,
Houston, Texas. Project 661.

The Equilibrium Phase Properties of the Binary Sys-
tems: Nitrogen-Hydrogen Sulfide, Isobutane-Hydro-
gen  Sulfide, Isobutane-Carbon Dioxide and
Isobutane-Ethane - D. B. Robinson and G. J. Besserer,
University of Alberta, Edmonton, Alberta.

1971-1972 Enthalpy Correlation Evaluation Study
- Kenneth E. Starling, University of Oklahoma,
Norman, Oklahoma. Project 713.

Enthalpies of Hydrogen Sulfide-Methane-Ethane
Systems - Bert Eakin and Will E. DeVaney, P-V-T,
Inc., Houston, Texas. Project 722.

Solubility of Solid Carbon Dioxide in Pure Light
Hydrocarbons and Mixtures of Light Hydrocar-
bons - Fred Kurata, Center for Research, Inc.,
Lawrence, Kansas.

GPA Experimental Enthalpy Values Referred to Two
Base Levels - John M. Lenoir and Gene A. Cochran,
University of Southern California, Los Angeles,
California. Project 733.

Enthalpy and Phase Boundary Measurements on
Carbon Dioxide and Mixtures of Carbon Dioxide
with Methane, Ethane and Hydrogen Sulfide -
Grant M. Wilson and James M. Peterson, Brigham
Young University, Provo, Utah. Project 731.

Prediction of Absorber Oil K-Values and Enthalpies
- John H. Erbar, Oklahoma State University, Still-
water, Oklahoma. Project 714.
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RR-14

RR-15

RR-16

RR-17

RR-18

RR-19

RR-20

RR-21

RR-22

RR-23

RR-24

RR-25

Solubility of Heavier Hydrocarbons in Liquid Meth-
ane - Fred Kurata, Center For Research, Inc.,
Lawrence, Kansas. Project 738-A.

The Equilibrium Phase Properties of Selected Bi-
nary Systems at Low Temperature: Nitrogen-Hy-
drogen Sulfide, Ethane-Hydrogen Sulfide and
n-Butane-Carbon Dioxide - D. B. Robinson and H.
Kalra, University of Alberta, Edmonton, Alberta.
Project 738.

Solubility Limits of Heavy Hydrocarbons in NGL
and LNG Mixtures - Will DeVaney, Bert Eakin and
James M. Berryman, P-V-T, Inc., Houston, Texas.
Project 735-A.

Smoothed Experimental Enthalpy Data for Three
Methane-Ethane Binaries and a Methane-Ethane-
Propane Ternary - John E. Powers, Andre W. Fur-
tado, Ravi Kant and Adriana Kwan, University of
Michigan, Ann Arbor, Michigan. Project 723.

The Equilibrium Phase Properties of Selected Bi-
nary Systems: n-Heptane-Hydrogen Sulfide, n-
Heptane-Carbon Dioxide and i-Butane-Nitrogen -
D. B. Robinson and H. Kalra, University of Alberta,
Edmonton, Alberta. Project 745.

Vapor Phase Data for the Binary Systems of Meth-
ane with n-Butane, n-Pentane, n-Hexane and n-Hep-
tane - Roger J. J. Chen, Patsy S. Chappelear and Riki
Kobayashi, Rice University, Houston, Texas. Project
692-B.

K-Values for the Methane-n-Butane, Methane-n-
Pentane and Methane-n-Hexane Systems - Doug El-
liot, Y. N. Lin, T. C. Chu, Patsy S. Chappelear and
Riki Kobayashi, Rice University, Houston, Texas.
Project 692-B.

Dew-Point Values for the Methane-Carbon Dioxide
System - S. C. Hwang, Ho-Mu Lin, Patsy S. Chappe-
lear and Riki Kobayashi, Rice University, Houston,
Texas. Project 739.

Solubility of Hydrocarbons in Cryogenic LNG and
NGL Mixtures - James P. Kohn and Kraemer D.
Luks, University of Notre Dame, Notre Dame, Indi-
ana. Project 735.

Measurement of Ethane and Propane Recovery and
Total Fraction Condensed for Simulated Natural
Gas Mixtures - Grant M. Wilson, John R. Cunning-
ham, B. Steve Lofgren and Veldon E. Messick, Ther-
mochemical Institute, Brigham Young University,
Provo, Utah. Project 737.

Enthalpy and Phase Boundary Measurements on
Mixtures of Nitrogen with Methane, Carbon Dioxide
and Hydrogen Sulfide - Grant M. Wilson, John R.
Cunningham and Paul F. Nielsen, Brigham Young
University, Provo, Utah. Project 741.

The Vapor-Liquid Equilibrium of the CH4-CO2 Sys-
tem at Low Temperatures - S. C. Mraw, S. C. Hwang
and Riki Kobayashi, Rice University, Houston,
Texas. Project 739.



RR-26

RR-27

RR-28

RR-29

RR-30

RR-31

RR-32

RR-33

RR-34

RR-35

RR-36

RR-37

RR-38

Statistical Thermodynamics of Solutions in Natu-
ral Gas and Petroleum Refining - M. D. Donohue
and J. M. Prausnitz, University of California,
Berkeley, California. Project 721.

Solubility of Hydrocarbons in Cryogenic LNG and
NGL Mixtures - James P. Kohn and Kraemer D.
Luks, University of Notre Dame, Notre Dame, Indi-
ana. Project 735-A.

The Characterization of the Heptanes and Heavier
Fractions for the GPA Peng-Robinson Programs - D.
B. Robinson and D. Y. Peng, University of Alberta,
Edmonton, Alberta. Project 756.

The Equilibrium Phase Compositions of Selected
Aromatic and Naphthenic Binary Systems: Tolu-
ene-Carbon Dioxide, Toluene-Hydrogen Sulfide,
Methylcyclohexane-Carbon Dioxide and Methylcy-
clohexane-Hydrogen Sulfide - D. B. Robinson and
H-J Ng, University of Alberta, Edmonton, Alberta.
Project 755, 755-A and 757-B.

High Temperature V-L-E Measurements for Substi-
tute Gas Components - Will DeVaney, James M. Ber-
ryman, Pen-Li Kao and Bert Eakin, P-V-T, Inc.,
Houston, Texas. Project 757.

The Equilibrium Phase Properties of a Synthetic
Sour Gas Mixture and a Simulated Natural Gas
Mixture - D. B. Robinson, H. Kalra and Hans Rem-
pis, University of Alberta, Edmonton, Alberta. Pro-
ject 737-A & 737-B.

Vapor-Liquid Compositions of Propane-Butane
Mixtures in Cold Weather Field Tests - Thomas H.
May and Dorab N. Baria, University of North Da-
kota, Grand Forks, North Dakota. Project 789-A.

Solubility of Hydrocarbons in Cryogenic LNG and
NGL Mixtures - James P. Kohn and Kraemer D.
Luks, University of Notre Dame, Notre Dame, Indi-
ana. Project 735.

Sour Water Equilibria: Ammonia Volatility Down
to ppm; Effect of Electrolytes on Ammonia Volatility;
pH vs. Composition - Grant Wilson, Richard S.
Owens and Marshall W. Roe, Wilco Research, Provo,
Utah. Project 758-A.

Computer Simulations of Vapor-Liquid Composi-
tions of Propane-Butane Mixtures in Cold Weather
Field Tests - Thomas H. May and Dorab N. Baria,
University of North Dakota, Grand Forks, North
Dakota. Project 789-B.

Literature Survey for Synthetic Gas Components--
Thermodynamic Properties - P. Pendergraft, M. Mar-
ston, M. Gonzales, V. Rice and J. Erbar, Oklahoma
State University, Stillwater, Oklahoma. Project 746.

Enthalpy Measurements on Synthetic Gas Systems:
Hydrogen-Methane, Hydrogen-Carbon Monoxide -
James M. Berryman, Will E. DeVaney, Bert E.
Eakin and Nancy L. Bailey, P-V-T, Inc., Houston,
Texas. Project 742.

A Preliminary Version of the PHC Equation of State
Computerized for Engineering Calculations - E. C.
Hohmann, California State Polytechnic University,
Pomona, California. Project 771.
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The Equilibrium Phase Properties of Selected m-
Xylene and Mesitylene Binary Systems: CHg-m-
Xylene, CO2-m-Xylene, CHgy-Mesitylene - D. B.
Robinson, H-J Ng and S-S Huang, University of Al-
berta, Edmonton, Alberta. Project 755-B.

Measurement of Ethane and Propane Recovery and
Total Fraction Condensed in the Bubble Point Re-
gion of Two Simulated Natural Gas Mixtures - John
R. Cunningham, John L. Oscarson and Mark L. Jen-
son, Brigham Young University, Provo, Utah. Pro-
ject 737.

Phase Equilibria of a High Nitrogen Content Syn-
thetic Natural Gas - James P. Kohn and Robert C.
Merrill, University of Notre Dame, Notre Dame, In-
diana. Project 795.

Vapor-Liquid Equilibrium Data on Water-Substi-
tute Gas Components: N2-H20, Hs-H20, CO-H20
and H2-CO-H20 and H2S-H20 - Paul C. Gillespie
and Grant Wilson, Wilco Research Co., Provo, Utah.
Project 758-B.

Predicting Synthetic Gas and Natural Gas Thermody-
namic Properties Using a Modified Soave Redlich
Kwong Equation of State - J. H. Erbar, A. K. Jagota, S.
Muthswamy and M. Moshfeghian, Oklahoma State
University, Stillwater, Oklahoma. Project 752.

The Equilibrium Phase Properties of Selected m-
Xylene and Mesitylene Binary Systems: m-Xylene-
Mesitylene-H32S, Mesitylene-CO2 - D. B. Robinson
and S-S Huang, University of Alberta, Edmonton,
Alberta. Project 755-B.

Vapor-Liquid and Liquid-Liquid Equilibria in the
Methane-Toluene System and Relation of Liquid-
Liquid Equilibrium Behavior at Low Temperatures
to Vapor-Liquid Equilibria Behavior at High Tem-
peratures and Elevated Pressures - Yeuh-Neu Lin,
Shuen-Cheng Swang and Riki Kobayashi, Rice Uni-
versity, Houston, Scott W. Hopke, Exxon Production
Company, Houston, Texas. Project 757.

The Water Content and Correlation of the Water
Content of Methane in Equilibrium with Hydrates,
(D; and the Water Content of a High Carbon Dioxide
Simulated Prudhoe Bay Gas in Equilibrium with
Hydrates, (I) - Keichi Aoyagi, Kyoo Y. Song and Riki
Kobayashi, Rice University, Houston, Texas, E.
Dendy Sloan and P. B. Dharmawardhana, Dept. of
Chemical Engineering, Colorado School of Mines,
Golden, Colorado. Project 775.

Vapor Liquid Equilibrium Study of the H2-CH4 Sys-
tem at Low Temperatures and Elevated Pressures -
Joint research report for GPA and Gas Research In-
stitute. Jane Huey Hong and Riki Kobayashi, Rice
University, Houston, Texas. Project 757.

Behavior of CH4-COg2-H2S Mixtures at Sub-Ambi-
ent Temperatures - Joint research report for GPA
and Canadian Gas Processors Association. D. B. Ro-
binson, H-J. Ng and A. D. Leu, University of Alberta,
Edmonton, Alberta. Project 738-A.

Vapor-Liquid and Liquid-Liquid Equilibria:
Water-Methane; Water-Carbon Dioxide; Water-Hy-
drogen Sulfide; Water-nPentane; Water-Methane-
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nPentane - Paul Gillespie and Grant Wilson, Wiltec
Research Company, Provo, Utah. Project 758-B.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures - James P. Kohn, University of Notre
Dame, Notre Dame, Indiana and Kraemer Luks,
University of Tulsa, Tulsa, Oklahoma. Project 795.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures (raw data). James P. Kohn, University of
Notre Dame, Notre Dame, Indiana and Kraemer D.
Luks, University of Tulsa, Tulsa, Oklahoma. Pro-
ject 795.

Measurement and Interpretation of the Water Con-
tent of a Methane-Propane (5.31 mol %) Mixture in
the Gaseous State in Equilibrium with Hydrate -
Hyoo Y. Song and Riki Kobayashi, Rice University,
Houston, Texas. Project 775.

The Equilibrium Phase Properties of Selected
Naphthenic Binary Systems: Methylcyclohexane-
Nitrogen, Ethylcyclohexane-Hydrogen Sulfide and
n-Propylcyclohexane-Hydrogen Sulfide - D. B. Ro-
binson, S-S Huang and A. D. Leu, University of Al-
berta, Edmonton, Alberta. Project 755-B.

Vapor-Liquid Equilibria for Sour Water Systems
with Inert Gases Present - Jonathan L. Owens, John
R. Cunningham and Grant Wilson, Wiltec Research
Co., Provo, Utah. Project 805.

Experimental Densities and Enthalpies for Water-
Natural Gas Systems - John J. Scheloske, Kenneth
R. Hall, Philip T. Eubank and James C. Holste,
Texas A & M University, College Station, Texas.
Project 772.

Thermophysical Properties Tables for Wet, Sweet
and Sour Natural Gases: Data Supplement to RR-
53 - John J. Scheloske, Kenneth R. Hall, Philip T.
Eubank and James C. Holste, Texas A & M Univer-
sity, College Station, Texas. Project 772.

The Equilibrium Phase Behavior of Several Solute
Gases in the Solvent Phenanthrene - Robert L. Ro-
binson, Jr., Philip J. Carlberg, John J. Heidman and
Yick-Kwan Chen, Oklahoma State University, Still-
water, Oklahoma. Project 757-A.

Phase Equilibrium Studies for Methane/Synthesis
Gas Separation: The Hydrogen-Carbon Monoxide-
Methane System - Joint research report for GPA and
Gas Research Institute. Jane Huey Hong and Riki Ko-
bayashi, Rice University, Houston, Texas. Project 757.

Measurement of Total Fraction Condensed and
Phase Boundary for a Simulated Natural Gas -
Joint research report for GPA and Gas Research In-
stitute. John L. Oscarson and Bert Saxey, Brigham
Young University, Provo, Utah. Project 737.

The Phase Behavior of Two Mixtures of Methane,
Carbon Dioxide, Hydrogen Sulfide and Water - D. B.
Robinson, S-S Huang, A. D. Leu and H-J Ng, Univer-
sity of Alberta, Edmonton, Alberta. Project 758-A.

The Equilibrium Phase Properties of Selected
Naphthenic Binary Systems: Ethylcyclohexane-
Carbon Dioxide, Ethylcyclohexane-Nitrogen and
Ethylcyclohexane-Methane - D. B. Robinson, C-J
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Chen and H-J Ng, University of Alberta, Edmonton,
Alberta. Project 755-B.

Vapor-Liquid Equilibrium Measurements on the Sys-
tems No-Toluene, No-m-Xylene, and Na-Mesitylene - S.
Laugier, D. Legret, J. Desteve, D. Richon and H. Renon,
A.R.M.ILN.E.S,, Paris, France. Project 755-C.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures: Phase II - James P. Kohn and Robert C.
Merrill, University of Notre Dame, Notre Dame, In-
diana and Kraemer D. Luks, University of Tulsa,
Tulsa, Oklahoma. Project 795.

An Evaluation of the GPSA Engineering Data Book
Volume Correction Factor Table for Light Ends -
David B. Manley, University of Missouri, Rolla, Mis-
souri. Project 819.

Water-Hydrocarbon Liquid-Liquid-Vapor Equilib-
rium Measurements to 530 degrees F - Joint research
report for GPA and American Petroleum Institute. C.
Jeffrey Brady, John R. Cunningham and Grant Wil-
son, Wiltec Research Co., Provo, Utah.

Experimental Enthalpies for Pure Toluene and Pure
Methylcyclohexane - Luis E. Cediel, Philip T.
Eubank, James C. Holste and Kenneth R. Hall,
Texas A & M University, College Station, Texas.
Project 792-82.

GPA Data Bank of Selected Enthalpy and Equili-
bria Values- Thomas E. Daubert, Pennsylvania
State University, University Park, Pennsylvania.
Projects 806 & 822.

Vapor-Liquid Equilibria for Sour Water Systems at
High Temperatures - Jonathan L. Owens, John R.
Cunningham and Grant M. Wilson, Wiltec Research
Co., Provo, Utah. Project 805-82.

Equilibrium Phase Composition and Hydrating
Conditions in Systems Containing Methanol, Light
Hydrocarbons, Carbon Dioxide and Hydrogen Sul-
fide - Joint research report for GPA and Canadian
Gas Processors Association. H-J. Ng and D. B. Ro-
binson, D. B. Robinson & Assoc., Ltd., and Univer-
sity of Alberta, Edmonton, Alberta. Project 825-82.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures: Phase III-Nitrogen Rich Systems - James
P. Kohn and Robert C. Merrill, Jr., University of
Notre Dame, Notre Dame, Indiana and Kraemer D.
Luks, University of Tulsa, Tulsa, Oklahoma. Project
795-82.

Excess Enthalpy Experimental Data-Binary Systems:
Water + n-Pentane, Water + n-Hexane, Water + n-Hep-
tane, Water + n-Octane - C. J. Wormald, C. N. Colling,
N.M. Lancaster and A. J. Sellers, University of Bristol,
Bristol, England. Project 773-A-79.

Evaluation of GPA*SIM Computer Program with
GPA Data Bank of Selected Enthalpy Values - Thomas
E. Daubert, Pennsylvania State University, Univer-
sity Park, Pennsylvania. Project 822-82.

Phase Equilibrium Studies for Processing of Gas
From CO2 EOR Projects - Project supported jointly
by the Gas Processors Association and special in-
dustry contributions. Jane Huey Hong and Riki Ko-
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bayashi, Rice University, Houston, Texas. Project
826-82.

Water Content of NGL in Presence of Hydrates - Kevin
A. Sparks and E. Dendy Sloan, Colorado School of
Mines, Golden, Colorado. Project 775-B-82.

Measurement of Ethane and Propane Recovery and
Total Fraction Condensed for a Simulated Natural
Gas in the Retrograde Region - John L. Oscarson,
Brigham Young University, Provo, Utah. Project
815-81.

Heats of Mixing of Steam with N2, COs2, Hs, CHy,
and CO at High Temperatures and Pressures Using
a New High Temperature Calorimeter - Grant M.
Wilson and C. Jeff Brady, Wiltec Research Co.,
Provo, Utah. Project 773-79 & 80.

The Influence of Methanol on Hydrate Formation at
Low Temperatures - H-J. Ng and D. B. Robinson, D.
B. Robinson & Assoc., Ltd., Edmonton, Alberta. Pro-
ject 825-83.

Vapor-Liquid Equilibria Measurements on the Sys-
tems Nz-n-Propylcyclohexane, COgz-n-Propylcyclo-
hexane, CHgy-n-Propylcyclohexane, CH4-n-Propyl-
benzene and COg-n-Propylbenzene - S. Laugier, P.
Alali, A. Valtz, A. Chareton, F. Fontalba, D. Richon
and H. Renon, A R.M.I.N.E.S., Paris, France. Pro-
ject 755-C-82.

Phase Equilibrium Studies for Processing of Gas
from COg EOR Projects-Phase II - Project supported
jointly by the Gas Processors Association and spe-
cial industry contributions. Jane Huey Hong and
Riki Kobayashi, Rice University, Houston, Texas.
Project 826-83.

Evaluation of GPA*SIM Computer Program with
GPA Data Bank of Selected V-L-E Data - Thomas E.
Daubert, Pennsylvania State University, Univer-
sity Park, Pennsylvania. Project 806-83.

Sulfur Compounds and Water V-L-E and Mutual
Solubility MESH-H20; ETSH-H20; CS2-H20; and
COS-H320 - Paul C. Gillespie and Grant M. Wilson,
Wiltec Research Co., Provo, Utah. Project 758-80.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures (Phase IV - Nitrogen-Rich Systems) -
James P. Kohn and Feliciano M. Llave, University
of Notre Dame, Notre Dame, Indiana and Kraemer
D. Luks, University of Tulsa, Tulsa, Oklahoma. Pro-
ject 795-83.

The Water Content of CO2-Rich Fluids in Equilib-
rium with Liquid Water or Hydrate - Kyoo Y. Song
and Riki Kobayashi, Rice University, Houston,
Texas. Project 775-83.

Evaluation of Peng-Robinson Computer Program
with GPA Data Bank of Selected Enthalpy Values -
Thomas E. Daubert, Pennsylvania State University,
University Park, Pennsylvania. Project 822-83.

Vapor-Liquid Equilibria Measurements on the Sys-
tems Ethane-Toluene, Ethane-n-Propylbenzene,
Ethane-Metaxylene, Ethane-Mesitylene, Ethane-
Methylcyclohexane - S. Laugier, A. Valtz, A. Chare-
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ton, D. Richon and H. Renon, A . R.M.I.N.E.S., Paris,
France. Project 755-C-83.

Excess Enthalpy Experimental Data Binary Sys-
tems: Water-Carbon Monoxide, Water-Carbon Diox-
ide - C. J. Wormald, N. M. Lancaster, A. J. Sellars,
University of Bristol, Bristol, England. Project 773-
A-81.

Evaluation of Equi-Phase (Peng-Robinson) Com-
puter Program with GPA Data Bank of Selected V-
L-E Data - Thomas E. Daubert, Pennsylvania State
University, University Park, Pennsylvania. Project
806-84.

Enthalpies of Solutions of COz in Aqueous Diglyco-
lamine Solutions - Scott P. Christensen, James dJ.
Christensen and Reed M. Izatt, Brigham Young
University, Provo, Utah. Project 821-84.

Properties of CO2-Rich Mixtures - Joint research
report for GPA and Gas Research Institute. K. R.
Hall, J. C. Holste, P. T. Eubank and K. N. Marsh,
Texas A & M University, College Station, Texas.
Project 842-84.

Hydrate Formation and Equilibrium Phase Compo-
sitions in the Presence of Methanol: Selected Sys-
tems Containing Hydrogen Sulfide, Carbon Dioxide,
Ethane or Methane - H-J. Ng, C-J. Chen and D. B.
Robinson, D. B. Robinson & Assoc., Ltd., Edmonton,
Alberta. Project 825-84.

Vapor-Liquid Equilibria Measurements on the Sys-
tems Ethane-n-Propylcyclohexane, Propane-Cyclo-
hexane, Propane-n-Propylcyclohexane, Propane-n-
Propylbenzene and Propane-Mesitylene - S. Laugier,
A. Valtz, A. Chareton, D. Richon and H. Renon,
A.R.M.IN.E.S,, Paris, France. Project 755-C-84.

Vapor-Liquid Equilibrium and Condensing Curves
for a Typical Gas Condensate - H-J Ng and D. B.
Robinson, D. B. Robinson & Assoc., Ltd., Edmonton,
Alberta. Project 815-82 & 83.

Vapor-Liquid Equilibrium Measurements on the
Ammonia-Water System from 313K to 589K - Joint
research report for GPA and AIChE-DIPPR. C.
Gillespie, W. Vincent Wilding and Grant M. Wilson,
Wiltec Research Co., Provo, Utah. Project 758-B-81.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures - Phase V -James P. Kohn and F. M. Llave,
University of Notre Dame, Notre Dame, Indiana
and Kraemer D. Luks, University of Tulsa, Tulsa,
Oklahoma. Project 795-85.

The Effect of Ethylene Glycol or Methanol on Hy-
drate Formation in Systems Containing Ethane,
Propane, Carbon Dioxide, Hydrogen Sulfide or a
Typical Gas Condensate - H-J Ng, C. J. Chen and D.
B. Robinson, D. B. Robinson & Assoc., Ltd., Edmon-
ton, Alberta. Project 825-85.

Gas Solubilities and Vapor-Liquid Equilibrium
Measurements of Ha, CO2 and NH3zin Water-Phenol
Mixtures from 110 degrees F to 550 degrees F - Paul
C. Gillespie, Jonathan L. Owens and Grant M. Wil-
son, Wiltec Research Co., Provo, Utah. Project 758-
B-81 & 82.
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Phase Equilibrium Studies for Processing of Gas
from CO2 EOR Projects (Phase II1): A. The Effect of
Toluene as an Extractive Agent; B. The Effect of
Methane on V-L-E Behaviorin CO2-Rich Gas n-Pen-
tane Quasi-binary Mixtures - Project supported
jointly by GPA and special industry contributions.
Jane Huey Hong and Riki Kobayashi, Rice Univer-
sity, Houston, Texas. Project 826-84 & 85.

Application of a High Pressure, Multiproperty Ap-
paratus for the Measurement of Thermodynamic
and Transport Properties to Measure the Phase and
Volumetric Properties of a Supercritical Extractive
System: The Carbon Dioxide-n-Hexadecane System
- Joint research report for Gas Processors Associa-
tion and Gas Research Institute. T. Charoensom-
but-amon and Riki Kobayashi, Rice University,
Houston, Texas. Project 826-85.

Vapor-Liquid Equilibrium and Condensing Curves
in the Vicinity of the Critical Point for a Typical Gas
Condensate - H-J.Ng, C. J. Chen and D. B. Robinson,
D. B. Robinson & Assoc., Ltd., Edmonton, Alberta.
Project 815-A-84.

Excess Enthalpy Experimental Data Binary Sys-
tems: Water + Ethylene, Water + Ethane, Water +
Propane, Water + n-Butane - Ternary System: Water
+ Methane + Carbon Dioxide - C. J. Wormald and N.
M. Lancaster, University of Bristol, Bristol, Eng-
land. Project 773-B-82.

Glycol Vaporization Losses in Super-Critical COg -
Y. Adachi, Patrick Malone, Toshikuni Yonemoto and
Riki Kobayashi, Rice University, Houston, Texas.
Project 856-85.

The Water Content of CO2-Rich Fluids in Equilib-
rium with Liquid Water and /or Hydrates - Kyoo Y.
Song and Riki Kobayashi, Rice University, Houston,
Texas. Project 775-85.

Water Content of NGL in Presence of Hydrates - Mark
S. Bourrie and E. Dendy Sloan, Colorado School of
Mines, Golden, Colorado. Project 775-A-83 & 84.

Vapor-Liquid Equilibria Measurements on the Sys-
tems Methane-Methylcyclohexane, Nitrogen-n-
Propylbenzene, Hydrogen Sulfide-n-Propylbenzene,
Propane-Toluene, Propane-m-Xylene and Propane-
Methylcyclohexane - A. Chareton, A. Valtz, C.
Lafeuil, S. Laugier, D. Richon and H. Renon,
A.R.M.IN.E.S,, Paris, France. Project 755-C-85.

Enthalpies of Solution of COg in Aqueous
Methyldiethanolamine Solutions - Keith E. Merkley,
James J. Christensen and Reed M. Izatt, Brigham
Young University, Provo, Utah. Project 821.

Enthalpies and Phase Boundary Measurements:
Equal Molar Mixtures of n-Pentane with Carbon Di-
oxide and Hydrogen Sulfide - John R. Cunningham,
Brigham Young University, Provo, Utah. Project 763.

Equilibrium Solubility of Carbon Dioxide or Hydro-
gen Sulfide in Aqueous Solutions of Monoethano-
lamine, Diglycolamine, Diethanolamine and
Methyldiethanolamine - R. N. Maddox, A. H. Bhairi,
James R. Diers and P. A. Thomas, Oklahoma State
University, Stillwater, Oklahoma. Project 841.
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Vapor-Liquid Equilibrium and Condensing Curves
for a Gas Condensate Containing Nitrogen - H-J Ng,
H. Schroeder and D. B. Robinson, D. B. Robinson &
Assoc., Ltd., Edmonton, Alberta. Project 815-85 & 86.

The Influence of High Concentrations of Methanol
on Hydrate Formation and the Distribution of Gly-
col in Liquid-Liquid Mixtures - H-J Ng, C. J. Chen
and D. B. Robinson, D. B. Robinson & Assoc., Ltd.,
Edmonton, Alberta. Project 825-86.

Thermodynamic Properties of Pure Hydrogen Sul-
fide and Mixtures Containing Hydrogen Sulfide
with Methane, Carbon Dioxide, Methylcyclohexane
and Toluene - Donald M. Bailey, Chung Hsiu Liu,
James C. Holste, Kenneth R. Hall, Philip T. Eubank
and Kenneth M. Marsh, Texas A & M University,
College Station, Texas. Project 792.

Enthalpies of Solution of COg in Aqueous Diethano-
lamine Solutions - Rebecca Helton, James J. Chris-
tensen and Reed M. Izatt, Brigham Young
University, Provo, Utah. Project 821-86.

Acoustic Determination of the Thermodynamic Ref-
erence State Heat Capacity of n-Heptane Vapor -
Sam O. Colgate, A. Sivaraman and Kyle Reed, Uni-
versity of Florida, Gainesville, Florida. Project 831-
83 through 86.

Thermophysical Properties for Special High COg2
Content Mixtures - James F. Ely, J. W. Magee and W.
M. Haynes, National Bureau of Standards, Boulder,
Colorado. Project 839-Part 1.

Additional Evaluation of GPA*SIM Computer Pro-
gram with GPA Data Bank of Selected VLE Data -
Thomas E. Daubert, Pennsylvania State Univer-
sity, University Park, Pennsylvania. Project 856.

Additional Evaluation of Equi-Phase (Peng Robin-
son) Computer Program with GPA Data Bank of Se-
lected VLE Data - Thomas E. Daubert,
Pennsylvania State University, University Park,
Pennsylvania. Project 806-86.

Vapor Liquid Equilibrium in Propane-Odorant
Systems - Heng-Joo Ng and Donald B. Robinson, DB
Robinson & Associates, Ltd., Edmonton, Alberta.
Project 876.

Enthalpies of Solution of HaS in Aqueous Diethano-
lamine Solutions - Rebecca Van Dam, James J. Chris-
tensen, Reed M. Izatt, and John L. Oscarson, Brigham
Young University, Provo, Utah. Project 821.

Liquid-Liquid-Vapor Equilibria in Cryogenic LNG
Mixtures - Phase VI - W. L. Chen, James P. Kohn,
University of Notre Dame, Notre Dame, Indiana
and Kraemer D. Luks, University of Tulsa, Tulsa,
Oklahoma. Project 795.

Vapor Liquid Equilibrium and Condensing Curves for
a Highly Aromatic Gas Condensate - H-J. Ng, H.
Schroeder, C. J. Chen, and D. B. Robinson, DB Robin-
son & Associates, Edmonton, Alberta. Project 815.

The Solubility of Methanol or Glycol in Water-Hy-
drocarbon Systems - C. J. Chen, H-J. Ng, and D. B.
Robinson, DB Robinson & Associates, Edmonton,
Alberta. Project 825.
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GPSWAT: GPA Sour Water Equilibria Correlation
and Computer Program - Grant Wilson and Wayne W.
Y. Eng, Wiltec Research Co., Provo, Utah. Project 758.

Triethylene Glycol Vaporization Losses In Super-
critical CO2 - T. Yonemoto, T. Charoensombut-
Amon, and Riki Kobayashi, Rice University,
Houston, Texas. Project 856.

Water Content Values of a CO2 - 5.31 Mol Percent
Methane Mixture - Kyoo Y. Song and Riki Kobayashi,
Rice University, Houston, Texas. Project 775.

Experimental Enthalpies of Pentanes-plus Frac-
tions - P. T. Eubank, K. R. Hall, J. C. Holste and M.
G. Johnson, Texas A&M University, College Station,
Texas. Project 811.

Thermodynamic Properties of Near-Equimolar Mix-
tures for CO2-CHy4 and COg2-Ng - D. M. Bailey, G. J.
Esper, J. C. Holste, K. R. Hall, P. T. Eubank, K. N.
Marsh, W. J. Rogers, Texas A&M University, College
Station, Texas. Project 842.

Reference State Heat Capacities of Three Cg Com-
pounds - Sam Colgate, A. Sivaraman and K. Reed, Uni-
versity of Florida, Gainesville, Florida. Project 831.

Equilibrium Solubility of CO2 or H2S in Aqueous
Solutions of DEA at Low Partial Pressures - R. N.
Maddox and E. M. Elizondo, Oklahoma State Uni-
versity, Stillwater, Oklahoma. Project 841.

Equilibrium Solubility of CO2 or H2S in Protonated
Solutions of DEA - R. N. Maddox, M. Abu-Arabi and
E. M. Elizondo, Oklahoma State University, Still-
water, Oklahoma. Project 841.

Phase Behavior and Properties of an Aromatic Con-
densate Containing 20 Mole Percent Nitrogen - H-d.
Ng, H. Schroeder, D.B. Robinson, DB Robinson Re-
search Ltd., Edmonton, Alberta. Project 815.

Enthalpies of Solution of H2S in Aqueous
Methyldiethanolamine Solutions - J.L. Oscarson,
R.M. Izatt, Brigham Young University, Provo, Un-
tah. Project 821.

Enthalpies of Water + Methanol Mixtures between
180 and 320 K - S. W. Cochran, J. C. Holste, K. N.
Marsh, B. E. Gammon and K. R. Hall, Texas A&M
University, College Station, Texas. Project 881.

Human Response Research Evaluation of Alternate
Odorants for LP-GAS - D.L. Ripley, J.W. Goetzinger,
M.L. Whisman, NIPER, Bartlesville, Oklahoma.
Project 898.

A Thermodynamically Consistent Model for the Pre-
diction of Solubilities and Enthalpies of Solution of
Acid Gases in Aqueous Aklanolamine Solutions - John
L. Oscarson, Xuemin Chen, Reed M. Izatt, Brigham
Young University, Provo, Utah. Project 821.

The Solubility of Selected Aromatic Hydrocarbons
in Triethylene Glycol - H.-J. Ng, C.-J. Chen, D. B.
Robinson, DB Robinson Research Ltd., Edmonton,
Alberta. Project 895.

Water Content of Ethane, Propane, and Their Mix-
tures in Equilibrium with Liquid Water or Hydrates
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SECTION 2

Product Specifications

This Section contains the following specifications for natu-
ral gas liquid products:

Fig. 2-1: GPA specifications for commercial propane,
commercial butane, commercial butane-pro-
pane mixtures, and Propane HD-5.

Fig. 2-2: GPA specifications for natural gasoline.2

These are "official" industry standards, representing a broad
industry consensus for minimum quality products. Producers,
purchasers, or pipeline companies may adopt variations of
these specifications.

The gas plant designer and operator, as well as purchasers,
will also be concerned with specifications for other plant prod-
ucts, including residue gas, raw mix streams, ethane, propane,
ethane-propane mixes, normal butane, iso-butane, and plant
condensate. Although there are no "official" industry specifi-
cations for normal butane, common commercial transactions
for normal butane stipulate that the product shall meet all
specifications for commercial butane and, in addition, be com-
posed of a minimum of 95 volume percent normal butane.

Common commercial specifications for iso-butane stipulate
that the product contain a minimum of 95 volume percent iso-
butane, and also meet all specifications for commercial butane.

Likewise, there are no industry standard specifications for
ethane or ethane-propane (EP) mixes. However, GPA Techni-
cal Section C on product specifications has provided a sum-
mary of typical quality criteria in industry use as shown in
Fig. 2-3.

Quality specifications for natural gas have historically been
individually negotiated and prescribed in contracts between
purchasers or pipeline companies and the producer or proces-
sor. Specification parameters for pipeline quality natural gas
may include heating value, composition, contaminants, water
content, and hydrocarbon dew point. Specification limits for
these parameters may vary widely depending on the pipeline
system, climatological conditions, end use, and other factors.
Example pipeline quality gas specification parameters are
shown in Fig. 2-4.

FIG. 2-1

GPA Liquefied Petroleum Gas Specifications
(This Table Extracted From GPA Standard 2140-97)

Product Designation
Product Characteristics 3 i 3
Commercial Commercial Comn*‘lercml Propane HD-5 Test Methods
Propane Butane B-P Mixtures
Composition Predominantly Predominantly Predominantly not less than 90 ASTM D-2163-91
propane and/or butanes and/or mixtures of liquid volume
propylene. butylenes. butanes and/or percent propane;
butylenes with not more than 5
propane and/or liquid volume
propylene. percent propylene.
Vapor pressure at 100°F, psig, max. 208 70 208 208 ASTM D-1267-95
at 37.8°C, kPa (ga), max. 1434 483 1434 1434
Volatile residue:
temperature at 95% evaporation, °F, max. -37 36 36 -37 ASTM D-1837-94
or °C, max. -38.3 2.2 2.2 -38.3
butane and heavier, liquid volume percent max. 2.5 — — 2.5 ASTM D-2163-91
pentane and heavier, liquid volume percent max. — 2.0 2.0 — ASTM D-2163-91
Residual matter:
residue on evaporation of 100 ml, max. 0.05ml — — 0.05 ml ASTM D-2158-92
oil stain observation pass (1) — — pass (1) ASTM D-2158-92
Corrosion, copper strip, max. No. 1 No. 1 No. 1 No. 1 ASTM D-1838-91
(Note A)
Total sulfur, ppmw 185 140 140 123 ASTM D-2784-92
Moisture content pass — — pass GPA Propane
Dryness Test
(Cobalt Bromide)
or
D-2713-91
Free water content — none none — —
(1) An acceptable product shall not yield a persistent oil ring when 0.3 ml of solvent residue mixture is added to a filter paper in 0.1 increments and
examined in daylight after 2 minutes as described in ASTM D-2158.
NOTE A: "This method may not accurately determine the corrosivity of the liquefied petroleum gas if the sample contains corrosion inhibitors or other
chemicals which diminish the corrosivity of the sample to the copper strip. Therefore, the addition of such compounds for the sole purpose of
biasing the test is prohibited."
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FIG. 2-2
GPA Natural Gasoline Specifications and Test Methods

FIG. 2-3
Representative Quality Criteria for Ethane Streams

Scope: These specifications state the required properties of Natural Gaso-
line. Natural gasoline is a mixture of liquid hydrocarbons extracted from
natural gas, composed principally of pentanes and heavier hydrocarbons,
although varying amounts of butanes may be included, depending on the
commercial grade.

Natural gasoline is defined further for commercial purposes by
the following:

Product Characteristic Specification Test Method
Reid Vapor Pressure 10-34 pounds ASTM D-323
Percentage evaporated at 140°F | 25-85 ASTM D-216
Percentage evaporated at 275°F | Not less than 90 ASTM D-216
End Point Not more than 375°F | ASTM D-216
Corrosion Not more than ASTM D-130

classification 1 (modified)
Color Not less than plus ASTM D-156
25 (Saybolt)
Reactive Sulfur Negative, "sweet" GPA 1138

In addition to the above general specifications, natural gasoline
shall be divided into 24 possible grades on the basis of Reid vapor
pressure and percentage evaporated at 140°F. Each grade shall
have a range in vapor pressure of four pounds, and a range in the
percentage evaporated at 140°F of 15%. The maximum Reid vapor
pressure of the various grades shall be 14, 18, 22, 26, 30, and 34
pounds, respectively. The minimum percentage evaporated at
140°F shall be 25, 40, 55, and 70, respectively. Each grade shall
be designated by its maximum vapor pressure and its minimum
percentage evaporated at 140°F, as shown in the following table:

Grades of Natural Gasoline
Percentage Evaporated at 140°F

3425% 40% 55% 70% 85%

Grade 34-25 | Grade 34-40 | Grade 34-55 | Grade 34-70

30

Grade 30-25 | Grade 30-40 | Grade 30-55 | Grade 30-70

26

Grade 26-25 | Grade 26-40 | Grade 26-55 | Grade 26-70

22

Grade 22-25 | Grade 22-40 | Grade 22-55 | Grade 22-70

18

Grade 18-25 | Grade 18-40 | Grade 18-55 | Grade 18-70

14

Reid Vapor Pressure, psi

Grade 14-25 | Grade 14-40 | Grade 14-55 | Grade 14-70

10

LP-GAS SPECIFICATION PARAMETERS

LP-gas specifications of GPA Standard 2140, shown in Fig.
2-1, are the industry standards in the United States. Interna-
tionﬁl specifications, adopted in ISO 9162, are shown in Fig.
2-5.

In many cases, specification parameters for LP-gas are
based on simple "pass-fail" test methods that can be performed
quickly and easily by field personnel. These specifications and
test methods are intended to assure products that can be
safely handled in transport systems, and that will perform
adequately and safely in their end-use markets. Unfortu-
nately, many of these tests tell the design engineer or plant
operator little about product composition or quantitative lim-
its. The following discussion is intended to provide an indica-
tion of product composition and quantitative limits imposed
by these industry specifications.
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Weight Percent
Low High Common
High-Ethane Raw Streams
Methane and Lighter 1.0 5.0 1.0
Ethane }
Propane Remainder| Remainder| Remainder
Isobutane & Heavier
Contaminant Maximums:
Hydrogen Sulfide No.1Strip 50ppmw No.1Strip
Carbon Dioxide 100ppmw | 3,500ppmw| 500ppmw
Sulfur 5ppmw 200ppmw | 200ppmw
Oxygen 300ppmw - -
Moisture 75ppmw Nofree Nofree
Ethane-Propane Mixes
Methane and Lighter 0.6 1.0 0.6
Ethane 20 80 50
Propane 20 80 50
Isobutane & Heavier 0.2 4.5 4.5
Contaminant Maximums:
Hydrogen Sulfide No. 1 Strip | No. 1 Strip | No. 1 Strip
Carbon Dioxide 500 ppmw | 3,000 ppmw | 500 ppmw
Sulfur 5 ppmw 143 ppmw | 100 ppmw
Oxygen 500 ppmw | 1,000 ppmw | 1,000 ppmw
Moisture 10 ppmw No free 50 ppmw
High-Purity Ethane
Methane and Lighter 1.5 2.5 2.5
Ethane 90.0 96.0 90.0
Propane 6.0 15.0 6.0
Isobutane & Heavier 0.5 3.0 2.0
Contaminant Maximums:
Hydrogen Sulfide 6 ppmw 10 ppmw 10 ppmw
Carbon Dioxide 10 ppmw | 5,000 ppmw | 10 ppmw
Sulfur 5 ppmw 70 ppmw 50 ppmw
Oxygen 5 ppmw 5 ppmw 5 ppmw
Moisture 13 ppmw No free 76 ppmw

Vapor Pressure

Vapor pressure is a critical specification that must be ob-
served for safe and efficient utilization of propane, butane, and
butane/propane mixtures in domestic and commercial instal-
lations, and to comply with various regulations governing
transport vessels and cylinders.?

The GPA vapor pressure specification limit for propane
meets the requirements of U.S. Department of Transportation
regulations by effectively limiting the ethane content of com-
mercial propane and propane HD-5 to a maximum of approxi-
mately 7 volume percent. Any appreciable quantity of
propylene, permitted in commercial propane only, would nec-
essarily reduce the amount of permissible ethane due to the
higher vapor pressure of propylene relative to that of propane.
Likewise, variations in the butane content of propane, limited
to 2.5 volume percent, will impact the amount of ethane per-
mitted by the vapor pressure specification.

Moisture Content

Moisture in propane must be controlled to very low concen-
trations to avoid hydrate formation in pipelines and freezing
in tanks, regulating equipment, and other equipment in the
distribution system.



FIG. 2-4

Example Pipeline Quality Natural Gas
Adapted from AGA Report No. 4A, May 2001

Minimum Maximum
Major and Minor Components, mol%
Methane 75 -
Ethane - 10
Propane - 5
Butanes - 2
Pentanes and heavier - 0.5
Nitrogen and other inerts - 3
Carbon Dioxide - 2-3
Total Diluent Gases - 4-5
Trace Components
Hydrogen sulfide - 0.25-0.3 gr/100 scf
Mercaptan sulfur - -
Total sulfur - 5-20 gr/100 scf
Water vapor - 4.0-7.0 Ib/mmcf
Oxygen - 1.0%
Other Characteristics
Heating value, Btu/scf-gross saturated 950 1150
Liquids: Free of liquid water and hydrocarbons at delivery temperature and pressure.
Solid)s: Free of particulates in amounts deleterious to transmission and utilization equipment. (3-15 microns,
max.

Although a properly designed and operated dehydration
system produces very dry propane, moisture can and does en-
ter the transportation and distribution system at many points,
such as storage tanks, loading racks, and transport vessels.

There are two recognized methods for determining accept-
able levels of moisture in propane products: the GPA Cobalt
Bromide Test, and the Valve Freeze method (ASTM D-2713).
Both are "pass-fail" tests that provide qualitative determina-
tions of commercially "dry" propane, but neither method yields
quantitative measures of moisture in the product.

The Cobalt Bromide test is based on the work of Hachmuth?,
which determined acceptable levels of moisture in commercial
equipment, and correlated these levels with results of the test
procedure. The test is based on observation of color changes of
cobalt bromide salt caused by the humidity of the gas or vapor
surrounding it. In practice, the cobalt bromide is supported on
white cotton wadding and exposed to a stream of propane va-
pors chilled to 32°F. The color of the cobalt bromide changes
from green to lavender at about 30% relative humidity, indi-
cating "wet" propane. Propane-water system data”®'! indicate
that the water content of saturated propane vapors at 32°F is
approximately 530 ppmw. The water content of saturated pro-
pane liquid is approximately 35 ppmw at 32°F. At 30% satu-
ration at 32°F, commercially "dry" propane as measured by the
Cobalt Bromide test will be about 159 ppmw in the vapors and
about 10 ppmw in the liquid. Based on these specification lim-
its at 32°F, Fig. 2-6 gives maximum allowable water content
of liquid propane at other system temperatures.

The valve freeze method was developed to detect excessive
moisture in liquid propane, and is preferred by some over the
Cobalt Bromide test. The test device is a specially constructed
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and calibrated orifice valve designed to simulate expansion of
propane through a pressure regulator. A liquid sample of the
product to be tested is passed through the valve at a preset
flow rate. The time required for the valve to freeze and inter-
rupt flow due to moisture in the product determines whether
or not the product is commercially "dry." Test data reveals that
a freeze-off time of more than 60 seconds indicates less than
30 ppmw moisture in the liquid product. The method is not
applicable to propane products containing anti-freeze agents
such as methanol. It is also affected by the temperature of the
liquid sample.

A third method, the Bureau of Mines dew point tester, is a
simple field test still used by some, but is not recommended
because its accuracy is dependent on many poorly controlled
variables, such as temperature and pressure of the system.
This method was originally developed by the U.S. Bureau of
Mines and is still used as a field method to determine moisture
content in natural gas systems.

Butane specifications stipulate "no free water." Since butane
cannot be used in vapor withdrawal systems at temperatures
below its boiling point, water content is not detrimental for
most butane uses.

Sulfur Content

Certain compounds of sulfur must be controlled to extremely
low levels in LP-gases to prevent corrosion in distribution fa-
cilities. The standard test for corrosivity is the Copper Corro-
sion Test (ASTM D-1838). In this test, a polished copper strip
is immersed in the product sample for one hour at 100°F. The
test strip is then rated by comparison with the four color clas-
sifications of ASTM Copper Corrosion Standards:



FIG. 2-5

Specifications for Liquefied Petroleum Gases
This table extracted from ISO 9162-1989

Characteristics Method of Test CommIeSr(c)l.;l.Ilj;opane ComnIuSerOc-lFa-lLl]?osutane
Gauge vapor pressure at 104°F, psig, max. 1SO 4256 295V 75V
or
ISO 8973
Volatility

Cg hydrocarbons Report value?

C4 hydrocarbons, mole %, max. ISO 7941 7,51)

Cs hydrocarbons, mole %, max. ISO 7941 0,26) 2,56)
Unsaturated hydrocarbons, mole % ISO 7941 Report value? Report Value?
Dienes, mole %, max. ISO 7941 0,5% 0,5%
Residual matter 5 5 5
Corrosiveness to copper, max. ISO 6251 1 1
Sulfur, mg/kg, max. L 50% 50%
Hydrogen sulfide ISO 8819 Pass Pass
Free water content None® None®

2) In case of dispute about the vapor pressure, ISO 4256 shall prevail.

6) Certain national standards may prescribe other limits.

1 Certain national standards and/or regulations may prescribe other limits.

3) Physical limitations of transport and storage facilities shall be considered for refrigerated transport; a common limit is 2 mole % maximum.
4) Certain national standards may prescribe a limitation on unsaturated hydrocarbons.

5) It has not been possible to take a decision on a value for inclusion in this specification because there is no suitable ISO test method and no satisfactory
correlation between the test results obtained using methods developed in different countries. Limits will be specified when a suitable test method has
been adopted. Until a suitable test method has been adopted, the user of this specification is referred to the introductory discussion and proposed test
method discussed in ISO 9162-1989. Report the value for the sample concerned, and the method used to determine it, as additional information.

7) An ISO method specific to liquefied petroleum gas is being developed. Until such an ISO method is available, ISO 4260 is recommended as the referee
method. Other methods specified in national standards, and having a valid precision statement, are acceptable for quality control purposes.

8) The presence of water shall be determined by visual inspection. For shipments of refrigerated liquefied petroleum gases at their atmospheric boiling point,
it is essential that the water content is below the saturation level at this temperature as determined by a method agreed between buyer and seller.

No.1 Slight tarnish (light to dark orange)
No.2 Moderate tarnish (red, lavender, brassy gold)
No.3 Dark tarnish (magenta, red, green)
No.4 Corrosion (black, dark gray, brown)
Specifications for LP-gas products stipulate that the product

must not exceed a No.1 strip, indicating product that is not
corrosive to copper or brass fittings in the distribution system.

FIG. 2-6

Maximum Water Content of Dry Commercial
Liquid Propane*

Temp., °F H,0, ppmw % Saturated
100 21 8
80 18 11
60 15 16
40 11 24
32 10 30
* These numbers are approximate
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LP-gas from some sources may contain trace amounts of car-
bonyl sulfide (COS), which alone is non-corrosive. However,
COS can hydrolyze in the presence of water, either liquid or
vapor, to corrosive hydrogen sulfide (HyS). The copper strip
corrosion test requires that the test cylinder be wetted with
approximately 1 ml of water prior to introduction of the sam-
ple, which is intended to hydrolyze the COS into HyS and en-
sure detection of corrosive product. If COS is suspected,
additional product testing (See GPA Standard 2290) and treat-
ment is recommended to prevent its introduction into the dis-
tribution system.

Sulfur chemistry is extremely complex, and little scientific
work has been done to correlate copper strip test results, either
quantitatively or by species, with the multitude of sulfur com-
pounds that may be encountered in natural gas liquid prod-
ucts. However, specific test data by Pyburn et al® indicate that
hydrogen sulfide concentrations of 0.55 ppmw or more in pro-
pane almost certainly will produce a failure of the copper strip
test; as little as 0.3 ppmw might fail, depending on interpre-
tation of the test. These data also suggest that the threshold
limit of elemental sulfur is approximately 5-10 ppmw, al-
though concentrations as low as 2 ppmw may cause failure of
the copper strip test.

Additional data suggest that elemental sulfur in the pres-
ence of hydrogen sulfide results in a synergistic effect that will
cause failure of the copper strip test with trace concentrations



FIG. 2-7
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of either contaminant. Specifically, concentrations of 0.5 ppmw
elemental sulfur, together with 0.28 ppmw hydrogen sulfide
in propane were observed to fail the corrosion test. The thresh-
old value of hydrogen sulfide may be as low as 0.12 ppmw in
the presence of 0.5 ppmw elemental sulfur.

Fig. 2-7 is based on field test data on corrosivity limits in
high ethane content mixtures. The curves are a(Pproximate
and should not be used for design purposes. Perry'? states that
a No.1 copper strip is generally thought to represent hydrogen
sulfide concentrations below 1-2 ppmw. As noted above, other
research® indicates a synergistic corrosion effect of extremely
small amounts of HyS if free sulfur is present in the stream.

From other observations, Pyburn et al® report the following
additional conclusions about corrosive elements in LP-gas
that may affect the copper corrosion test:

1.
2.

H,S and elemental sulfur are the corrosive agents.

H,S and elemental sulfur act synergistically on the cop-
per corrosion test.

. Polysulfides may contribute to copper corrosion.

. Mercaptans in the presence of elemental sulfur enhance
corrosion.

. Mercaptans in the presence of hydrogen sulfide inhibit
corrosion.

. To be safe, all sulfur compounds should be reduced to the
lowest possible level.

. No hydrogen sulfide should be present.

. If any sulfur compounds are present, the product should
be dry.

. Mixing of propane or other products from two sources,
both of which passed the copper corrosion test, may re-
sult in a failure of the mixture to pass the test.

10. Changes in sulfur species may occur during transit un-

der some conditions.
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GPA specifications permit a maximum of 123 ppmw total
sulfur in Propane HD-5; 185 ppmw in commercial propane;
and 140 ppmw in butanes. It should be noted, however, that
these same specifications require that the product not exceed
the No.1 copper strip. If these two specifications are in conflict,
the more stringent will govern.

To convert from parts per million by weight (ppmw) of HyS
to grains per 100 ft*, measured at 60°F and 14.7 psia, use the
following formula for any hydrocarbon:

grains/100 ft* = (ppmw 1195)(MW g,,)(0.001845)
Volatile Residue

The volatile residue specification, coupled with the vapor
pressure limit, assures essentially single-component products
for propane and butane, and essentially two-component prod-
ucts for butane-propane mixtures. The predominant volatile
residue in propane is butane, limited to 2.5 volume percent;
the predominant volatile residue in butane is pentane or heav-
ier hydrocarbons, limited to 2 volume percent. These composi-
tional limits assure that 95 volume percent of the product will
be vaporized at temperatures slightly above the normal boil-
ing point of the product, which may be confirmed by a field
distillation test.

Eq 2-1

Non-volatile Residue

The non-volatile residue specification imposes a rigid limit
on extraneous contaminants boiling above 100°F, which may
result in fouling of vaporizers used in liquid withdrawal sys-
tems. The principal sources of such contaminants are typically
compressor oils, valve lubricants, plasticizers from rubber
hoses, corrosion inhibitors, or other heavy petroleum products
from pumps, pipelines, or storage vessels that may be used in
multiple services. The specification limit is 0.05 ml per 100 ml
of test sample, or 500 ppmv. The common residues in the gaso-
line boiling range usually present little problem in utilization
systems. However, very heavy residues can be present, and
must be identified and eliminated from the system.

Non-Specification Contaminants

Although the range of possible contaminants in LP-gas is
very great, serious problems are rare, but can occur. The most
serious contaminants encountered are ammonia (See GPA
Standard 2187), fluorides, and organic fluorides. NFPA 5812
stipulates that LP-gas "shall not contain ammonia," because
of its propensity to induce stress corrosion cracking in copper
and brass fittings commonly used in propane utilization sys-
tems. Fluorides and organic fluorides are possible contami-
nants in propane produced from refinery operations, notably
HF alkylation processes, which dictates that production from
such units should be thoroughly and continuously monitored
to prevent contamination of the distribution system.

Natural gas liquids destined for petrochemical feedstocks
may also be subject to additional contractual specification lim-
its, depending on special down-stream processing require-
ments. Some of these requirements may include limits on
dienes, isomers, alcohols, halides and other trace contami-
nants.

Odorization

Regulatory codes applicable to the distribution of natural
gas and LP gas require these gases to be odorized such that
the gas is readily detectable by a distinct odor, at one-fifth of
the lower limit of flammability of the gas in air.* An excellent
reference covering



e Odorization regulations

¢ Chemical and physical properties of odorants

e Odorization system design considerations

e Odorization equipment and stations

e Monitoring methods

e Safety and environmental

e Odorant stability and olfactory response

has been published by the American Gas Association.'?

Is0 13734 — "Natural Gas — Organic Sulfur Compounds used

as Odorants — Requirements and Test Methods" will be an-
other reference when it is published.
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The information presented in this section provides sufficient
information for determining flow quantities with a reasonable
degree of accuracy, but not necessarily to the accuracy desired
for custody transfer. Agreement of acceptable accuracy for cus-

SECTION 3

Measurement

tody transfer should be between the parties involved, and sup-
plemental information and procedures may be required, such
as the API Manual of Petroleum Measurement Standards.

FIG. 3-1

Nomenclature

Pitot tube flow coefficient

the product of multiplying all orifice correction
factors

volume indicated by the number of pulses or
counts

liquid pressure correction factor. Correction for
the change in volume resulting from application
of pressure. Proportional to the liquid compressi-
bility factor, which depends upon both relative
density and temperature.

correction factor for effect of pressure on steel.
See API Manual of Petroleum Measurement
Standards, Chapter 12, Section 2

gravity correction factor for orifice well tester to
change from a gas specific gravity of 0.6

liquid temperature correction factor. Proportional
to the thermal coefficient which varies with den-
sity and temperature

correction factor for effect of temperature on steel
velocity of sound in the gas non-flowing
condition.

orifice diameter, in.

internal pipe diameter of orifice meter

run or prover section, in.

Minimum downstream meter tube length, in.
the difference between the flowing pressure and
the equilibrium vapor pressure of the liquid.
diameter of the meter bore.

flowing fluid density, b/ft?

orifice edge thickness, in.

orifice plate thickness, in.

modulus of elasticity for steel [(30)(10%)] psi
liquid compressibility factor

orifice thermal expansion factor. Corrects for the
metallic expansion or contraction of the orifice
plate. Generally ignored between 0° and 120°F
specific gravity factor applied to change from a
specific gravity of 1.0 (air) to the specific gravity
of the flowing gas

gravity-temperature factor for liquids

orifice calculation factor

numeric conversion factor

units conversion factor for pitot tubes

Fpy

Fom

th

GG, =

Key

LTB

MF
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pressure base factor applied to change the base
pressure from 14.73 psia

pressure factor applied to meter volumes to cor-
rect to standard pressure. See API Manual of
Petroleum Measurement Standards, Chapter 12,
Section 2

supercompressibility factor required to correct
for deviation from the ideal gas laws =V 1/Z
steam factor

orifice slope factor

temperature base factor. To change the tempera-
ture base from 60°F to another desired base
flowing temperature factor to change from the
assumed flowing temperature of 60°F to the ac-
tual flowing temperature

temperature correction factor applied to displace-
ment meter volumes to correct to standard tem-
perature. See API Manual of Petroleum
Measurement Standards, Chapter 12, Section 2
specific gravity at 60°F

specific gravity at flowing temperature

pressure, inches of mercury

differential pressure measured across the orifice
plate in inches of mercury at 60°F

differential pressure measured across the orifice
plate in inches of water at 60°F

pressure extension. The square root of the differen-
tial pressure times the square root of the abso-
lute static pressure

ratio of the specific heat at constant pressure to
the specific heat at constant volume

a numerical constant. Pulses generated per unit
volume through a turbine, positive displacement,
coriolis or ultrasonic meter

F, (F. + Fy) = orifice factor

distance between upstream and downstream
transducer.

Length of tube bundle, in flow conditioner, in.
(See Fig. 3-3)

meter factor, a number obtained by dividing the
actual volume of liquid passed through the meter
during proving by the volume registered by the
meter

pressure, psia



FIG. 3-1 (Cont’d)

P, = base pressure, psia upstream transducer.
Pf;, Pf; = static pressure at either the upstream(1) or down- T, = base temperature, °F
stream(2) pressure tap, psia Ty = flowing temperature, °F
P, = operating or observed pressure, psig. Treas = reference temperature of the orifice plate
P, = pressure at which the base volume of a meter bore, °F
prover was determined, usually 0 psig. UL = Minimum upstream meter tube length, in.
Py/P, = pressure ratio (See Fig. 3-9)
Q = gas flow rate, cu ft/day UL1 = See Fig. 3-9
Qn = rate .of flow, §td. cu t."t/hr or gal../hr UL2 = See Fig. 3-9
Ry = maximum differential range, in. of water . .
. . . UM = ultrasonic meter for measuring gas flow rates
R, = maximum pressure range of pressure spring, psi . :
S = square of supercompressibility v = VBlOCTty of flowing gas.
SEP = Separation distance between elbows, in. VOS = velocity of sound
(See Fig. 3-9) X = axial distance separating transducers
SPU = Signal Processing Unit, the electronic Y = expansion factor to compensate for the change in
microprocessor system of the multi-path density as the fluid passes through an orifice
ultrasonic meter. Ycr = critical flow constant
tl = transit time from upstream transducer to Z = compressibility factor
downstream transducer. B = ratio of the orifice or throat diameter to the
t2 = transit time from downstream transducer to internal diameter of the meter run, dimensionless
The American Petroleum Institute Manual of Petroleum SECTION API TITLE
Measurement Standards is the source of a large portion of the 14.1 Sampling of Natural Gas
information presented in this Section. Copies of the complete 14.2 Compressibility Factors of Natural Gas
API Manual of Petroleum Measurement Standards or specific 14.3 Concentric, Square-Edged Orifice Meters (AGA
chapters and sections can be ordered from: Report No. 3)
American Petroleun Institute ot S
Publications and Distribution Section 14.5 Calculation of Gross Heating Value, Specific
1220 L Street Northwest Gravity, and Compressibility of Natural Gas
Washington, D.C. 20005 Mixtures from Compositional Analysis (GPA 2172)
www.api.org 14.6 Installing and Proving Density Meters
14.7 18\/[138525) Measurement of Natural Gas Liquids (GPA-
14.8 Liquefied Petroleum Gas Measurement

CHAPTER API TITLE
1 Vocabulary
2 Tank Calibration
3 Tank Gauging
4 Proving Systems
5 Metering
6 Metering Assemblies
7 Temperature Determination
8 Sampling
9 Density Determination
10 Sediment and Water
11 Physical Properties Data
12 Calculation of Petroleum Quantities
13 Statistical Aspects of Measuring and Sampling
14 Natural Gas Fluids Measurement
15 Guidelines for use of SI units
16 Petroleum Measurement by Weight
17 Marine Measurement
18 Custody Transfer
19 Evaportion Loss Measurement
20 Allocation Measurement of Oil and Gas

Chapter 14 is of particular interest to Gas Processors be-
cause it applies specifically to the measurement of gas and
liquefied gas products. Chapter 14 is further divided as fol-
lows:
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FLOW CALCULATION GUIDE

The Flow Calculation Guide (Fig. 3-2) is the suggested start-
ing point for any fluid measuring determination. This chart
identifies the necessary data to determine flows of gas, liquid,
and steam using mechanical meters or differential pressure
devices. The equations to determine either volumetric or mass
quantities are shown in Fig. 3-4.

GAS MEASUREMENT

Orifice-Meter Measurement

The most commonly used differential measurement device,
the orifice meter, is widely accepted for use in measuring vol-
umes of liquids or vapors.

The procedures presented in this chapter for calculating
flow by use of an orifice meter are designed to provide approxi-
mate solutions using a hand calculator or equivalent, and do
not include the rigorous, iterative solution procedures re-
quired when using the Reader-Harris/Gallagher flow equation
recommended for accurate, custody transfer calculations with
computing equipment. The procedures for applying the
Reader-Harris/Gallagher equation can be found in Chapter
14.3 of the API Manual of Petroleum Measurement Standards.



FIG. 3-2

Flow Calculation Guide

A\ 4
Dy | Onee [ onfee || hubincer | [orfc]
3 3 3 v

Factors Units | | Mass | Vol Mass | Vol Mass | Vol Mass | Vol Mass Fig.
Units of Measurement o Ib/hr | scf/hr | | Ib/hr | scf/hr | | 1b/hr | gph Ib/hr | gph 1b/hr #
Square Root of Differential Vhw — — . . . . _ _ . _
Square Root of Static Pressure VPt — — — . — — — — — _
Orifice Factor (KEY) Fn o — — . . . . — — . 3-13

(FesFs)

Pressure Base Factor Fob — . — . — — — — — 3-4
Flowing Temperature Factor Fir — — — . — — — — — 3-4
Temperature Factor Fim — . — — — — — — — 3-1
Temp Correction Factor (Liquids) Cu — — — — — — — o _ 3-1
Pressure Correction Factor (Liquids) Cpl — — — — — — — . — 34
Pressure Factor Fpm — . — — — — — — — 3-1
Supercompressibility Factor Fpv — — — . — — — — — 23-4
Square of Supercompressibility Factor S — . — — — — — — — 3-1
Density p . — — — — — . — — 3-1
Square Root of Density ¥ — — . — . — — _ . _
Specific Gravity Factor — Gas Fg — — — . — — — — — 3-4
Gravity-Temperature Factor — Liquid Fgt — — — — — . — — — 3-4
Meter Factor MF . . — — — — . . — 3-1
Count (Volume) CNT . . — — — — . . — 3-1
Constant 1.0618 1.0618
Steam Factor Fs . 3-27/28
Expansion Factor Y — — . . = = — — . 3-1
Temperature Base Factor Fib — . — . — — — — — 3-4
Orifice Thermal Expansion Factor Fa = — . . . . — _ o 34

Notes:

1. This guide is intended for use in obtaining approximate flows when used in conjunction with data contained in this section as

referenced in the far right hand column.
To obtain flow, substitute areas containing dots with known numbers and multiply top to bottom.
The number of factors used may vary depending on method of calculation in specific application, content of flowing stream, and

Factors appearing in shaded areas are not generally necessary for calculating approximate flows.
Y, and F, must be obtained for the specific substance being measured.

2.
3.
individual contractual agreements.
4.
5. The factors va, S, Cy, Cpl,
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The orifice meter consists of static pressure and differential-
pressure recording gauges connected to an orifice flange or
orifice fitting. The orifice meter tube (meter run) consists of
upstream and downstream sections of pipe for which size and
tolerance have been determined through calculation and
which conform to specifications set forth in API Chapter 14.3
(AGA Report No. 3).

The orifice plate is held perpendicular to flow by flanges or
a fitting. Bore, circumference, edge sharpness, and other tol-
erances must meet specifications as set forth in API Chapter
14.3 (AGA Report No. 3).

Orifice Flanges (Fig. 3-5a) — Orifice flanges require that
the line be shut down and depressured in order to inspect or
change the orifice plate. The flange bolts are loosened and re-
moved. The flanges are spread by use of "jack" bolts, and the
plate is removed.

When orifice flanges are used, the pressure tap hole place-
ment may be determined by measuring from the face of the
flange to the pressure tap hole center. Allowable variations are
shown in Figure (3-7).

Single Chamber Orifice Fitting (Fig. 3-5b) — This fit-
ting also requires that the line be shut down and depressured
in order to inspect or change the orifice plate. However, this
fitting does not require breaking apart the flanges. Instead,
the bolts are loosened on the cover plate and the cover plate
removed. The orifice plate holder and orifice plate are then
removed from the fitting. These fittings provide precise align-
ment of the orifice plate.

Dual-Chamber Orifice Fitting (Fig. 3-5¢) — This fitting
allows the removal and inspection of an orifice plate while the
line remains under pressure. It allows the orifice plate holder
and orifice plate to be raised into the upper cavity of the fitting
by the use of a crank handle. A valve is then closed to separate
the upper cavity from the lower cavity of the fitting. The upper
cavity is then depressured, the top cover plate removed, and
the orifice plate cranked out.

Orifice Plates — The minimum, maximum, and recom-
mended thicknesses of orifice plates for various pipe sizes are
given in Figure 3-6. Also shown in this figure are maximum
allowable differential pressures for stainless steel plates of the
recommended thickness at a maximum temperature of 150
degrees F.

The thickness of the orifice plate at the orifice edge (e) shall
meet the following:

The minimum thickness is defined by e = 0.01d or e > 0.005
in. whichever is greater.

The maximum thickness is defined by e = 0.02d or < 0.125d
whichever is smaller

If the thickness of the orifice plate must be greater than
permitted by these limitations, the downstream edge shall be
cut away (beveled or recessed) at an angle of 45° = 15° or less
to the face of the plate, leaving the thickness of the orifice edge
within these requirements. All orifice plates which are beveled
should have the square-edge side (i.e., the side opposite the
beveling) stamped "inlet" or the beveled side stamped "outlet".

The upstream face of the orifice plate shall be flat and per-
pendicular to the axis of the meter tube, when in position be-
tween the orifice flanges or in the orifice fitting. Any plate that
does not depart from flatness along any diameter by more than
0.010 inch per inch of the dam height, (D-d)/2, shall be consid-
ered flat. See Figure 3-8.

The upstream edge of the orifice shall be square and sharp
so that it will not show a beam of light when checked with an
orifice edge gauge, or alternately will not reflect a beam of light
when viewed without magnification. The orifice shall not have
a burred or feathered edge. It shall be maintained in this con-
dition at all times. Moreover, the orifice plate shall be kept
clean at all times and free from accumulation of dirt, ice, and
other extraneous material. Orifice plates with small nicks in
the edge can be expected to increase the flow measurement
uncertainty.

Meter Tubes — The term "meter tube" shall mean the
straight upstream pipe ahead of the orifice fitting of the same
internal diameter as the orifice fitting (length UL on Fig. 3-9)
and the similar downstream pipe (length DL on Fig. 3-9) fol-
lowing the orifice.

The sections of pipe to which the orifice flanges are attached
or the sections adjacent to the orifice flange or fitting shall
comply with API Chapter 14.3 (AGA Report No. 3).

See Figures 3-10, 3-11, and 3-12 for proper meter tube
lengths.

Flow Conditioners (Fig. 3-3) — The purpose of flow con-
ditioners is to eliminate swirls and cross currents set up by
the pipe, fittings and valves upstream of the meter tube.
Please refer to API Chapter 14.3 (AGA Report No. 3) for de-
tailed specifications for flow conditioners.

FIG. 3-3
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FIG. 3-4

Flow Calculation Guide Equations
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FIG. 3-5
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FIG. 3-6

Orifice Plate Thickness and Maximum Allowable Differential Pressure Based on the Structural Limit

45° + 15°

0 / Plates
y

Mark Outlet

On Orrifice Fitting

r W7
* Ii d *J Mark Inlet
ACTUAL PIPE INSIDE DIAMETER On Paddle
- D Type Plates
Nominal Published Orifice Plate Thickness E (inches) Maximum Maximum
Pipe Inside Pipe Allowable Allowable
Size (NPS) Diameter AP(In. H20) AP(In. H20)
(inches) (inches) Minimum Maximum Recommended | Orifice Fitting | Orifice Flanges

2 1.687 0.115 0.130 0.125 1000 1000

1.939 0.115 0.130 0.125 1000 1000

2.067 0.115 0.130 0.125 1000 1000

3 2.300 0.115 0.130 0.125 1000 1000

2.624 0.115 0.130 0.125 1000 1000

2.900 0.115 0.130 0.125 1000 1000

3.068 0.115 0.130 0.125 1000 1000

4 3.152 0.115 0.130 0.125 1000 1000

3.438 0.115 0.130 0.125 1000 1000

3.826 0.115 0.130 0.125 1000 1000

4.026 0.115 0.130 0.125 1000 1000

6 4.897 0.115 0.163 0.125 345 1000

5.187 0.115 0.163 0.125 345 1000

5.761 0.115 0.192 0.125 345 1000

6.065 0.115 0.192 0.125 345 1000

8 7.625 0.115 0.254 0.250 1000 1000

7.981 0.115 0.319 0.250 1000 1000

8.071 0.115 0.319 0.250 1000 1000

10 9.562 0.115 0.319 0.250 570 1000

10.020 0.115 0.319 0.250 570 1000

10.136 0.115 0.319 0.250 570 1000

12 11.374 0.175 0.379 0.250 285 1000

11.938 0.175 0.398 0.250 285 1000

12.090 0.175 0.398 0.250 285 1000

16 14.688 0.175 0.490 0.375 465 1000

15.000 0.175 0.500 0.375 465 1000
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FIG. 3-6 (Cont’d.)

Orifice Plate Thickness and Maximum Allowable Differential Pressure Based on the Structural Limit

Nominal Published Orifice Plate Thickness E (inches) Maximum Maximum
Pipe Inside Pipe Allowable Allowable
Size (NPS) Diameter AP(In. H20) AP(In. H20)
(inches) (inches) Minimum Maximum Recommended | Orifice Fitting |Orifice Flanges
15.025 0.175 0.500 0.375 465 1000
20 18.812 0.240 0.505 0.375 235 1000
19.000 0.240 0.505 0.375 235 1000
19.250 0.240 0.505 0.375 235 1000
24 22.624 0.240 0.505 0.500 360 1000
23.000 0.240 0.562 0.500 360 1000
23.250 0.240 0.562 0.500 360 1000
30 28.750 0.370 0.562 0.500 180 1000
29.000 0.370 0.578 0.500 180 1000
29.250 0.370 0.578 0.500 180 1000
Used by the permission of the copyright holder, American Gas Association.
Reproduced courtesy of the American Petroleum Institute.
FIG. 3-7
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Used by the permission of the copyright holder, American Gas Association.
Reproduced courtesy of the American Petroleum Institute.
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FIG. 3-8

Alternative Method for Determination of Orifice Plate
Departure from Flatness (Departure from Flatness = hz - hq)

FIG. 3-9
Orifice Meter Tube Layout for Flanged or Welded Limit
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Gas Orifice Calculations

Orifice Sizing — A simple calculation is often needed to
properly size an orifice plate for new or changing flow rates
through existing meter tubes. The procedure uses an existing
or assumed flow quantity, a desired differential pressure at a
specific static pressure, an estimated flowing temperature,
and a determined or assumed specific gravity. The Key orifice
coefficient is calculated from the gas flow equation. This cal-
culated value is then compared to Fig. 3-13, and the next
larger size is usually selected.

Example 3-1 — Size an orifice plate in gas service.

Given Data:
Line Size, D = 4.026 in.
Flange Taps
Specific Gravity = 0.700
Flowing Temperature = 100°F
Flowing Pressure = 75 psia

Flow Rate = 14,200 cu ft/hr
(14.73 psia, 60°F)

Desired Differential 50 in. of water

To determine the approximate orifice size required, the cor-
responding Key, (natural gas) is calculated using appropriate
terms of Eq 3-4;

Qn = Key, - Fy¢+ Fy- Vhy, - P¢ from Eq 3-4
Rearranging,
Key, = SR S Eq 3-11
Fy-F,- Vh, - Py
Key, = 14,200

0.9636 (1.1952) V50 - 75
Key, = 201.342

Referring to Key, (Fig. 3-13) for a 4.026 inch line with flange
taps, access the Key, value which approximates the calculated
number. A 1.000 in. orifice size would be selected which has a
Key value of 201. More precise calculations would include

other corrections. For more precise custody transfer calcula-
tions, please refer to API Chapter 14.3 (AGA Report No. 3).

Orifice Flow Rate — The following example illustrates a
calculation of flow rate through an orifice.

Example 3-2 — Calculate an approximate flow rate for the ori-
fice using appropriate terms from Eq 3-4.

Given Data:
Line Size, D = 6.065 in.
Orifice Size, d = 3.500 in.
Flange Taps
Flowing Temperature = 70°F
Flowing Pressure = 90 psia
Differential = 60 in. of water
Specific Gravity = 0.750

From Fig. 3-3,
Qn = Key, - Fye- Fg- Vhy, - Py
Qn = 2646 (0.9905) (1.1547) V60 - 90
Qn = 222,387 cuft/hr @ 14.73 psia and 60°F

from Eq 3-4

More precise calculations would include other corrections.

For more precise custody transfer calculations, please refer
to API Chapter 14.3 (AGA Report No. 3).

Orifice Well Test

Often it is necessary to determine an approximate flow
quantity from a well head or field separator vent to the atmos-
phere for test purposes. The use of a "well head tester" has
been a common practice since the early days of the oil and gas
industry. See Figure 3-14. An orifice is installed between a pair
of flanges, at the outlet of a pipe nipple which is at least eight
pipe diameters long. The square edge of the orifice faces the
flow. The diameter of the pipe nipple should not be greater
than the preceding fittings. The pressure connection may be
made in the upstream flange or at any point in the pipe nipple
within three diameters from the orifice. The pressure differ-
ential across the orifice is the difference between the upstream
pressure and atmospheric pressure.

An approximate flow rate may be calculated from:

Q = 16,330 (1 +B%) (d*) VH (29.32 + 0.3H) - F;- C,
Eq 3-12

For conditions other than 60°F (flowing) and G of 0.6, cor-
rection factors must be applied.

Fy = PO — Eq 3-1

o Q 460 + T qa3-13
- 760

C, = G Eq 3-14

Example 3-3 — Calculate the daily gas flow through a 1-inch
orifice in a nominal 3-inch pipe. The gas gravity is 0.70, the
flowing temperature is 60°F, and the pressure upstream of the
orifice is 5 inches Hg. The published ID of a 3-inch pipe is
3.068 in.

4
O 0
Q = 16,3300 + %%E 0(1.0)2 V52932 7(0.3) (5)]
O : O

- 1.000 . 0.9258 = 190,000 std cu ft per day

Ultrasonic Measurement

This section gives a short overview of ultrasonic meters. If
meter design and custody quality calculations are required,
please refer to American Gas Association Report #9. These me-
ters are designed for measurement of single-phase fluid only.

An ultrasonic meter (UM) is a fluid velocity-sensing device.
(See Figure 3-15) The flowing gas velocity is determined by
the transit times of high frequency pulses between two
matched transducers. One is designated as upstream and one
as downstream due to the position in the meter and the direc-
tion of flow. These transducers attach into the pipe wall but do
not protrude into the gas stream, thus creating a zero pressure
drop. There are simple, single path meters that consist of one
pair of transducers and multi-path meters with three or more
pairs of transducers. Each pair of transducers measures the
transit time of each sound pulse transmitted from the up-
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FIG. 3-13

Plate Sizing and Approximate Flowrate, Natural Gas, Natural Gas Liquids and Steam (For Flange Taps)

KEY
Plate ID Nominal Meter Tube ID (Inches) Plate ID
Inches 2 3 4 6 8 10 12 16 Inches
0.25 13 0.25
0.50 50 50 0.50
0.75 115 113 113 0.75
1.00 210 202 201 200 1.00
1.25 347 320 315 313 313 1.25
1.50 557 471 457 452 451 451 1.50
1.75 663 630 617 615 614 1.75
2.00 911 836 809 804 802 801 2.00
2.25 1084 1029 1019 1016 1015 2.25
2.50 1382 1280 1262 1256 1254 1252 2.50
2.75 1746 1563 1532 1522 1518 1516 2.75
3.00 1882 1830 1815 1809 1805 3.00
3.25 2241 2159 2135 2126 2120 3.25
3.50 2646 2519 2483 2469 2460 3.50
3.75 3104 2914 2860 2839 2827 3.75
4.00 3627 3345 3267 3237 3219 4.00
4.25 4227 3816 3705 3664 3639 4.25
4.50 4330 4176 4119 4085 4.50
4.75 4894 4682 4604 4558 4.75
5.00 5513 5226 5120 5059 5.00
5.25 6195 5809 5669 5588 5.25
5.50 6949 6434 6251 6146 5.50
5.75 7107 6869 6734 5.75
6.00 7830 7524 7351 6.00
6.25 8609 8220 8001 6.25
6.50 9451 8957 8682 6.50
6.75 10362 9739 9397 6.75
7.00 11351 10570 10147 7.00
7.25 11453 10933 7.25
7.50 12393 11756 7.50
7.75 13394 12620 7.75
8.00 14463 13524 8.00
8.25 15606 14473 8.25
8.50 15468 8.50
8.75 16511 8.75
9.00 17607 9.00
9.25 18758 9.25
9.50 19968 9.50
9.75 21242 9.75
10.00 22584 10.00
10.25 23999 10.25
10.50 25495 10.50
Definitions and Equations: Calculations:
Gas Liquid Steam
D = Nominal diameter of Meter Tube in inches. 8 8 8
Q;, = Desired Flow in Cubic Feet per Hour at Base Conditions. 620000
Q,p, = Desired Flow in Pounds per Hour 140000 1700000
h,, = Desired Differential in Inches of Water. 50 50 50
P; = Flowing Pressure in psia. 370 250
p¢ = Flowing Density in Pounds per Cubic Foot. 31.2276
G = Gas Specific Gravity 0.570
KEY, = (h,, * P,/ &) 180.156
KEY, = 1.06 (b, + p;)*® 41.885
KEY, = 447« (h,, + P)*® 499.761
Table Entry = Desired Flow Divided by Key. 3441 3342 3402
Select Plate Size From Table 4.00 4.00 4.00
Table Entry For Selected Plate Size 3345 3345 3345
Approximate Flow = Table Value (For Selected Plate Size) x KEY 602621 140106 1671701
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FIG. 3-14

Typical Test Set-Up for Measuring Gas from a Separator Vent
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stream transducer to the downstream transducer with the
flow (t1), and from the downstream to the upstream
transducers against the flow (t2). The transit time for a signal
traveling with the gas flow is less than travel time against the
gas flow. The difference in these transit times relates to the
gas velocity along that specific path. Manufacturers intention-
ally produce a time delay between pulses to insure no inter-
ference occurs between the series of pulses. Various calcula-
tions and methodologies are then used to calculate the average
gas velocity and flow rate at line conditions.

A single path meter monitors only one path’s mean velocity
at one elevation in the gas flow. Since most gas flow is not fully
symmetrical, the use of a single path UM would have inaccu-
racies dependent on the flow velocity profile. Single path me-
ters are generally used for operational balancing and flare
measurement and are generally not accepted for custody
transfer measurement.

A multi-path UM continuously monitors three or more mean
velocities at different elevations in the gas stream of the me-
tered area. The averages of these mean velocities are used to
calculate the gas flow rate. Meter designs of various meter
manufactures are able to minimize the effect of non-symmet-
rical flow profiles on the overall meter accuracy.

It is recommended that UM’s with three or more paths be
used for custody measurement (based on available data).

Volume calculations

Once the actual cubic feet (acf) is calculated by the SPU or
flow computer, AGA Report #7 calculations are used to calcu-
late standard cubic feet (Eq. 3.2).

UM Meter Tube and Approach Piping
Considerations

The upstream and downstream lengths of the meter tube
should be designed in accordance with manufacturer’s re-
quirements and AGA Report #9. The approach piping configu-
ration upstream of the meter run can induce asymmetric flow
profile distortions that may exist up to 100 pipe diameters
downstream of the disturbance. It is a good practice to always
design the approach piping to eliminate close-coupled 90° an-
gles out of plane, headers and high pressure drops near the
inlet to any UM. These are the common contributors to swirl.
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Tests conducted at the Southwest Research Institute under
the sponsorship of GTI indicate that the failure to use a flow
conditioner could produce significantly variable results. If the
meter is intended for custody transfer, a flow calibration using
a properly certified lab should be performed. The calibration
must be performed using the actual UM and its related flow
conditioning equipment and meter run assembly.

Although it’s always a good practice to install flow condition-
ers, it is especially important if the approach piping lengths
are limited and flow disturbances will be present upstream of
the run. There are various manufacturers and designs of flow
conditioners. Always consult the manufacturers of both the
flow conditioner and the meter and build the spool pieces im-
mediately upstream and downstream of the conditioner to
meet the manufactures’and AGA Report #9 specifications. API
Chapter 14.3 flow conditioner requirements may be used as a
reference for designing and verifying flow conditioning sys-
tems and ensuring they effective.

The spool piece immediately downstream of the meter
should be built to a length to accommodate the desired number
of monitoring points downstream of the meter. The first of
these points should be a minimum of 2 pipe diameters down-
stream of the UM. These monitoring points normally consist
of a sample probe, thermal well, test well, etc. The sample
probe shall be located in the first monitoring point. The ther-

FIG. 3-15
Ultrasonic Flow Meter




mal well must be located between 2 and 5 pipe diameters
downstream of the UM. The pressure tap can be located on the
meter or up to 5 pipe diameters downstream of the meter. (See
AGA report #9.)

If the meter is used for bi-directional flow measurement,
upstream piping configuration should be used on both ends of
the meter.

If the measured gas stream contains contaminates such as,
but not limited to, dirt, paraffin, condensate, water, rust, com-
pressor oil, etc., a separator or filter may be considered for
installation immediately upstream of the measurement facil-
ity.

If a control valve or pressure regulating device is installed
up or downstream of the UM, consideration should be taken
to reduce or eliminate the amount of ultrasonic noise created
by these devices under conditions that could effect measure-
ment accuracy. Ultrasonic noises created by these devices may
distort or overpower the ultrasonic signal of the meter, creat-
ing a complete loss of signal or a diminished accuracy level. If
these noisy conditions exist, consult the meter manufacture
for possible solutions. Proper piping system design can isolate
the UM from ultrasonic noise sources to some extent. For ex-
ample, since ultrasonic noise does not change direction readily,
installing tees in the line with one branch capped and the other
open to flow will significantly reduce the transmission of ul-
trasonic noise downstream. When such a design is used, be
sure to consider the potential for erosion if the flowing velocity
impacting the tee is high. Also, be sure the flow conditioning
system is able to eliminate any swirl or severe turbulence gen-
erated by such piping, before the flow reaches the UM.

Calibration of the UM

The initial calibration of the UM is normally the dry calibra-
tion. Dry calibration insures that the proper calibration pa-
rameters were entered into the meter electronics and all
components are operating correctly. Dry calibration entails
blinding both ends of the meter and filling the meter body with
a known gas (normally nitrogen). Using a known gas, the VOS
is calculated and compared to the measured VOS from the
meter. The transit times from upstream and downstream
transducers will be the same, since the meter is in a no flow
condition. The accurate measurement of the VOS in the test
within certain limits can generally guarantee a given accu-
racy.

Dry calibrations usually insure the minimum meter accu-
racy of +/- 1.0%. If accuracy levels better than +/- 1.0% are
desired, the meter should be flow calibrated at a flow lab. The
flow calibration should be performed at a lab that has the flow-
ing capacity to verify the meter up to 100% of the meter’s flow-
ing capacity. Six to ten velocities representative of the meter’s
range should be verified in the calibration process. The aver-
age of these verifications may be used for a composite meter
factor if the meter is linear within the stated tolerances over
the expected normal operating range of the meter, or an algo-
rithm can be written to correct the metered volume that cor-
respond to the adjustments required over the calibrated flow
range.

If the meter is intended for custody transfer measurement,
a flow calibration should be performed. This flow calibration
shall meet or exceed the requirements stated in AGA Report
#9.
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Calibration of the pressure and temperature sensing devices
is critical and should be calibrated to meet the requirements
of API MPMS Chapter 21 Section 2.

UM Meter Maintenance and Verification

If a meter is flow calibrated, log files should be collected at
various flow rates during the flow calibration. The manufac-
tures should supply software that can be used for the collection
of these logs. These logs can be used as a “baseline” to compare
with future data. This is extremely valuable as a diagnostic
tool and can be useful in determining if a meter is beginning
to experience electronic problems, transducer problems, or
pipe wall contamination.

Another method of meter verification is the VOS check. If
the gas composition is known, the VOS at operating conditions
can be calculated using third party software. This calculated
VOS can be compared to the measured VOS at operating con-
ditions to verify the meter’s accuracy.

UM manufacturers currently offer software packages that
help establish the meter’s performance and enable the user to
verify the meter’s performance throughout the meter’s history.
Training on these software packages and procedures should
be sought out from the meter manufacturer.

LIQUID MEASUREMENT

Volumetric Measurement Meters
(Orifice Meters)

Liquid volume measurement by an orifice meter can be de-
termined by following the guidelines established in API Chap-
ter 14.8. As with gas measurement, the primary element
should consist of an orifice plate, the orifice holder with it’s
associated tap holes to sense the differential and static pres-
sure, and the upstream and downstream piping “meter tube”.
The differential and static pressure readings are sensed at the
flange taps by a secondary element sensor or transducer. The
temperature of the fluid should also be recorded by the tem-
perature sensor or transducer. Note that the meter is the ter-
tiary device that records the output of the sensors/
transducers.

The Reader-Harris, Gallagher equation used with orifice
meters produces discharge coefficients accurate within +/-
0.5%. Measurement using orifice meters must include this
uncertainty, as well as the uncertainty in the metering equip-
ment, unless the metering system is proven against a trace-
able standard (see API Chapter 4), similar to the way turbine
meters and PD meters are typically proven. Then the overall
system uncertainty may be reduced to +/- 0.25%.

Some fluid physical properties also need to be known. Ex-
amples may include density, viscosity, and compressibility to
accurately determine volume using the AGA Report #3
method. For systems performing custody transfer mass meas-
urement for light hydrocarbons such as ethane, ethylene, E/P
Mix, high ethane raw mix NGLs, etc., the flowing density of
the stream should be measured with a density meter. Then
the mass of the delivery may be determined by multiplying the
volume at flowing conditions from the meter/ELM, times the
density of the flowing stream from the density meter. Details
of this method can be found in API Chapters 14.4, 14.6, 14.7,
14.8 and 21.2.

A calculation routine to calculate approximate volumes of
liquids by orifice meter is included in the Excel spreadsheet



located on the diskette on the inside cover of this book or on
the CD version of the book.

Example 3-4 — Calculate an approximate orifice size for the
given flow rate and line size.

Line Size, D = 3.068 in.
Flange Taps

Specific Gravity at 60°F = 0.690
Flowing Temperature = 40°F

Flow Rate
Desired Differential

= 3400 gal. per hr
= 50 in. of water

To determine the approximate orifice size required, the cor-
responding Key; is calculated using appropriate terms of Eq

Qn = Key,- Fyi - Vhy
Qn
Fy - Vhy
3400
1.2193 . V50

Referring to the Key values (Fig. 3-13) for a 3.068 inch line
with flange taps, access the value listed which approximates
the calculated Key). A 1.5 inch orifice diameter would be se-
lected, which has a 471 Key, value.

or Key From Eq 3-7

= 394.35

Orifice Flow Rate — The liquid flow rate through an ori-
fice is calculated using the appropriate equation in Fig. 3-4.
The initial calculation can be completed using only the Key,
and the Fg correction factors to solve for Q, since those factors
are most significant.

Example 3-5 — Calculate a liquid flowrate for the given orifice
setting.

Line Size, D = 8.071 in.
Orifice Size, d = 4.000 in.
Flange Taps

Specific Gravity at 60°F = 0.630
Flowing Temperature = 80°F

Differential 36 in. of water

To determine the flowrate from Fig. 3-4,
Qn = Keyi- Fgi - Vhw

The value of Key, from Fig. 3-13 is 3345 for an 8.071 in. line
with a 4.0 in. orifice. The value of Fg; is calculated from the Fig.
3-4 equation.

From Eq 3-7

Therefore,
Qn = 3345.1.2560. V36 = 25,208 gal/hr

For more precise calculations, refer to Chapter 14.8 of the
API Manual of Petroleum Measurement Standards.

Turbine Meters

Turbine meters are velocity-sensing devices. The direction
of flow through the meter is parallel to a turbine’s rotary axis
and the speed of rotation of the rotor is proportional to the rate
of flow.

The turbine meter normally consists of one moving part; an
impeller held in place by high pressure, low drag bearings. A
magnetic transducer mounted in the meter body is used to
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count revolutions as the flow passes. The pulses from the
transducer are determined for a known volume passing
through the meter to develop a factor in pulses per gallon, or
other desired unit volume. Turbine meter components are
shown in Fig. 3-16. Expected accuracies of plus or minus 0.25%
can be attained by certain turbine meters where proper
stream conditions are maintained and the meter is properly
installed and proven.

Doing mass measurement with turbine meters is often pre-
ferred where conditions in temperature, pressure, intermo-
lecular adhesion and solution mixing present difficulty in
converting volumes from flowing conditions to standard con-
ditions, such as with ethane, natural gas liquids (NGL), or eth-
ane-propane mixes. To do this properly an online densitometer
needs to be used. Refer to GPA 8182 or API Chapter 14, Section
7 (14.7) for further details on mass measurement for NGLs.

Positive Displacement Meters

Displacement meters take a physically enclosed volume of
fluid and move it from upstream to downstream of the meter-
ing point. The sum of these operations is an indication of the
amount of liquid, which is moved over a period of time.

An expected accuracy of 0.25% for a positive displacement
(PD) meter can be attained when it is properly installed and
proven. Application is normally limited to those fluids that
exhibit some lubricating properties because of the multiple
moving parts of a positive displacement meter. Typical appli-
cations are butane and heavier products since ethane and pro-
pane have minimal lubricating properties. Fig. 3-17 shows
some internal details of a positive displacement meter. PD
meters may perform mass or volumetric measurement, de-
pending on their configuration and companion equipment.

Turbine and Positive Displacement Meter
Selection and Performance

Turbine and positive displacement meter installations
should include the following considerations:

* Application to proper flow ranges

Upstream strainers to protect meter internals from for-
eign material

Pulsation and vibration
Proper upstream flow conditioning

Significant rate changes
Changes in flow temperature, pressure, and density

Back pressure (2 times DP across meter plus 1.25 times
equilibrium vapor pressure is minimum recommended)

Connections to prove the meter

Verification that Cy and Cj,; will not be applied when the
meters are performing mass measurement, except dur-
ing provings.

The normally acceptable performance of a turbine or posi-
tive displacement meter will result in a change in the pulse
count of less than 0.05% between meter prover runs, and less
than 0.25% between provings. If the factor changes more than
0.25% between provings:

¢ meter maintenance may be required
« a total flow adjustment must be made
If the factor changes more than 0.5% between provings:

¢ the turbine must be pulled and inspected for damage or
wear

« a total flow adjustment must be made



¢ the turbine must be proven again following inspection

More details about turbine and positive displacement meter
installations, operation, and proving are available in Chapters
4,5, 6, and 12 of the API Manual of Petroleum Measurement
Standards.

Mass Measurement Meters

Mass measurement of a flowing fluid is advantageous where
the physical properties of the fluid are not well defined or
available. Mass measurement is especially important in meas-
uring streams containing ethane and methane because of sub-
stantial solution mixing effects. Mass measurement is
accomplished by multiplying the volume of the fluid at flowing
conditions, over a defined period of time, by the density of the
fluid at flowing conditions during that same time. This proce-
dure eliminates the need for the correction factors (Cy and
C,p) for the metered volume. The total stream mass can be
converted into pure components by using a weight analysis of
the fluid. Refer to GPA 8182 or API Chapter 14, Section 7 (14.7)
for futher details on mass measurement for NGLs.

An example of converting stream mass to pure components
is illustrated in Fig. 3-18. Be sure to use the most current ver-
sion of GPA 2145 for conversion factors.

Several more different techniques and processes have been
developed to directly measure the mass of a flowing fluid. The
devices utilize the principle that angular momentum of a mass
is directly proportional to the mass velocity. The resistance of
a mass to change direction is measured by different types of
devices using combinations of sensitive mechanical and elec-
trical sensors and transmitters that can result in a variety of
electronic signals. Mass flow meter installations may not re-
quire upstream and downstream piping usually associated
with other types of measurement. Proving mass flow meters
may involve a complicated arrangement of flow and density
measuring equipment, or access to an alternate proving sta-
tion, or use of a master mass meter comparison.

Coriolis Meters

The Coriolis meter is a mass-measuring device. It consists
of a sensor, a transmitter and peripheral devices to provide
monitoring, alarm, and/or control functions.

FIG. 3-16

Typical Turbine Meter Components
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The sensor consists of two flow tube(s), the drive coil and
magnet, two pick-off coils and magnets and the RTD. During
operation, process fluid entering the sensor is split, half pass-
ing through each flow tube. The drive coil is energized causing
the tubes to oscillate up and down in opposition to one another.

The pick-off coils are mounted on one tube while the mag-
nets are mounted on the other. Each coil moves through the
uniform magnetic field of the adjacent magnet as the two tubes
move. The voltage generated from each pickoff coil creates a
sine wave representing the motion of one tube relative to the
other. When there is no flow, the two sine waves produced are
in phase. When there is flow, the induced Coriolis force causes
the tubes to twist, resulting in two out-of-phase sine waves.
The time difference in the sine waves is directly proportional
to the mass flow rate through the tubes (this may only be true
at a fixed pressure).

The density of the fluid is calculated from the frequency of
oscillation of the tubes.

The transmitter provides three actions. First, it sends a
pulsed current to the sensor drive coil causing the flow tubes
to vibrate. Second, it processes the sensor input signals, per-
forms calculations, and produces various outputs to peripheral
devices. Most commonly, the output of the meter is a pulsed

FIG. 3-17

Example Positive Displacement Meter
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output. Third, it allows communication with an operator or
control system. Figure 3-19 shows the components of a Coriolis
meter.

Detail description of how a Coriolis meter operates can be
found in appendix A of the API Coriolis Liquid Measurement
Draft Standards.

When configuring the meter, users should provide some
means to block in the flow so the zero flow condition can be
verified. Zero verification of the meter is required from time
to time as part of the normal operating procedures. Zeroing is
necessary when the zero offset has shifted outside the defined
limits. Since the meter should be proven after each zero, un-
necessary zeroing should be avoided to minimize potential er-
rors associated with meter factor reproducibility.

The Coriolis meter should be proven under conditions as
close to normal operating conditions as practical. The result
of a meter proving will be a new or reaffirmed meter factor
(MF). This meter factor may be entered in accessory equip-
ment, the Coriolis transmitter, or applied manually to the
quantity indicated. The preferred method is to input the me-
ter factor into the accessory equipment due to its audit trail
capabilities. A Coriolis meter is normally set up with calibra-
tion factors from the manufacturer. These factors, although
adjustable, should not be changed. Figure 3-20 shows a typical
schematic of a Coriolis meter installation. For more informa-
tion on Coriolis meter, please refer to the API draft standard,
Measurement of Single-phase Intermediate and Finished Hy-
drocarbon Fluids by Coriolis Meters.

The Coriolis meter has gained popularity in recent years as
it presents a number of advantages over other types of meters.
A Coriolis meter has an accuracy range of (+/-0.1%) and ac-
ceptable repeatability. It provides multi-variable measure-
ment in one device: mass flow rate, volumetric flow rate,
density and temperature. It is very tolerant of the changes in
the fluid quality and flow rate. It may also be used as a bi-di-
rectional meter. Ease of installation and low maintenance are
other bonuses as there are no special mounting, no flow con-
ditioning, no straight pipe run requirements and no moving
parts.

Like all other types of meters, the Coriolis meter has its own
down side. There is a significant pressure drop across the me-
ter making it unsuitable for an existing operation where ad-
ditional pressure drop cannot be tolerated.

Density Measurement

Densitometer — A densitometer measures density (mass/
unit volume) of a fluid. In a vibrating densitometer (Fig. 3-21),
a drive coil forces a tube to vibrate at some natural frequency,
which is a function of the tube’s mass per unit length.

As a fluid flows through the tube, the resonant frequency
varies with the density of the fluid. A buoyant force densi-
tometer (Fig. 3-22) operates on the principle that buoyant
forces acting on a floating body are a function of the fluid sur-
rounding the body. A float surrounded by fluid is attached to
a beam suspended on a pivot. As the density of the fluid
changes, the buoyant force provides an angular displacement
around the pivot point, which is proportional to the density
change. The displacement is picked up and transmitted elec-
tronically. A densitometer installed to record flowing density
should be installed close to the pipeline and all connections
and parts insulated. A densitometer in flowing service can be
proven with an auxiliary pycnometer. Refer to Chapter 14.6 of
the API Manual of Petroleum Measurement Standards for
more details on installation and calibration of density meters.
Note that 14.6 will become part of 9.4 in the future.

Meter Proving

The purpose of proving a turbine or PD meter is to establish
a factor which, when multiplied by the meter pulses and di-
vided by the nominal K-factor, will give an accurate, corrected
metered volume. Compensation for meter factors can be ac-
complished external to the meter through either mathemati-
cal or electronic means. The meter factor may be defined as a
number, which corrects meter registration to actual volume. A
meter factor (MF) is applicable to only one set of operating
conditions. To establish a meter factor, the meter must be com-
pared to a known prover volume. By applying the necessary
temperature and pressure factors to the prover volume and by
dividing by the change in the meter reading, a meter factor is
established.

FIG. 3-18
Example Calculation Converting Stream Mass to Component Gallons
Total Pounds of Stream = Metered Gallons (Meter Factor) (Recorded Actual Flowing Density 1b/gal.) (Density Factor)
= 65,994 (1.004) (4.227) (1.002)
= 280,633 Pounds
Component | Aaie | Moleolar | ol of | weighy o | Eoundsper [ el T Componen

Carbon Dioxide 4.40 44.010 1.936 4.34 12,180 6.8534 1,777
Methane 1.10 16.042 .176 .39 1,094 2.5 438
Ethane 41.57 30.069 12.500 28.00 78,577 29716 26,443
Propane 28.31 44.096 12.484 27.97 78,493 4.2301 18,556
Isobutane 8.01 58.122 4.656 10.43 29,270 4.6934 6,236
Normal Butane 5.93 58.122 3.447 7.72 21,665 4.8696 4,449
Pentanes Plus 10.68 88.394 9.440 21.15 59,354 5.548 10,698
Totals 100.00 100.00 280,633 68,597
*Use values from GPA 2145 — Latest Edition.
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FIG. 3-19
Components of a Coriolis Meter

Volume of liquid in the prover
corrected to standard conditions
Change in meter reading corrected
to standard conditions

MF =

Eq. 3-15

Standard conditions in liquid measurement are 60°F and
the equilibrium vapor pressure of the liquid at 60°F (or atmos-
pheric pressure for liquids with a vapor pressure of less than
0 psig).

Meter Proving Systems — Meter proving systems should
include the following considerations:

¢ All proving vessels should be calibrated by qualified per-
sonnel using test measures certified by the U.S. Bureau
of Standards and be issued a "Certificate of Calibration."

All meter proving systems should be equipped with a
thermometer and pressure gauge located near the meter.

Proving vessels shall have pressure gauges and ther-
mometers on the inlet and outlet. Gauges and thermome-
ters should be checked periodically against a deadweight
tester and certified thermometer to verify accuracy.

All valves in the proving systems, which affect the accu-
racy of the proving, should provide for observation of
valve integrity, e.g., double block and bleed valves.

Proving conditions should approximate operating condi-
tions.

Additional information concerning meter proving can be
found in Chapter 4 of the API Manual of Petroleum Measure-
ment Standards.

Meter Proving Reports — A meter proving report is the
record of a meter proving and must be completed to calculate
the net volume being measured by the meter being proven. A
meter proving report may contain considerable information
but the following information is usually considered the mini-
mum necessary to identify the proving and allow calculation
of net volumes: proving report number, date and time, meter
owner, company of person responsible for proving fluid used,
fluid specific gravity, fluid vapor pressure (at operating tem-
perature), meter size, totalizer pulses, prover size, pulses per
unit volume, uncorrected prover volume, temperature of fluid
at meter and prover, pressure of fluid at meter and prover, and
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operator’s name and signature. If the proving is being done on
a meter used for custody transfer, it is customary for a repre-
sentative of each custodial company to witness the proving
and sign the report if it is satisfactory. The parties involved in
the proving should agree on what constitutes an acceptable
proving, and if it is not acceptable, what must be done to cor-
rect the problem.

Example 3-6 — The following information was taken from a
meter proving report. Calculate a meter factor with which
to correct the routine meter recorded volumes.

FIG. 3-20
Typical Installation of a Liquid Coriolis Meter

FIG. 3-21
Vibrating Tube Densitometer
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FIG. 3-22

Buoyant Force Densitometer
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Given Data:

Product = Propane-Butane Mix

Specific Gravity = 0.544

Totalizer Pulses Per Barrel = 13188
Uncorrected Prover Volume = 2.0734 bbl
Vapor Pressure = 115 psig

Prover Size = 12 in. pipe with 0.375 in. wall
Vertical Double Case Meter

Proving Results:

Temperature, °F Pressure, psig? Pulse
Run Count/Round
No. Prover Meter Prover Meter Trip
1 76.6 76.0 385 395 28629
2 76.8 76.8 385 395 28626
3 76.8 76.0 385 395 28635
4 77.6 77.0 385 395 28634
5 77.0 77.2 385 395 28633
6 77.0 76.6 385 395 28631
Average 77.0 76.6 385 395 28631.3
Average
(rounded) 77.0 76.5" 385 395 286317
NOTES:

1. Average temperatures are rounded to the nearest 0.5°F.
2. Pressures are read to the nearest scale division.
3. Pulse count is rounded to the nearest count.

The volume of a steel prover must first be determined then
the characteristics of the fluid are used to correct the fluid to
standard conditions using the corrected prover volume.

Prover Corrections:

1. Uncorrected prover volume = 2.0734 bbl
2. The correction for steel expansion at 77.0°F, Cy
(Fig. 3-23) = 1.0003
3. The correction for the pressure effect on the steel prover,

Cyps (Fig. 3-24) = 1.0004
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4. The correction for the effect of temperature on the prover
fluid, Cy (Reference No. 4) = 0.9780

5. The correction for the effect of pressure on the prover
fluid, Cy (Reference No. 2) = 1.0078

6. Combined prover corrections
= Cts ® Cps ® Cﬂ ® Cpl =0.9863

7. Corrected prover volume

= 0.9863 x 2.0734 bbl = 2.0450 bbl

Metered fluid corrections:

1.  Uncorrected metered _ Total meter pulses recorded
volume manufacturer's pulses per barrel
28631
=13188 = 2.1710 bbl
2. The correction for the effect of temperature on the me-
tered volume, Cy (Reference No. 4) = 0.9789
3. The correction for the effect of pressure on the metered
volume, C;,; (Reference No. 2) = 1.0080
4. Corrected metered volume = Cy * Cpy ¢ 2.1710
= 2.1421 bbl q | 5 0450
_ correcte prover volume _ 4 _
5. Meter factor ~ corrected metered volume ~ 2.1421 09547

Fig. 3-25 is an example meter proving report. The uncor-
rected prover volume is that volume of the prover tube be-
tween the switches, Fig. 3-26. Several meters can utilize one
prover if piping manifolds exist. If more than one product is
proven by the same prover, precautions must be taken to pre-
vent contamination. Double block-and-bleed valves are com-
monly used to isolate specification products. Additional
information on meter proving can be found in Chapter 4 of the
API Manual of Petroleum Measurement Standards.

STEAM MEASUREMENT

The steam flow equation (Fig. 3-4, Eq. 3-8) can be used to
calculate steam flow rate by applying a steam factor, F, found
in Fig. 3-27 for saturated steam and Fig. 3-28 for superheated
steam. The F factor makes corrections for volume and density
at the pressure and temperature conditions of the steam.

This orifice meter volume calculation is also included in Ex-
cel spreadsheet located on the diskette on the inside cover of
this book or on the CD version of the book.

MISCELLANEOUS MEASUREMENT
DEVICES

Pitot — A pitot tube is a cylindrical probe installed in a flowing
fluid which senses the impact pressure created by the velocity of
a flowing fluid. The probe senses the impact pressure by a hole
in the upstream face of the tube, and the static pressure on the
side or downstream face of the tube. The use of a pitot tube is
severely limited by its sensitivity to velocity profile.

The multiport averaging pitot (Fig. 3-29) attempts to over-
come the velocity profile sensitivity by providing several ports
to sense the varying impact pressures across the diameter of
the pipe. The pressures are averaged and the differential pres-
sure between this average and the static pressure detected on
the downstream side of the probe, or from the line itself, is used
to determine flow.



FIG. 3-23
Temperature Correction Factors for Mild Steel, Cts
Cts for mild steel having a cubical coefficient of expansion of 1.86
x 107 per °F
Tem%zi‘;g;i, °F Cis Value Tem%zi‘;g;i, °F Cis Value
(=7.2) - (-1.9) 0.9988 73.5-178.8 1.0003
(-1.8)-3.5 0.9989 789 - 84.1 1.0004
3.6 - 8.9 0.9990 84.2 - 89.5 1.0005
9.0 -14.3 0.9991 89.6 - 94.9 1.0006
14.4 - 19.6 0.9992 95.0 - 100.3 1.0007
19.7 - 25.0 0.9993 100.4 - 105.6 1.0008
25.1-304 0.9994 105.7 - 111.0 1.0009
30.5 - 35.8 0.9995 111.1 - 116.4 1.0010
35.9-41.1 0.9996 116.5 - 121.8 1.0011
41.2 - 46.5 0.9997 121.9 - 127.2 1.0012
46.6 - 51.9 0.9998 127.3 - 132.5 1.0013
52.0 - 57.3 0.9999 132.6 - 137.9 1.0014
574 - 62.6 1.0000 138.0 - 143.3 1.0015
62.7 - 68.0 1.0001 143.4 - 148.7 1.0016
68.1 - 734 1.0002 148.8 - 154.0 1.0017
Note: This table is suitable for application in meter proving; in
prover calibration use the formulas. For the formula used to de-
rive the tabulated values and to calculate values, see Section 12
of the API Manual.

The flow formula for the pitot tube is very similar to that for
an orifice. F,,, is a units conversion factor and C is a flow coef-
ficient for this type installation.

Fy = (Fno) (C)+ D? Eq 3-19

Installation requirements include precise alignment of the
tube and upstream flow conditioning which provides a
symmetrical velocity profile. Use of the averaging pitot in a
pipe with a diameter or wall thickness other than design will
cause erroneous results.

NATURAL GAS SAMPLING

The purpose of natural gas sampling is to secure a repre-
sentative sample of the flowing gas stream for a specific period
of time. Naturally, the more often the sampling system sam-
ples the flowing stream, the more likely it is to be truly repre-
sentative of a stream with varying composition.

Sampling systems consist of numerous components and
must include some key elements including a sample probe, any
necessary connecting tubing, sample containers or sample
valves and appropriate heat-tracing and insulation. For on-
line gas chromatographs (g.c.s) or on-stream analyzers, the
sampling system ends at the injection valve on the inlet of the
g.c.

The sample may be collected on a spot, composite or continu-
ous basis.

Spot sampling simply means that a technician manually col-
lects a sample directly from the stream at scheduled intervals
or as needed, but usually on a monthly or longer regular basis.

Composite samples are usually collected on a weekly or
monthly basis. Composite sampling systems should grab small
samples on a flow proportional basis, then inject them into the
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composite sampling cylinder. There are composite sampling
systems that work on a simple time cycle (time proportional
sampling), but they are not recommended, especially if they
continue to sample even when flow has stopped. If a time pro-
portional system is already in service, it must be equipped
with a flow switch or similar device to ensure that when flow
stops, sampling will stop.

Continuous systems provide a steady flow of sample through
a sample loop that passes near a composite sampler or on-
stream analyzer. In the case of an on-line chromatograph, the
injection valve of the g.c. is able to admit and distribute a sam-
ple from the flowing loop that is representative of the flow in
the main line. Sample rate flow loops must be carefully sized
and generally should operate at velocities around 5 ft/sec., but
this may vary if the sample loop is exceptionally long (over 100
feet).

The sample point is usually located downstream of the me-
ter run and must be remote from severe flow disturbances
such as control valves and orifice plates by at least five nomi-
nal pipe diameters. For flowing streams that are not near
their hydrocarbon dew point, the probe should be positioned
either upstream or downstream of the meter tube, and at least
5 pipe diameters downstream of any flow disturbing elements,
such as elbows, swirl generators, headers, valves and tees. If
the sample source is at or near its hydrocarbon dewpoint, some
research has indicated that the probe should be located at
least 8 pipe diameters downstream of any flow disturbance,
including an orifice meter. The sample point must not be in-
stalled within the upstream or downstream engineered sec-
tions of the meter tube, since the fitting and probe could
produce disturbances in the flow profile going through the me-
ter in the run. The probe installed in the sample point extends
into the center 1/3 of the internal diameter of the meter run
to ensure no heavy materials or contaminants migrating along
the pipe walls are allowed to contaminate the sample. Note
that for large diameter pipelines, the probe never needs to be
longer than 10 inches. The probe is equipped with an outlet
valve to allow the system to be shut in when no sampling is
being performed or to perform maintenance on downstream
equipment in composite or continuous sampling systems.

The tubing connecting the sample probe to the downstream
sample system(s) should be internally clean, as short as prac-
tical (usually 6 to 24 inches maximum) and made of either
nylon or stainless steel. Stainless steel is actually preferred
due to its strength and flexibility and resistance to melting
and/or sharp edges, but nylon is not porous and when used
safely, can also give good analytical results. Teflon, carbon
steel, plastic tubing, Tygon tubing and many other materials
do not perform well.

Care must be taken to insure there are no leaks in the sam-
pling system. Typically, if a leak occurs, smaller molecules
tend to escape preferentially and create a bias in analytical
results. If the leak is large, there may be enough cooling to
produce condensation in the sample system and cause the
samples to be very non-representative.

Note that whenever the sample line is operating in ambient
temperatures below the flowing temperature of the stream,
the line may need to be heat-traced and insulated. If the am-
bient temperature is lower than the dewpoint temperature of
the flowing stream, heat tracing and insulation are required.
Be sure that the heat tracing is properly and safely done, using
electrically limited tracing meeting appropriate electrical



FIG. 3-24

Pressure Correction Factors for Steel, Cps

(All measurements are in pounds per square inch gauge.)

Prover Dimensions
6-in. Pipe | 6-in. Pipe | 8-in. Pipe | 8-in. Pipe lgi'ig' 1191'12' 11%'“;' 1{,‘{ hel‘ 14-in.Pipe
Factor Cps | 0.25-in. | 0.280-in. | 0.322-in. | 0375-in. | (35P% | 057B5 | 037hun. | 0310 | 0-375-in. | Factor Cps
Wall Wall Wall Wall Wall Wall Wall Wall Wall
1.0000 0-61 0-69 0-60 0-71 0-54 0-56 0-46 0-34 0-42 1.0000
1.0001 62-183 70-207 61-181 72-214 55-163 57-168 47-140 35-104 43-127 1.0001
1.0002 184-306 208-346 182-302 215-357 164-273 169-281 141-234 105-174 128-212 1.0002
1.0003 307-428 | 347-484 | 303423 | 358499 | 274-382 | 282-393 | 235-328 | 175-244 | 213-297 1.0003
1.0004 429-551 485-623 424-544 500-642 383-491 394-506 329-421 245-314 298-382 1.0004
1.0005 552-673 624-761 545-665 643-785 492-601 507-618 422-515 315-384 383-466 1.0005
1.0006 674-795 762-900 666-786 786-928 602-701 619-731 516-609 385454 467-551 1.0006
1.0007 796-918 901-1038 787-907 929-1071 711-819 732-843 610-703 455-524 552-636 1.0007
1.0008 | 919-1040 908-1028 820-928 | 844-956 | 704-796 | 525-594 | 637-721 1.0008
1.0009 929-1038 957-1068 797-890 595-664 722-806 1.0009
1.0010 891-984 665-734 807-891 1.0010
1.0011 985-1078 735-804 892-976 1.0011
1.0012 805-874 977-1061 1.0012
1.0013 875-944 1.0013
1.0014 945-1014 1.0014
1.0015 1.0015
1.0016 1.0016
1.0017 1.0017
1.0018 1.0018
1.0019 1.0019
1.0020 1.0020
1.0021 1.0021
1.0022 1.0022
1.0023 1.0023
1.0024 1.0024
Prover Dimensions
16-in. Pipe 18-in. Pipe 20-in. Pipe 24-in. Pipe 26-in. Pipe 26-in. Pipe 30-in. Pipe 30-in. Pipe
Factor Cps 0.375-in. 0.375-in. 0.375-in. 0.375-in. 0.375-in. 0.500-in. 0.500-in. 0.500-in. Factor Cps
Wall Wall Wall Wall Wall Wall Wall Wall
1.0000 0-36 0-32 0-29 0-24 0-22 0-30 0-25 0-21 1.0000
1.0001 37-110 33-97 30-87 25-72 23-66 31-89 26-77 22-64 1.0001
1.0002 111-184 98-163 88-146 73-120 67-111 90-150 78-129 65-107 1.0002
1.0003 185-258 164-228 147-204 121-169 112-155 151-209 130-181 108-149 1.0003
1.0004 259-331 229-293 205-262 170-217 156-200 210-270 182-232 150-192 1.0004
1.0005 332405 294-358 263-321 218-266 201-245 271-329 233-284 193-235 1.0005
1.0006 406-479 359-423 322-379 267-314 246-289 330-390 285-336 236-278 1.0006
1.0007 480-553 424-489 380438 315-362 290-334 391449 337-387 279-321 1.0007
1.0008 554-627 490-554 439-496 363-411 335-378 450-510 388-439 322-364 1.0008
1.0009 628-700 555-619 497-555 412-459 379-423 511-569 440491 365407 1.0009
1.0010 701-774 620-684 556-613 460-508 424-467 570-630 492-543 408-450 1.0010
1.0011 775-848 685-749 614-672 509-556 468-512 631-689 544-594 451-492 1.0011
1.0012 849-922 750-815 673-730 557-604 513-556 690-750 595-646 493-535 1.0012
1.0013 923-995 816-880 731-788 605-653 557-601 751-809 647698 536-578 1.0013
1.0014 996-1069 881-945 789-847 654-701 602-646 810-870 699-750 579-621 1.0014
1.0015 946-1010 848-905 702-749 647-690 871-929 751-801 622-664 1.0015
1.0016 906-964 750-798 691-735 930-990 802-853 665-707 1.0016
1.0017 965-1022 799-846 736-779 991-1049 854-905 708-749 1.0017
1.0018 847-895 780-824 906-956 750-792 1.0018
1.0019 896-943 825-868 957-1008 793-835 1.0019
1.0020 944-991 869-913 836-878 1.0020
1.0021 992-1040 914-957 879-921 1.0021
1.0022 958-1022 922-964 1.0022
1.0023 965-1007 1.0023
1.0024 1.0024
. . . . Pp - Ps D
Notes: 1. This table is based on the following equation: Cys = 1+ ————

En
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FIG. 3-25

Meter Proving Report

LOCATION DATE AMBIENT TEMP. REPORT NO.
| PROVER DATA I PREVIOUS REPORT
BASE VOLUME AT 60°F AND “0" psi. SIZE WALL FLOW RATE FACTOR DATE
bbl. bbir.
IMETER DATA I
SERIAL NO. METER NO. PULSES/bbi. TEMP. COMP. MANUF. SIZE MODEL
FLOW RATE NON-RESET TOTALIZER
bbhr.
| RUN DATA I CORRECTION FOR
TEMPERATURE PRESSURE TOTAL PULSES AUN NO TEMPERATURE ON STEEL
PROVER AVG.| METER PROVER METER ’
1
2
CORRECTION FOR
3 PRESSURE ON STEEL
4
5
s CORRECTION FOR
7 TEMPERATURE ON LIQUID
s TABLE 6 OR TABLE 24
FORLPGs
9
10
Cpi |= CORRECTION FOR
[ I :] [ | J [ [ AVG. I PRESSURE ON LIQUID
| LIQUID DATA |
TYPE API GRAVITY SPECIFIC GRAVITY R.V. PRESS BATCH/TENDER NO.
AT 60°F AT 60°F
FIELD CALCULATIONS -
PROVER VOLUME X Cis X Cps X Cy X Cpl — CORRECTED PROVER VOLUME
= 3
Cy
USE ONLY FOR
NONTEMP. C
AVERAGE PULSES PULSES®O. | __ |GROSS METER VOL. x COMP. METER X pl — CORRECTED METER VOLUME
F r—— =
C COMPOSITE FACTOR
CORRECTED CORRECTED METER | |uQuip CORR. ]
PROVER —_ METER == FACTOR | X FOR PRESS. AT | —— | USE FOR CONSTANT |
VOLUME VOLUME METERING COND.| — | PRESSURE APPLICATIONS |
|
e ML |
REMARKS, REPAIRS, ADJUSTMENTS, ETC.,
SIGNATURE DATE COMPANY REPRESENTED

Source:

API MPMS Ch. 12.2
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FIG. 3-26

Example Bidirectional Pipe Prover
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FIG. 3-27

Steam Coefficient Factors, Saturated Steam

1.0618
Fs = ————, For Bellows-Type Meters
T TP >
Pressure, Steam Quality, Per Cent
psig 100 99 98 97 96 95 94 93 92 91 90
1 .0534 .0537 .0539 .0542 .0545 .0548 .0551 .0554 .0557 .0560 .0563
5 .0530 .0533 .0535 .0538 .0541 .0544 .0547 .0550 .0553 .0556 .0559
10 .0526 .0529 .0531 .0534 .0537 .0540 .0543 .0546 .0549 .0552 .0555
15 .0523 .0526 .0528 .0531 .0534 .0537 .0539 .0542 .0545 .0548 .0551
20 .0520 .0523 .0526 .0528 .0531 .0534 .0537 .0540 .0543 .0546 .0549
25 .0518 .0521 .0524 .0526 .0529 .0532 .0535 .0537 .0540 .0543 .0546
50 .0511 .0513 .0516 .0518 .0521 .0524 .0527 .0529 .0532 .0535 .0538
75 .0506 .0508 .0511 .0514 .0516 .0519 .0522 .0525 .0527 .0530 .0533
100 .0503 .0505 .0508 .0510 .0513 .0516 .0518 .0521 .0524 .0527 .0530
125 .0500 .0503 .0505 .0508 .0510 .0513 .0516 .0519 .0521 .0524 .0527
150 .0498 .0501 .0503 .0506 .0509 .0511 .0514 .0517 .0519 .0522 .0525
175 .0497 .0499 .0502 .0504 .0507 .0510 .0512 .0515 .0518 .0521 .0524
200 .0496 .0498 .0501 .0503 .0506 .0509 .0511 .0514 .0517 .0520 .0522
250 .0494 .0497 .0499 .0502 .0504 .0507 .0510 .0512 .0515 .0518 .0521
300 .0493 .0496 .0498 .0501 .0503 .0506 .0509 .0511 .0514 .0517 .0520
350 .0493 .0495 .0498 .0500 .0503 .0505 .0508 .0511 .0513 .0516 .0519
400 .0493 .0495 .0498 .0500 .0503 .0505 .0508 .0511 .0513 .0516 .0519
450 .0493 .0495 .0498 .0500 .0503 .0505 .0508 .0511 .0513 .0516 .0519
500 .0493 .0496 .0498 .0501 .0503 .0506 .0508 .0511 .0514 .0516 .0519
550 .0494 .0496 .0499 .0501 .0504 .0506 .0509 .0511 .0514 .0517 .0520
600 .0494 .0497 .0499 .0502 .0504 .0507 .0509 .0512 .0515 .0517 .0520
FIG. 3-28

Steam Coefficient Factors, Superheated Steam

Fs = 1.0618 , For Bellows-Type Meters
VPeo
Press.ure, Total Steam Temperture, °F
psig 300 350 400 450 500 550 600 700 800 1000 1200
25 .0505 .0488 .0472 .0459 .0446 .0435 .0424 .0405 .0388 .0360 .0338
50 .0510 .0491 .0475 .0460 .0447 .0436 .0425 .0405 .0389 .0361 .0338
75 .0494 .0477 .0462 .0449 .0437 .0426 .0406 .0389 .0361 .0338
100 .0498 .0479 .0464 .0450 .0438 .0426 .0407 .0389 .0361 .0338
125 .0501 .0482 .0466 .0451 .0439 .0427 .0407 .0390 .0361 .0338
150 .0485 .0468 .0453 .0440 .0428 .0408 .0390 .0361 .0338
175 .0488 .0470 .0454 .0441 0429 .0408 .0391 .0362 .0339
200 .0491 .0472 .0456 .0442 .0430 .0409 .0391 .0362 .0339
250 .0476 .0459 .0444 .0432 .0410 .0392 .0362 .0339
300 .0481 .0462 .0447 .0434 .0411 .0393 .0363 .0339
350 .0486 .0466 .0449 .0436 .0412 .0393 .0363 .0339
400 .0492 .0470 .0452 .0438 .0414 .0394 .0364 .0340
450 0474 .0455 .0440 .0415 .0395 .0364 .0340
500 .0478 .0458 .0442 .0416 .0396 .0364 .0340
600 .0488 .0465 .0446 .0419 .0398 .0365 .0341
700 .0472 0451 .0422 .0400 .0366 .0341
800 .0480 .0457 .0425 .0401 .0367 .0341
900 .0489 .0463 .0428 .0403 .0368 .0342
1000 .0500 .0469 .0431 .0405 .0369 .0342
1100 .0477 .0435 .0407 .0370 .0343
1200 .0485 .0438 .0409 .0371 .0343
1300 .0494 .0442 .0412 .0372 .0344
1400 .0505 .0446 .0414 .0372 .0344
1500 .0518 .0450 .0416 .0373 .0345
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FIG. 3-29
Basic Operating Principle—Multiple Averaging Pitot
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codes for the area classification (typically Class I Group D Di-
vision I or II).

Realize that the dewpoint of a gas stream is absolutely criti-
cal to accurate sampling. If any component in the sampling
system causes the temperature of even a portion of the gas
stream being sampled to cool to or below the hydrocarbon dew-
point, the sample will be depleted of heavy components and
can no longer be truly representative of the stream. Note that
the Btu content in this situation is not always too low. If the
sample system continues to condense heavy components for
an extended amount of time, accumulations may reach the
point that liquid droplets enter the sample and actually cause
the indicted Btu content and calculated relative density (spe-
cific gravity) to be too high.

The sample cylinders used in spot sampling should be stain-
less steel, single cavity cylinders. Single cavity cylinders are
recommended, due to the difficulty of fully cleaning piston cyl-
inders between use. Residue that may remain in the piston
cylinders and their seals may produce incorrect analyses. The
cylinders should be equipped with standard design sample
valves that are screw open or closed (not 1/4 turn ball valves)
and have a flow passage of approximately 1/8 inch diameter.

It may be convenient to use piston (constant pressure) cyl-
inders in composite sampling systems, since you can easily see
that the system is working or not working as the level indica-
tor moves. If constant pressure/piston cylinders are used and
oil or grease contamination is present in the system, they must
be disassembled between use, carefully cleaned and then the
seal rings must be replaced if the cylinder is expected to pro-
vide representative samples.

Note that if sampling is being performed to determine the
levels of volatile or reactive contaminants, such as HyS, the
cylinder may need to be lined with an epoxy/phenolic lining.
Even then, particularly reactive materials, such as HyS or
ethyl mercaptan are likely to be lost prior to analysis unless
the sample is collected on-site and analyzed immediately.
Even a few minutes delay can reduce detectable levels of re-
active materials. Shipping a sample to a remote lab and de-
laying analysis beyond a couple of hours will essentially
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ensure that the indicated levels of the reactive/volatile mate-
rial will be too low or perhaps not detectable at all.

The two spot sampling methods that are most recommended
are the fill and empty method and the helium pop method. The
displacement methods also performed reasonably well during
the recent API research studies.

The fill and empty method requires that the cylinder be
equipped with a “pigtail” following the sample cylinder outlet
valve. While leaving the sample cylinder inlet and outlet
valves open, the probe outlet valve and the valve at the end of
the pigtail are cycled to alternately fill and empty the sample
cylinder. The pigtail ensures that the heat of compression cre-
ated when the sample cylinder is filled more than offsets the
Joule-Thomson cooling produced when the sample cylinder is
depressurized. It does this by insuring the maximum pressure
drop while depressurizing the sample cylinder is far removed
from cylinder itself, at the end of the pigtail. The ability of the
fill and empty procedure to actually elevate the temperature
of the sampling cylinder above the flowing temperature of the
stream being sampled during many operating conditions
makes this method the most desirable when the ambient tem-
perature is at or near the hydrocarbon dewpoint of the stream.
The pigtail should be approximately 1/4 inch tubing and be at
least 36 inches in length, although it may be coiled to make
the apparatus easier to handle. The coils should not touch one
another, otherwise the heat loss at the end of the pigtail may
be transferred quickly across the coils to the sample cylinder.
There should be another sample valve, similar to the sample
cylinder valves on the outlet of the pigtail. The flow passage
through this valve must not be larger than the passage
through the cylinder valves. Refer to API Chapter 14.1 for the
detailed procedures for performing the fill and empty method
and to either API Chapter 14.1 or GPA 2166 for the number
of fill and empty purge cycles required at various line pres-
sures.

See Figures 3-30 and 3-31 for two typical fill and empty
method configurations:

The helium pop method has the advantage of being a very
simple and quick process, but API research showed the method
to have a slight negative bias (where the indicated Btu is
slightly below the actual Btu). The sample cylinder will be the
standard type, properly cleaned, with a 5 psig blanket of dry
helium gas in the cylinder. The cylinder is connected to the
sample probe outlet valve via a short connection that includes
a vent valve. The vent valve will allow a gentle purge of the
volume between the probe and the sample cylinder inlet valve
prior to sampling. Once the inlet system is purged, close the
purge valve, then open the sample cylinder inlet valve. After
a moment to allow the cylinder to equalize with line pressure,
close the cylinder inlet valve — the sample has been collected.
See Figure 3-32 for a typical helium pop method configuration.

There are several other spot sampling methods detailed in
the GPA 2166 standard and referenced in the API Chapter
14.1 standard. For relatively rich, unprocessed gas streams,
the fill and empty, helium pop or the displacement methods
should be used. If the gas is continuously lean and dry and
sampled at conditions well above its hydrocarbon and water
dewpoint, any method in the GPA standard is acceptable, even
the continuous purge method. Note that the residue gas
streams on the outlet of gas plants do not fit this criteria. Al-
though much of the time the gas is lean and dry, during plant
upsets the residue will contain much heavier components not
stripped out in the process and may be essentially like the rich,



unprocessed gas coming into the front end of the plant for proc-
essing. Once the residue gas metering and sampling systems
are contaminated by rich, unprocessed gas, liquid contami-
nates from process carry-overs, or other liquid heavy compo-
nents, it may take days for the sample system to collect
uncontaminated samples unless the system is well-designed
and the proper sampling methods are utilized.

Once a spot or composite sample has been collected, the cyl-
inder should be removed, its valves checked to ensure they are
securely closed, then caps with Teflon tape on the threads
should be installed to ensure no leakage occurs during han-
dling or transport of the cylinders. Any time the cylinder is
transported, ensure that it is properly restrained or packaged
and that it is properly labeled. The vehicle used to transport
the cylinder must have the completed paperwork readily
available and completed fully and accurately. Most companies
require a sample label or tag be attached to the cylinder that
shows where the sample was collected, how it was collected,
who collected it and when it was collected. See the API and
GPA standards for details.

FIG. 3-30
Fill and Empty Sampling Method (Alternate Configuration)
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NATURAL GAS LIQUID SAMPLING

Utilizing Floating Piston Cylinders

Liquid sampling requires special precautions to accumulate
and transfer representative samples. Pressure in the sample
cylinder and/or accumulator must be maintained at 1.5 times
the product vapor pressure. Maximum product vapor pressure
should be determined using the highest ambient temperature
or flowing temperature (whichever is highest) to determine
the minimum pre-charge pressure. A method to break up
stratification must be provided prior to transfer of the sample
to another container and laboratory analysis. Maintaining the
appropriate pressure and mixing the sample can be satisfied
by using floating piston sample cylinders with mixers (Fig.
3-33). A “rattle ball” or agitator may be used in place of the
mixing rod shown. The floating piston cylinders are pre-
charged on one end with an inert gas at a pressure 1.5 times
above product vapor pressure. This prevents sample vaporiza-
tion, which could result in erroneous analysis. This design also
provides a compressible inert gas cushion to allow for thermal
expansion of the liquid. A pressure relief valve is needed, but
should it discharge, the integrity of the sample will be lost.
Liquid sample cylinders shall not be filled over 80 percent full.

FIG. 3-31
Fill and Empty Sampling Method (Preferred Configuration)
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FIG. 3-32

Helium Pop Sampling Method

FIG. 3-

Samples are acquired through a sample probe inserted into
the center third of the flowing stream. The probe should be
mounted in the top or side of the line. Continuous samplers
should use a continuous flowing sample loop (speed loop) or a
probe mounted sample pump to ensure the most current sam-
ple is always added to the sample container. Speed loops must
have a driving device such as an orifice, differential pump,
available pressure drop, or “scoop” probes. The driving device
should be sized to provide a complete exchange of liquid in the
sample loop once per minute. The sample pump must be set to
gather flow proportional samples to ensure a true repre-
sentative sample is obtained. If flowing pressures are higher
than the sample accumulator pre-charge pressure, then the
sample pump must prevent “free-flowing” of product into the
sample container. See Fig. 3-34 for an example continuous
sampling application. Speed loop lines may require insulation
when cold ambient temperatures have a significant effect on
viscosity. The product in the sample container must be thor-
oughly mixed before being transferred to a transport cylinder.
Details and alternative methods for obtaining liquid samples
are found in GPA 2174.

NATURAL GAS AND NATURAL GAS
LIQUID CHROMATOGRAPHY

Introduction

To properly install a chromatograph system, the following
must be considered:

¢ Product Stream

e Analytical Components of Interest

¢ The Analytical Method

¢ Carrier Gas

e Sample Preparation

¢ Introducing the Sample into the Chromatograph
¢ Column Selection

* Detectors

¢ Detector Signal Integration and Data Handling

« Safety Considerations (ventilation, area classification,
etec.)

¢ Purchasing the System

¢ Installation

¢ Calibration and Verification
¢ Training and Follow-up
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FIG. 3-34
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¢ Maintenance and Trouble Shooting

The following GPA Technical Standards offer guidance in
Natural Gas and Natural Gas Liquids Chromatographic
Analysis:

¢ GPA 2165: Method for Analysis of Natural Gas Liquid
Mixtures by Gas Chromatography

¢ GPA 2177: Method for the Analysis of Demethanized Hy-
drocarbon Liquid Mixtures Containing Nitrogen and
Carbon Dioxide by Gas Chromatography

¢ GPA 2186: Tentative Method for the Extended Analysis
of Demethanized Hydrocarbon Liquid Mixtures Contain-
ing Nitrogen and Carbon Dioxide by Temperature Pro-
grammed Gas Chromatography

¢ GPA 2261: Method for Analysis of Natural Gas and Simi-
lar Gaseous Mixtures by Gas Chromatography

¢ GPA 2286: Tentative Method for the Extended Analysis
of Natural Gas and Similar Gaseous Mixtures by Tem-
perature Programmed Gas Chromatography

¢ GPA 2199: The Determination of Specific Sulfur Com-
pounds by Capillary Gas Chromatography and Sulfur
Chemiluminescence Detection

¢ GPA 2198: Selection, Preparation, Validation, Care and
Storage of Natural Gas and Natural Gas Liquids Refer-
ence Standard Blends

The Product Stream and
Components of Interest

The first step in selecting a chromatograph system is toiden-
tify the product stream and the components of interest. This
vital step frequently gets skipped or receives too little atten-
tion.

"Typical" samples must be analyzed for every identifiable
and significant component. One spot sample will usually not
be enough.

Consideration should be made of all possible plant configu-
rations and operating conditions that may cause compositions
to change. Even the seasons of the year may need to be con-
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sidered when selecting samples to develop the typical compo-
sition. For new installations where samples are not yet avail-
able, industry experts in similar applications should be
consulted.

The components of interest may not always include every-
thing in the sample. Many on-line analyzers are designed to
monitor a single component or the ratio of two components.
Sometimes minor components are included in peaks along
with larger fractions. Speed of analysis is often important in
the on-line application and discarding or ignoring components
that are not of interest can help shorten analysis time. For
product accounting purposes, a detailed laboratory analysis of
the hexanes-plus components may require extended analysis
time. Quite often, it is necessary to make choices between the
speed of analysis and the detail or the accuracy of analysis.

The Analytical Method

Natural gas samples are typically heated to 140 °F to com-
pletely vaporize the sample in the cylinder. Samples with-
drawn from this 100% vapor sample represent the composition
of the entire cylinder and withdrawal of the sample will not
compromise the sample left in the cylinder. Of course, the sam-
ple line from the cylinder to the chromatograph sample valve
and the sample valve itself must be heated to prevent conden-
sation of heavy (low volatility) components in the sample.

The analytical method includes sample introduction, com-
ponent separation in the column, detection and component
quantification. There are many approaches to selecting the
method. Personal experience and the complexity of the analy-
sis determine these approaches.

The simplest approach is to select an industry standard (re-
fer to GPA standards listed in the introduction) or to choose a
vendor-supplied method where all the development and veri-
fication work has already been done. "Fine tuning" an analyti-
cal method can be very time consuming, so if a vendor has an
off-the-shelf application that matches the need, it may be wise
to choose his system.



Colleagues in the industry may have already developed a
method that performs the required analysis. Usually, they are
willing to share their experience.

Since method development is time consuming, developing
one’s own method should be considered as a last resort. One
would choose to develop his own if the required method does
not exist or if there are special requirements of the method
such as increased speed or improved selectivity. Complete
method development includes sample preparation and intro-
duction, component separation, detector selection, peak inte-
gration and data handling.

Carrier Gas

Carrier gas “carries” the sample through the chromatograph
system from the sample introduction system to the detector.
It is typically Ultra High Purity Helium. Hydrogen or other
gases may be selected for special applications.

Sample Preparation and
Introduction

The sample preparation and introduction portion of the
chromatograph system is arguably the most critical. A chro-
matograph cannot produce good results without a good sam-
ple.

The sample must be withdrawn from the pipe either as 100%
liquid or 100% vapor. For Natural Gas samples, a vaporizer
regulator at the sample point adds heat to the sample and
reduces the pressure of the sample to ensure that it is com-
pletely vaporized. The transfer lines to the chromatograph for
a vapor sample loop must also be heated to prevent condensa-
tion of heavy components.

Sample preparation and introduction for on-line chroma-
tograph systems presents more of a challenge than for labora-
tory instruments. Of course, the most ideal on-line
chromatograph would sit on top of the pipe and directly draw
the sample from the system. But the most ideal location for
the chromatograph may be some distance from the sample
point.

Liquid sample speed loops transport the liquid sample from
the sample point to the chromatograph for sampling and back
to a lower pressure location in the product piping system. Just
as in laboratory chromatograph systems, filtration and mois-
ture removal are important. The system must clean and/or
dehydrate the stream without changing the composition of the
sample to be analyzed.

Tubing from the sample point to the on-line chromatograph
must be small in diameter to ensure high velocities: the ana-
lytical results must be as close to real-time as possible. A sam-
ple that has been traveling in a large diameter loop for any
length of time would only produce historical results.

Inlaboratory systems, it is important that the sample in the
sample cylinder is either completely in the liquid phase or
completely in the vapor phase. In a two-phase state, the vapor
portion will have a higher concentration of the more volatile
(light ends) components than the sample and the liquid phase
will have a higher concentration of the less volatile (heavy
ends) components. A sample withdrawn from the top or from
the bottom of the sample cylinder will not truly represent the
composition of the entire cylinder. Sample withdrawal from
either phase will irrevocably change the composition of the
sample left in the cylinder.
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Natural convection of a heated, vaporized sample will keep
the sample mixed and homogenous. Samples that are com-
pletely liquid must be mechanically mixed to ensure a homoge-
nous sample for analysis.

The introduction of a natural gas sample into the chroma-
tograph includes drawing a vacuum on the sample tubing to
assist in vaporizing and removing residual components from
previous samples. The sample loop is then purged (typically at
(or below) atmospheric pressure) through the sample loop be-
fore injection.

It is necessary to maintain pressure well above bubble point
pressure on the liquid sample during sample withdrawal. This
can be achieved by using an appropriate displacement me-
dium or by using a floating piston/positive displacement sample
cylinder. The transfer lines from the sample cylinder to the
liquid sample valve and the liquid sample valve itself must re-
main cool to prevent vaporization of the lighter (more volatile)
components.

A Dblock valve/purge control valve system is installed down-
stream of the liquid sample valve to maintain pressure on the
liquid sample until the sample is injected. This system is also
used to purge the sample through the sample valve.

It may be necessary to install filters and moisture traps in
the sample lines that lead to the gas or liquid sample valves.
Of course, the filters and traps must not alter the composition
of the sample.

Since most of the troubleshooting problems in a chroma-
tographic system are associated with sample preparation and
sample introduction, it is very important to design or select
this portion of the system with care.

Column Selection

The column has been called the heart of the chroma-
tographic system. It separates the components of interest from
the rest of the sample. Column selection, installation and
setup can be as much an art as a science. The first approach
should be to review industry standards for an appropriate
method. Others in the industry may already be performing the
desired analysis and be willing to share information. Vendors
may have already developed an appropriate method and sell
the entire system as a bundled package.

If an already existing method cannot be found, columns can
be selected from vendor catalogs. These catalogs usually in-
clude chromatogram examples of column performance. Col-
umns may separate components based on boiling points or by
chemical polarity. Columns may be packed (for larger volume
samples) or capillary (for more efficient separation).

Optimum column temperatures and carrier gas flow must
be determined. Increasing flow rates generally reduces indi-
vidual component retention time and reduces sharpness of
resolution. Increasing temperature has the same effect as in-
creasing flow.

Sometimes combinations of columns can be used to achieve
the best results. Special valving can selectively direct sample
flow to different columns at different times in the analytical
process. Valving and trap columns can be used to direct some
components to the detector and other components to be vented
to the atmosphere.

Creative temperature programming of the column oven can
create optimum separation conditions at appropriate times
during the sample analysis. Components with the low-boiling-



point temperatures elute from the column first and are usually
separated from each other at lower column temperatures.
Higher boiling point components come off the column rather
slowly and increased temperatures help to speed the process.
An oven temperature program that starts off rather cool and
heats up as the analysis is in progress may help the column
separate both the low and high boiling point components ef-
fectively.

Detectors

The thermal conductivity detector is considered a universal
detector. It will detect any component that has a thermal con-
ductivity different from the carrier gas. Helium is the most
frequently used carrier gas. It has greater thermal conductiv-
ity than any other component except hydrogen.

The thermal conductivity detector is a heated wire filament
or thermistor bead. See Figure 3-35. Its electrical conductivity
is partially determined by its temperature. As product compo-
nents elute from the end of the column, they cause the detector
temperature to increase as compared to the temperature of a
filament with pure carrier gas (reference gas) flowing. This
changes the electrical conductivity and the changed electrical
signal is electronically interpreted by the integrator or com-
puter system to produce a chromatogram peak whose area is
proportional to the composition of the component.

Unfortunately, the thermal conductivity detector is not ex-
tremely sensitive. It may not be the detector of choice for trace
components.

FIG. 3-35
Thermal Conductivity Detector
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The flame ionization detector (Figure 3-36) is more sensitive
than the thermal conductivity detector for hydrocarbons and
many other materials. This detector is not sensitive to all the
components found in natural gases and natural gas liquids.
(Carbon Dioxide and Nitrogen, for example). The presence of
the flame may be objectionable in some environments and
must be fully considered.

The effluent from the column flows through a hydrogen-air
flame. The flame jet is electrically charged. As the hydrocar-
bons are broken up in the flame, ionized particles are formed.
These particles then flow across an electrically charged collec-
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FIG. 3-36
Flame lonization Detector

tor that develops an electrical signal proportional to the con-
centration of the component.

There are many specialized detectors that selectively detect
only certain components such as sulfur or halogens.

Integration and Data Handling

Integration and data handling can be very simple or ex-
tremely complicated. An on-line analyzer may produce a sim-
ple chart recorder trace to indicate the concentration of a
component of interest. A laboratory chromatograph might
have a simple integrator to print out a calibrated report form.

Integrated peak information can be imported into other PC-
based programs to do post-run calculations. These results can
be carried over a laboratory information management system
to provide data throughout the laboratory or the company. On-
line chromatographs can provide a broad spectrum of alarm
and control functions.

Calculation and data handling packages can be purchased
as bundled packages hired out to contract programmers or
developed in house. It is important to establish communica-
tion protocol between individual parts of the chromatographic
system before purchasing equipment. It would be very embar-
rassing to have a chromatograph and an integrator that could
not communicate with each other.

Safety Considerations

Consult the electrical and ventilation codes prior to purchas-
ing the system. The location of the chromatograph system may
dictate electrical class/division requirements. Hazardous ar-
eas or sample components may dictate special ventilation re-
quirements. Hazardous substance detectors, alarms and
shutdowns may be required.

Purchasing the System

When selecting a vendor, several things should be consid-
ered. Personal experience with a vendor may heavily influence
the decision. Company-wide ownership of certain brands of
equipment might tip future purchases in favor of that equip-
ment due to spare parts inventory and local expertise consid-
erations.



Local vendor support should be considered. Are spare parts
readily available? Is there a resident vendor technician? Is
training provided?

Before selecting a vendor, it is important to list all criteria.
The criteria should then be prioritized. Sometimes this process
makes the vendor choice obvious. Visiting other facilities with
systems in operation may help in the selection.

Consider different approaches to purchasing. Some vendors
will place their equipment on approval. Sometimes it makes
more sense to rent or lease the equipment. Check for sale or
trade-in options.

Installation

Proper site preparation can dramatically simplify installa-
tion of the equipment. Pay careful attention to manufacturer
provided physical dimensions; few things are as embarrassing
as to discover that a piece of equipment will not fit. Room to
perform maintenance functions and for expansion should be
planned.

Verify electrical power. Many laboratory chromatographs re-
quire a 20-amp receptacle. Power supplies to laboratory equip-
ment should have isolated grounding.

Close attention should be paid to the vendor-specified qual-
ity of bottled gasses. All gas and sample lines should be thor-
oughly cleaned before installation of the chromatograph
system.

Communications equipment should be verified. Has the
proper wiring been run? Are the appropriate connectors at-
tached?

During the actual setup process, it is important to document
everything. Fine-tuning of a chromatograph system can be
time consuming. Each change and its results should be noted.
Performance evaluation and calibration information should be
retained. Careful record keeping and documentation of initial
parameters can be invaluable in future troubleshooting.

Calibration and Verification

Calibration should be performed in accordance with the ref-
erenced industry analytical methods. Note that calibration
standards should be gravimetrically prepared (weighed com-
ponents).

Verification of the calibration may include any or all of the
following:

¢ Plot of Molecular weight of components against calibra-
tion response factors as outlined in Appendix B of GPA
2198.

Running the calibration as an unknown on a chroma-
tograph that is calibrated to a verified standard.

Comparing results from the newly calibrated standard
with the results of another laboratory. See appendix on
laboratory certification in API 14.1 and GPA 2177 for
comparison guidelines.
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Training and Follow Up

The importance of training cannot be overemphasized. It is
irresponsible to install a piece of equipment and leave without
ensuring that the operators and technicians have sufficient
knowledge to use and maintain the system. Frequent follow
up helps to "sell" the system to field personnel and to ensure
that the newly installed system is performing up to expecta-
tions.

Maintenance and Troubleshooting

Appropriate maintenance schedules should be established.
Visual checks of system performance should be done fre-
quently. Peak shapes and retention times can tell a great deal
about the condition of the system. Accuracy checks should be
done on a frequent basis.

Carrier gas flows and pressures should be checked at least
daily. The carrier gas must be Ultra High Purity. Sample con-
ditioning systems need to be checked. Filter change schedules
should be determined based on the history of the system. Sam-
ple systems for on-line chromatographs require frequent at-
tention.

Chromatographic troubleshooting has been the topic of sev-
eral books. It would be impossible to do justice to the subject
in this paper. But a few basic techniques can be discussed.

The first order of troubleshooting is to ask, "What is differ-
ent?" Sometimes clearly identifying the symptoms that are
different from the norm will make the solution obvious. Care-
fully compare the "normal" conditions documented at system
startup to existing conditions.

A second question to ask is, "What have I changed?" Has a
new piece of equipment been added to the power supply
source? Have carrier gas bottles just been changed?

Many subsystems work together to produce the final chro-
matographic report: sample conditioning and injection; col-
umn condition, flow rates, temperatures; detector perform-
ance; integrator hardware and software functions; secondary
calculation, alarm and control functions.

The best approach to these subsystems is to divide and con-
quer. As an example, carrier gas flow can be diverted directly
to the detector in order to isolate possible column problems
from the system. By selectively isolating each subsystem, the
chromatograph troubleshooting process can be greatly simpli-
fied.

Summary

Selection, installation and operation of a chromatograph
system need not be a difficult task if careful attention is paid
to the details outlined in this paper. Prior planning of sample
systems, column selection, detectors and data handling equip-
ment can ensure a successful installation.

Note: The CD located on the inside cover of this book contains
volume calculation spreadsheets for your use.
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SECTION 4

Instrumentation

Instrumentation in a gas processing plant is usually com-
prised of a system of pneumatic, hydraulic, and electronic de-
vices for measurement and control of all the process variables
(pressure, flow, temperature, etc.) which are pertinent to the
operation of the plant. In addition, computers are normally
included in the instrumentation system to handle functions
such as data gathering and transmission, bulk data storage,
display, alarms, logging, computations, and control. Since the
advent of integrated circuit electronics, specifically the micro-
processor, many types of instruments are becoming more in-
telligent or “computerized.”

The basic purposes of this section are to provide:

¢ A ready reference of definitions and symbols associated
with gas plant instrumentation.

e Guidelines and design information for good process
measurement, signal transmission, signal indication,
and control response.

¢ A reference of terminology which pertains to the instru-
mentation of gas plants and related facilities.

numerical constants for units of measurement
absolute thermodynamic critical pressure
vapor pressure of liquid at valve inlet tempera-

upstream absolute static pressure, measured
two nominal pipe diameters upstream of valve-

downstream absolute static pressure, measured
six nominal pipe diameters downstream of valve-

gas or vapor flow rate, Ib/hr or cu ft/hr

absolute temperature of gas at inlet, °R

absolute upstream temperature (in degrees R)

ratio of pressure drop to absolute inlet pressure

FIG. 4-1
Nomenclature
Controller Symbol Description Output Expression
P Proportional CO =K, (PV-SP) + MO
I Integral (Reset) CO = K; [(PV-SP) dt
D Derivative (Rate) CO = Kd4ld(PV — SP)/dt]
C, = valve flow coefficient Ny, No.. Ny =
CO = controller output used
d = valve inlet diameter P, =
D = internal diameter of the pipe P, = ultimate time period
Fq = valve style modifier P, =
Fr = liquid critical pressure ratio factor, ture, psia
dimensionless P, =
Fyx = ratio of specific heats factor, dimensionless ) '
F;, = liquid pressure recovery factor of a valve without fitting assembly, psia
attached fittings, dimensionless P, =
F, = piping geometry factor, dimensionless k °
Fr = Reynolds number factor, dimensionless fitting asse?mbly, psia
G¢ = liquid specific gravity at upstream conditions, AP = pressure differential, Pl - Py
ratio of density of liquid at flowing temperature PB = proportional band setting
to density of water at 60° F, dimensionless PB, = ultimate proportional band setting
G; = gas specific gravity (ratio of density of flowing PV = process variable measurement
gas to density of air with both at standard condi- (PV - SP) = error signal
tions, which is equal to the ratio of the molecular q = volumetric flow rate
weight of gas to the molecular weight of air), di- Q =
mensionless Qi = liquid flow rate, gpm
k = ratio of specific heats, dimensionless SP = setpoint
K = gain T =
K. = cavitation index, dimensionless T. = time constant
Ky = derivative gain constant Ty = derivative mode time constant
K; = integral mode gain constant T; = integral mode time constant
K, = normalization constant T, =
K, = proportional mode gain constant w = weight or mass flow rate
K, = ultimate sensitivity X =
M = molecular weight, atomic mass units (AP/P;), dimensionless
MO = manual-mode controller output X, =

pressure drop ratio for the subject valve at critical
flow, with Fy = 1.0, dimensionless
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Nomenclature

Y = expansion factor, ratio of flow coefficient for a gas
to that for a liquid at the same Reynolds number,
dimensionless

A/D: Analog-to-digital.

Actuator: A device which accepts the output from a control
system and moves a final control element (usually a valve)
to change a process condition. See also "Final Control Ele-
ment."

Adaptive Control: Method of control whereby tuning (re-
sponse) of the control system is varied with the process con-
ditions, unlike other control where tuning is manual and
remains constant.

Algorithm: Mathematical representation of the action per-
formed by a controller such as proportional, integral, deriva-
tive, or combinations of those modes.

Alphanumeric: A character set that contains both letters and
digits and perhaps other characters such as punctuation
marks.

Analog Computer: A computing device comprised of func-
tional modules such as amplifiers, multipliers, dividers, etc.,
interconnected in such a way as to facilitate the solution of
a set of mathematical expressions or to implement some
control strategy. The input to and the output from an analog
computer are continuous signals as contrasted with a digi-
tal computer which updates an output every scan.

Attenuation: An increase or decrease in signal magnitude
between two points or between two frequencies.

Baud Rate: The number of bits or discrete pieces of informa-
tion transmitted per second.

Bit: Abbreviation for "binary digit." A single character in a
binary number, represented by zero (0) or one (1).

Byte: The number of adjacent binary digits operated upon as
a unit.

Cascade Control: Controllers arranged such that the output
of one controller manipulates the setpoint input of a second
controller instead of manipulating a process variable di-
rectly.

Control Action, Derivative (Rate): Control action in which
the controller output is proportional to the rate of change of
the input.

Control Action, Integral (Reset): Control action in which
the controller output is proportional to the time integral of
the error signal.

Control Action, Proportional: Control action in which the
controller output has a linear relationship to the error signal.

Controller: A device which receives a measurement of the
process variable, compares that measurement with a set-
point representing the desired control point, and adjusts its
output based on the selected control algorithm to minimize
the error between the measurement and the setpoint. If an
increase in the measured process variable above the setpoint
causes an increase in the magnitude of the controller output,
the controller is said to be "direct acting." If a process vari-
able increase above the setpoint causes a decrease in the
magnitude of the controller output, the controller is "reverse
acting."

Data Base: A collection of values for process variables, set-
points, scaling factors, control parameters, limits, constants,
identifiers, etc. for access by the application programs in a
computer-based control system.

Z = compressibility factor, dimensionless
Y1 = specific weight, upstream conditions
¢ = damping factor

Data Highway: A high-speed serial or parallel data path
which connects several units of a distributed control or data
collection system.

DDC: Direct Digital Control. A control technique in which
a digital computer is used as the sole controller and its out-
put is used to set the final control element. This is in contrast
to supervisory control.

Dead Band: The range through which an input may vary
without changing the output. In a mechanical instrument
such as a meter movement or strip-chart recorder, the dead
band is caused by friction and slack or "play" in the readout
mechanism. In a controller, dead band is a zone around the
setpoint in which the measurement may vary without initi-
ating a compensating controller response.

Dead Time: The interval of time lag between the initiation of
a controller output or stimulus and the start of the resulting
observable process response.

Dedicated Control: Using one controller to control one proc-
ess variable.

Derivative Control: A mode of control using an algorithm
which anticipates when a process variable will reach its de-
sired control point by sensing its rate of change. This allows
a control change to take place before the process variable
overshoots the desired control point. See also "Control Ac-
tion, Derivative (Rate)."

Derivative Time: The time difference by which the output of
a proportional-derivative (PD) controller leads the controller
input when the input changes linearly with time.

Digital Computer: An electronic machine for performing cal-
culations on discrete quantities of data. Usually includes
bulk storage devices such as disks, tape units, etc., in addi-
tion to internal memory. Also includes devices for printing
and/or displaying output data.

Distributed Control System: Any control system in which
the degradation or failure of any single element will affect
only the control loop, or related loops, in which it operates.

EPROM (Erasable Programmable Read-Only Memory):
A memory device with information placed into it during
manufacture that cannot be altered by the computer. It can
only be erased and reprogrammed with special equipment.

Error Signal: The signal resulting from the difference be-
tween the setpoint reference signal and the process variable
feedback signal in a controller.

Feedback Control: A type of control whereby the controller
receives a feedback signal representing the condition of the
controlled process variable, compares it to the setpoint, and
adjusts the controller output accordingly.

Feedforward Control: A type of control which takes correc-
tive action based on disturbances before the process variable
is upset.

Final Control Element: That component of a control system
(such as a valve) which directly changes the manipulated
variable.

Gain: The ratio of change in output divided by the change in
input that caused it. Both input and output must be in the
same units; hence gain is a dimensionless number.

Hierarchy: The ranking or precedence of the elements in a
supervisory system. For example, a lower ranking element
such as a local controller affects only one variable while a
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Nomenclature

higher ranking element such as a computer might affect
many variables.

Hysteresis: Difference between upscale and downscale out-
putininstrument response when subjected to the same input
approached from opposite directions.

Integral (Reset) Control: A control algorithm which at-
tempts to eliminate the offset (caused by proportional con-
trol) between the measurement and setpoint of the
controlled process variable. See also "Control Action, Inte-
gral (Reset)."

Integral (Reset) Time: The proportionality constant in the
equation relating the controller output to the error for inte-
gral control CO = K;(PV — SP) dt.

Where: K; = K/T;. K, is the integral gain of the controller. T;
is the time required to produce a change in controller output
equal to the change in error input.

Integral Windup/Windown: Also called "controller
windup/windown" or "reset windup." Saturation of the con-
troller output at its maximum positive or negative value due
to an error signal existing for an excessive period of time.
Can be caused by the controller being left on "automatic”
when the measurement transmitter is out of service.

Intrinsically Safe: Refers to equipment or wiring which is
incapable of releasing sufficient electrical or thermal energy
under either abnormal or normal conditions to cause ignition
of a specific hazardous atmospheric mixture in its most eas-
ily ignited concentration.

I/P Transducer: (Current-to-pneumatic). A device which con-
verts an electrical current signal to a proportional pneumatic
signal for the purpose of interfacing electronic and pneu-
matic parts of a control system. A typical I/P transducer
might convert a 4-20 mA signal from an electronic controller
to a 3-15 psig signal to actuate a pneumatic valve.

I/0 Devices: Input/output devices used to enter data into and
receive data from a computer or control system. Examples
are analog and digital input and output devices for handling
process measurements and conditions as well as "business"
type devices such as terminals, printers, plotters, etc.

Noise: In process instrumentation, an unwanted component
of a signal or variable. Noise may be expressed in units of the
output or in percent of output span.

Offset: The steady-state deviation of the controlled variable
from the set-point, usually caused by a disturbance or a load
change in a system employing a proportional-only controller
such as a level controller. Offset will eventually be reduced
to zero by the integral action in a PI or PID controller.

P Controller: A controller which produces proportional con-
trol action only.

Parallel Data: Data transmission where all data bits of a data
word are processed at once.

PD Controller: A controller which produces proportional
plus derivative (rate) control action.

PI Controller: A controller which produces proportional plus
integral (reset) control action.

PID Controller: A controller which produces proportional
plus integral (reset) plus derivative (rate) control action.

PROM (Programmable Read-Only Memory): A device
with information placed into it during manufacture that can-
not be altered by the computer. It can, however, be repro-
grammed using special equipment.

Proportional Band: The change in the controller error sig-
nal required to produce a full range change in output due to
proportional control action. It is the reciprocal of gain ex-
pressed as a percentage: PB(%) = 100/k.

Proportional Control: A mode of control using an algorithm
which causes the output of a controller to change in a linear
fashion as the error signal (process variable — setpoint dif-
ference) changes. See also "Control Action, Proportional.”

RAM (Random Access Memory): Memory which contains
no pre-programmed information but is loaded and/or altered
by the computer system. It is of a "volatile" nature in that all
the contents are lost when electrical power is removed. RAM
memories are usually provided with battery backup power
systems, making it "non volatile."

Ramp: Anincrease or decrease of a variable at a constant rate
of change with respect to time.

Reset Rate: The inverse of integral time; usually expressed
as "repeats per minute."

ROM (Read-Only Memory): Memory with information
placed into it during manufacture that cannot be altered.
Serial Communications: Sending bits of information in suc-

cession along a single circuit (pair of wires).

Setpoint: The desired value at which a process variable is to
be controlled.

Software: A set of programs and associated data tables which
causes the hardware components of a computer system to
perform the desired tasks.

Split-Ranging: Action in which two or more final control ele-
ments are actuated by a single controller output. For exam-
ple, in a heating circuit, 0-50% of the controller output
operates a primary heat source and the 50-100% portion of
the controller output operates a secondary heat source.

Steady-State: The condition when all process properties are
constant with time, transient responses having died out.

Supervisory Control: A method of computer control
whereby a computer or master station provides setpoints to
individual controllers which independently perform the ac-
tual control algorithms.

System Control Diagram: A diagram used to define the proc-
ess functionality to achieve the overall operating and control
philosophy.

Telemetry: A technique which permits a measured quantity
to be transmitted and interpreted at a distance from the
measuring location. Form, or types of telemetry include ana-
log, digital, frequency, and pulse.

Transmitter: A device that converts a process measurement
(pressure, flow, level, temperature, etc.) into an electrical or
pneumatic signal suitable for use by an indicating or control
system.

Word, Computer: A group of bits treated as a unit and capa-
ble of being stored in one computer location. Some common
word lengths are 8 bits, 16 bits, and 32 bits.
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GENERAL INSTRUMENTATION
CONSIDERATIONS

Type Selection

Often the type selection of an instrument is pre-determined
by whatever is available, or what will be compatible with the
rest of a system. There are cases, however, where the choice to
install pneumatic or electronic instrumentation must be made
by comparing the features of each type. Fig. 4-3 lists some of
the attributes of each type to aid in this comparison.

Identification

An instrument may perform a single function such as a tem-
perature indicator (TI), or a combination of functions such as
a flow recording controller (FRC). Fig. 4-2 covers the common
symbols on process and mechanical flow sheets, also called
Piping and Instrument Diagrams (P&IDs). Table 1 in Fig. 4-2
shows the accepted Instrument Society of America (ISA) letter
designations and their meanings when used in instrument
identifications. Special identification requirements may be en-
countered in certain applications, e.g., offshore requirements
of API-RP 14-C. Instrument Society of America publication
ISA-S5.1, “Instrumentation Symbols and Identification,”
should be referred to for more detailed information.

PNEUMATIC POWER SUPPLIES

The pneumatic power supply is more commonly known as
the instrument air system. The main considerations of an in-
strument air system are:

1. Adequate Capacity: The minimum capacity of the sys-
tem should be the sum of the individual requirements
of each air-consuming instrument in the system, plus
a supplemental volume for purges, leaks, additions,
etc. If accurate consumption figures are not available,
an estimated consumption volume of 0.5 cubic foot per
minute for each air-consuming device is usually ade-
quate. The air storage tank should have sufficient ca-
pacity to maintain this rate for about five minutes or
such time as is considered adequate to perform an
emergency shut-down of the plant or to switch over to
a backup air system. Also the air storage tank capacity
should be large enough to prevent excessive cycling of
the compressor.

Filtering and Regulation: Instrument air systems are
normally designed for pressures up to 125 psig and
should be protected by relief valves. Instrument air
should be free from all contamination such as oil,
water, and any hazardous or corrosive gases. Non-lu-
bricated compressors should be used if possible. Where
lubricated compressors are used, an oil removal sepa-
rator is required. The presence of oil may cause instru-
ment contamination and possibly create a combustible
mixture. After being compressed, instrument air must
be cooled to remove the major portion of the contained
water. A final drying system must be used to reduce
the water dewpoint to at least 10°F below the ambient
temperature at line pressure. An afterfilter may be re-
quired to remove particulate carryover from the dehy-
drators.

Proper Distribution: The air distribution system should
be free of any “pockets” where liquid could accumulate.
If this is not possible, drain valves should be installed.
All supply lines should connect to the top of the air mani-
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fold or “header.” Instrument air filter-regulators should
be provided at each air-consuming device to reduce the
line pressure to the supply pressure recommended by the
instrument manufacturer. This also provides one more
stage of protection from contaminants. Instrument Soci-
ety of America Standards ISA-S7.3 and ISA-S7.4 are ref-
erences for additional information.

Non-Air Systems: Natural gas has been used instead of
instrument air in some remote installations where com-
pressed air was not available. This practice should be
avoided if at all possible due to safety and pollution prob-
lems and the additional filtering and clean-up of the gas
which must be done to protect the instruments. The user
must be cognizant of all applicable regulations when con-
sidering the use of any combustible gas in instrumenta-
tion service. Some small-scale systems have used bottled
nitrogen for instrument gas. This is quite acceptable, but
non-bleed type instruments should be used to keep the
consumption to a minimum.

Hydraulic Powered Devices: Hydraulic actuators are
sometimes used on valves or rams where very high
thrusts (up to 50,000 pounds force) are required for op-
eration. Due to the problems of transmitting very high
pressure signals, a local pump powered by an electric mo-
tor is often used to form what is commonly known as an
“electro-hydraulic actuator.”

ELECTRONIC POWER SUPPLIES

Installation and interconnection wiring requirements are
regulated by the National Electrical Code (NEC) Article 500
(Hazardous Locations) and Article 725 (Remote Control & Sig-
nal Circuits). Special attention should be given to Article 725.
The requirements pertaining to physical protection of wiring,
isolation and spacing of conductors depending upon class, and
minimum wire sizes are often overlooked in an instrumenta-
tion installation.

Power Outages and Interruptions

It is usually the responsibility of the consumer, not the elec-
tric utility company, to provide protection for connected elec-
tronic equipment against upsets such as voltage spikes caused
by lightning, high or low voltage surges, etc. The frequency of
power outages and average time for service to be restored
should be determined to assist in the design of electronic
power supply protection and battery backup systems. The
power company should be able to provide data about their re-
closure gear (equipment which attempts to restore service af-
ter a current surge has tripped the substation or sectionalizing
breakers). Also, a record of power outages in the local substa-
tion area and storm frequency charts will be very useful. A
typical reclosure operation description is shown in Fig. 4-4.

Example 4-1 — If a plant can tolerate loss of power to its elec-
tronic equipment for six seconds, and an average of 50 power
outages per year is expected, then, according to Fig. 4-4, 84%
of those outages will be restored on the first reclosure attempt,
and the remaining 16% or approximately eight power outages
per year can be expected to disrupt plant operations. Note:
Storm frequency charts are often available from manufactur-
ers of surge arresting devices. These charts may be used in
case power outage records are not available from the power
company. Climatic data for a particular area may be obtained
from the National Oceanic and Atmospheric Administration
(NOAA) in Asheville, North Carolina.



FIG. 4-2
Instrumentation Symbols
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FIG. 4-3
Instrument Type Features

Pneumatic ‘ Electronic

Advantages

1. Intrinsically safe, no electrical 1. Greater accuracy.

circuits.

2. More compatible with
2. Compatible with valves. computers.
3. Reliable during power outage 3. Fast signal transit time.
for short period of time, 4. No signal integrity loss if
dependent on size of air surge current loop is used and signal
vessel. is segregated from A.C. current.
Disadvantages

1. Subject to air system 1. Contacts subject to corrosion.

contaminants. 2. Must be air purged, explosion
2. Subject to air leaks. proof, or intrinsically safe to be
3. Mechanical parts may fail due used in hazardous areas.

to dirt, sand, water, etc. 3. Subject to electrical
4. Signal boosters often needed on interference.

transmission lines of over 300 4. More difficult to provide for

feet. positive fail-safe operation.
5. Subject to freezing with 5. Requires consideration of

moisture present. installation details to minimize
6. Control speed is limited to points 1,2, 3, and 4.

velocity of sound.

FIG. 4-4

Typical Reclosure Gear Operation for Power Outages of
Commercial Utilities

Reclosure Attempt Time % Successful
First Reclosure 0.1 sec or less 84
Second Reclosure 15-45 sec 10
Third Reclosure 120 sec 1.5
Manual Intervention - 45

Power Supply Specifications

Three manufacturer specifications which should be care-
fully noted are: (1) regulation, (2) ripple, and (3) short-circuit
protection. Regulation is an indication of how well power sup-
ply output voltage remains constant as the electrical load is
removed and re-connected. Good regulation implies no inter-
action between connected devices on the same power supply.
Ripple is the amount of AC variation on the DC output with a
constant load on the power supply. This is especially critical
when the outputs of transmitters are connected to analog-to-
digital (A/D) converters in a computer or microprocessor based
installation. For example, if the A/D precision allows
resolution to the nearest 10 millivolts, power supply ripple
should be less than 1/3 of this or 3.3 millivolts, unless the noise
can be rejected by the converter. Short-circuit protection is a
means by which the power supply current is limited at a safe
maximum in case the output is accidentally shorted-out at
some point. All power supplies should include short circuit pro-
tection to prevent serious damage. Power supplies should al-
ways have the common side of the output separate from
chassis ground to permit the common to be grounded at a sin-
gle point to a “high quality” instrument ground.
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Uninterruptible Power Supplies

Uninterruptible Power Supplies (UPS), often referred to as
battery back-up systems, should be sized to span the third
reclosure time if power supply levels must be maintained to
minimize erratic plant behavior. However, if the instrument
air compressor is driven by an electric motor, it usually is not
beneficial to maintain battery power past the time the air sup-
ply is depleted. All instrument needs required for an orderly
shutdown should be considered. Back-up power is most eco-
nomically provided by “floating” the batteries across the out-
put of the DC power supplies. The circuits should be designed
to prevent over-charging or under-charging of the batteries as
well as to prevent damage to the regulator circuits when the
AC input is disrupted. If the AC input power must be backed
up, batteries are used to feed an inverter which transforms DC
power into AC power of the proper voltage and frequency.
Static switches are available to automatically switch the
power supply input from the normal AC line to the inverter
when AC line power is lost. Manufacturer recommendations
for environmental requirements must be observed to assure
reliability of electronic power supplies, static switches, etc.
Regular maintenance of battery systems is mandatory since
batteries have a limited life-span compared to other electronic
components and terminal corrosion may cause problems.
Standby generators may be required in some installations to
permit instrument operations to continue beyond the time
limit of the battery system. Additional information on standby
power systems is included in Section 16.

SENSING DEVICES

Some of the more common types of sensing devices for the
measurement of process variables are described as follows:

Pressure Sensors

Manometer (Fig. 4-5) — Two different pressures are ap-
plied to two separate openings in a transparent vessel contain-
ing a liquid. The difference in the heights of the liquid is used
as a measure of the differential pressure. This difference
should be corrected for temperature and gravity of the liquid
in the manometer (usually either water or mercury). Pres-
sures are often expressed in units such as “inches of water” or
“millimeters of mercury.”

Bourdon tubes (Fig. 4-6) — A Bourdon tube is a metal-
lic coil constructed from a metal tube having the desired elas-
tic quality and corrosion resistance. The tendency of the tube
to straighten under pressure causes a mechanical linkage to
move a pointer or initiate pneumatic or electronic transmis-
sion of the measured pressure. Dampners should be used
where pulsation is a problem. Condensate traps should be
used upstream of the device in steam service. The pressure
indicated is “gauge” pressure which is relative to that of the
surroundings. Bourdon gauges are also available as “compound”
types which indicate vacuum as well as positive pressure.

Bellows (Fig. 4-7) — A tubular device with pleated sec-
tions somewhat like an accordion. It is flexible along its axis
and lengthens or shortens according to the applied pressure.
The bellows is usually used in low pressure or vacuum service
but types are available for use with high pressures (up to sev-
eral thousand psi). Typical diameters range from 1/2" to 12".
They are often used in force-balance type transmitters and
other applications where small displacements are required.
Like the Bourdon tube, it indicates pressures as “gauge” or
relative to its surroundings.



FIG. 4-5
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Diaphragm (Fig. 4-8) — A flat or curved seal with a link
attached to an indicator or transmission device. A diaphragm
may have its own deflection properties such as with a metallic
type or it may be attached to a spring or other elastic member
such as with non-metallic diaphragms.

Electrical Pressure Transducers

The primary sensing element of many electrical pressure
transducers usually takes the form of a Bourdon tube, bellows,
or diaphragm to generate a movement which is transmitted to
a strain gauge. A strain gauge is a device using resistance wire
connected in a Wheatstone bridge configuration to generate
an electrical signal proportional to the movement and hence
proportional to the process variable being measured. Other
types of electrical pressure transducers use properties of in-
ductance, capacitance, or magnetic coupling to convert a pres-
sure measurement to an electrical signal.

Level Sensors

Gauge glass (Fig. 4-9) — This is the most commonly
used visual process-level device. Gauge glasses are generally
classified as either transparent or reflex types. A transparent
gauge glass consists of either a glass tube or an arrangement
of flat glass plates in some type of holder. Since the process
fluid level is viewed directly, the transparent gauge glass is
normally used with opaque fluids. The reflex type has reflect-
ing prisms to aid in viewing transparent fluids. Caution should
be observed when handling and installing these and/or any
tempered glass instrument. Scratches or chips can reduce the
strength of the glass and cause safety problems.

Chain and tape float gauges (Fig. 4-10) — Used in
large, unpressurized storage tanks where the entire full-to-
empty range must be measured.

Lever and shaft float gauges (Fig. 4-11) — Used on
either unpressurized or pressurized vessels where only a
small range of level must be measured. The range of measure-
ment is determined by the length of the float arm, but usually
is between a few inches and a few feet.

Displacer level measuring device (Fig. 4-12) —
One of the most frequently used level measuring devices is the
torque tube displacer. It is attached to the free end of a torque
tube which has elastic properties that permit it to twist as the

displacer tries to float. This slight turning of the free end of
the torque tube is connected to an indicator or transmitter.
Torque tube displacement gauges are normally limited to level
spans of ten feet.

Head-pressure level gauges (Fig. 4-13) — The true
level of a liquid can be determined by dividing the measured
hydrostatic head by the density of the liquid. This method re-
quires a knowledge of the densities of all phases of the liquid.
Some of these methods are: pressure gauge, bubble tube, and
differential pressure measurement. The bubbler (Fig. 4-13a)
is used at vacuum and low pressures and is especially good for
services such as molten sulfur and dirty liquids. In
"boiling-liquid" service (Fig. 4-13b), a condensate trap must be
used on the vapor leg. The level of trapped condensate in the
vapor leg will usually be different than the vessel liquid level,
requiring compensation of the transmitter.

Electrical type level gauges and switches (Fig.
4-14) — Two common types of level gauges are the float-mag-
netic gauge configuration and the conductive type shown in
Fig. 4-14. Slight tension on the tape reel permits the follower
magnet to track the float at the liquid level in the device in
Fig. 4-14a. The position of the reel represents the level and is
either connected to an indicating device or a transmitter. The
device shown in Fig. 4-14b illustrates the use of a conductive
fluid for high and low level alarm indication.

Capacitance probes (not illustrated) — A continu-
ous method of level measurement based on electrical proper-
ties. This method uses an electrode placed inside a vessel (or
in a protective shell inside the vessel). The capacitance be-
tween the electrode and the wall of the vessel or shell varies
as the dielectric constant varies. The dielectric in this case is
the fluid, hence the capacitance varies in proportion to the
liquid level. This capacitance is then measured, and converted
to a level measurement to be indicated or transmitted.

Other methods — Some of the other level detection
methods use principles of:

1. Absorption of nuclear radiation as in a gamma gauge.

2. Absorption of ultrasonic waves.

3. Viscosity of the liquid.

4. Thermal conductivity and expansion.

FIG. 4-8
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FIG. 4-9
Flat Glass Gauge Glasses

FIG. 4-11
Lever and Shaft Float Gauge
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FIG. 4-10
Chain and Tape Float Gauge
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Temperature Sensors

Thermocouples — An ordinary thermocouple consists of
two different kinds of wires (dissimilar metals) joined together
at one end to form the measuring or “hot” junction. Where the
free ends are connected to the measuring instrument, a refer-
ence or “cold” junction is formed. The millivolt readings meas-
ured by the instrument represent the difference in the
temperatures of the two junctions and can be converted to
temperature by various methods using conversion data from
thermocouple tables. The reference temperatures normally
used to generate thermocouple tables are 32°F and 70°F.
Fig. 4-15 shows some of the common thermocouple types, their
usable temperature ranges, and the materials of construction.

Thermocouples used for process measurements are usually
protected by a thermowell. The mass of the thermowell should
be kept to a minimum in the interest of faster response. The
thermocouple must be in thermal contact with the thermowell.
This is accomplished by the use of a thermally conductive lu-
bricant or physical contact between the thermocouple and the
well. In many measurement and control applications, electri-
cal grounding of the thermocouple at the measurement point
must be avoided.

FIG. 4-12
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In applications other than a laboratory environment, main-
taining a reference junction temperature is not practical.
Therefore, the reference junction is usually at or a part of the
measuring instrument where the reference temperature can
be measured and compensated for the measurement circuits.
Various series arrangements of thermocouples may be made
to obtain differential temperatures or temperature averages.

Qualified personnel may check indicating or recording tem-
perature devices measuring thermocouple potentials using
portable equipment compatible with the thermocouple and
with compensating circuitry identical to the primary device.
The use of incompatible equipment could result in erroneous
results, especially in low temperature applications. At low
temperatures, extreme care must be taken to eliminate
sources of moisture in thermocouple installations. Common
properties for different types of thermocouples are given in
Fig. 4-15. Conversion tables for converting millivolts to tem-
peratures can be found in NBS Circular #561, or obtained from
thermocouple suppliers for common types.

Resistance thermometers — These are often called
RTD’s for “Resistance Temperature Devices.” Since the resis-
tance of metals changes as the temperature changes, a resis-
tance thermometer can be constructed using this principle.
The metals that fit a near linear resistance temperature rela-
tionship requirement best are platinum, copper, and nickel. An
accurate resistance measuring device utilizing a Wheatstone
bridge is calibrated in units of temperature rather than resis-
tance. RTD’s are used in applications where faster responses
and greater accuracies are required than may be obtained with
thermocouples. Also RTD’s have a fairly high electrical output
which is suitable for direct connection to indicators, control-
lers, recorders, etc. The use of RTD’s may also be more eco-
nomical in some installations since the extension wires may
be of copper rather than the more expensive thermocouple ex-
tension wire. A reference temperature source is not required

for calibration. A special class of resistance thermometer is the
thermistor device. It is low in cost, has fast response, and is
very stable, but is limited to use at temperatures below 600°F.

Filled-system thermometers — These are simple, re-
liable, low cost devices. A bulb is attached to a capillary tube
which is connected to a measuring element (bellows, Bourdon
tube, etc.) in an indicating or transmitting device. The system
is filled with a liquid or gas which changes in volume or pres-
sure as the temperature of the bulb changes. The length of the
capillary run is normally less than 250 feet.

Glass stem thermometers — These devices are nor-
mally used in the office, laboratory, or other non-process areas.
Breakage is a problem; accuracy is from 0.1 to 2.0 degrees
depending upon the range.

Bimetallic thermometers — The sensing element con-
sists of two metals with different coefficients of expansion
bonded together and attached to an indicator. These are inex-
pensive, but not very accurate and are normally used in on-off
temperature thermostats where precise control is not re-
quired, or in process applications where relative changes are
to be monitored. They should be calibrated at or near the nor-
mal operating point of the temperature being monitored.

Flow Sensors

Variable head flow meters — Flow meters in this class
detect a pressure difference across a flow element specially
designed to create that pressure difference. The most common
flow element is the orifice plate, but other elements also in use
are flow nozzles, venturi tubes, pitot tubes, averaging pitot
tubes, target plates, and pipe elbows. Refer to Section 3 for
information relating to orifices and orifice plates.

Variable area flow meters (Fig. 4-16) — This type
includes the familiar rotameter. The differential pressure
across the device is held constant, and the area through which

FIG. 4-14
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FIG. 4-15

Properties of Thermocouples
Thermocouple Wires
Limits of Error of Thermocouples for Standard Wire Sizes

Tvpe Temperature Limits of Error
yP Range, °F Standard Special
Chromel/Alumel (K) 32to + 530 + 4°F + 2°F
+ 530 to + 2300 +34% + 3%
Iron/Constantan (J) 32to +530 + 4°F + 2°F
+530 to +1400 + 34% + 38%
Copper/Constantan (T) -300 to -75 — + 1%
-150 to -75 + 2% + 1%
-75to + 200 + 1%% +34%
+200to + 700 + 3% + 3%
Platinum/Platinum - 10% Rhodium (S) 32to +1000 + 5°F —
Platinum/Platinum - 13% Rhodium (R) +1000 to +2700 + %% —
Chromel/Constantan (E) 32to +600 + 3°F —
600 to +1600 + %% —

the fluid passes changes due to the movement of the float up
and down the tapered tube. These are usually limited to use
with relatively small flows where visual indication is suffi-
cient.

Turbine meters — These use a small permanent magnet
mounted on the meter tube to create a magnetic field. A small
turbine is mounted inside the tube and turns with a speed
proportional to the flow rate. As each vane of the turbine
passes through the magnetic field the magnetic flux is dis-
turbed which induces a pulse in a pickup coil mounted on the
outside of the meter. The pulse rate is proportional to the flow
rate. Pulses are then counted and converted to standard flow
units.

Positive displacement meters — Positive displace-
ment meters and metering pumps measure discrete quantities
of the flowing fluid. The rotating element is mechanically cou-
pled to a transmitter or counter which integrates or totals the
counts to provide an indication in units of gallons, liters, cubic
feet, etc. Some common types are: rotating vane, bi-rotor, ro-
tating paddle, oscillating piston, and oval gear meters. They
are used for custody transfer devices such as gas meters or
gasoline pumps.

Electromagnetic Flowmeter

If an electrical conductor is moved in a magnetic field, an
electrical voltage is introduced in the conductor which is per-
pendicular to both the direction of motion and the magnet field
and whose magnitude is proportional to the magnetic field
strength and the velocity of the movement. The charac-
terization of the laws of induction also applies to the move-
ment of a conductive fluid in a pipe through a magnetic field
and is the basis for the electrostatic flowmeter.

Ultrasonic Flow Meters

Ultrasonic flow measurement is based on sending and re-
ceiving acoustic signals through the flow. The difference in
transit time between transducers, built in at opposite sides of
the pipe gives signals that can be transferred to flow.

A sound wave travels faster with the flow than one propa-
gated against the flow. The difference in transit times is pro-
portional to the medium’s mean flow velocity.

By installing more than one pair of transducers, a larger
range of the flow profiles across the metering section can be
covered and thereby increase the accuracy of the meter.

Other flowmeters — Some other flowmeter types occa-
sionally encountered are:
e Doppler effect or ultrasonic flowmeters
e Vortex shedding flowmeters

e Laser velocimeters

FIG. 4-16
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Thermal meters

Nuclear Magnetic Resonance meters
¢ Gas ionization meters

e Cross-correlation devices

e Mass flowmeters

All flow meters should be calibrated using the fluid being
measured, or, if a different fluid is used for calibration, the
properties of the calibrating fluid must be related to the fluid
of measurement.

SIGNAL TRANSMITTERS

Pneumatic Transmitters

A pneumatic transmitter is a device that senses some proc-
ess variable and translates the measured value into an air
pressure which is transmitted to various receiver devices for
indication, recording, alarm, and control. The signal range of
3-15 psig is the accepted industry standard; however, other
ranges may be encountered. This signal is proportional to the
range of measurement of the process variable. For example,
3-15 psig can represent 0-100 psi, 500-1000 gpm, —50 to +50°F,
etc.

The prime function of a transmitter is to reproduce the low-
energy measurement signal with sufficient energy that it may
be transmitted over an appreciable distance or used as a power
source to a control device. The low-energy measurement signal
is that position or movement associated with the action of the
process variable on the sensing element (bellows, diaphragm,
Bourdon tube, etc.). Pneumatic transmitters operate in a man-
ner similar to proportional controllers.

Electronic Transmitters

Electronic transmitters perform the same function as pneu-
matic transmitters: alow energy process-related signal is con-
verted into a higher energy signal suitable to connect to other
instruments in the system. The output signal of most elec-
tronic transmitters is a 4-20 mA, 10-50 mA, or 1-5 Vdc signal.
Other ranges often encountered are: 0-10 Vdc, 2-10 Vdc, and
0.25-1.25 Vdc. Electronic transmitters are also classified as
force balance or motion balance types.

Connection Methods — Of great concern to the instru-
ment engineer is the method by which electronic transmitters
are connected in the instrumentation system. The “two-wire,”
“three-wire,” and “four-wire” classifications are often used to
describe the method of connection.

Two-wire transmitters (Fig. 4-17a) — These are the
simplest and most economical and should be used wherever
load conditions will permit. In a two-wire system the only
source of power to the transmitter is from the signal loop. Re-
ferring to Fig. 4-18a, the 4 mA “zero-end” current is sufficient
to drive the internal circuitry of the transmitter and the cur-
rent from 4 to 20 mAs represents the range of the measured
process variable. The power supply and the instruments are
usually mounted in the control room.

Three-wire transmitters (Fig. 4-17b) — Some
transmitters require more power than the signal loop (4-
20 ma, etc.) can supply to support their internal circuitry. A
DC common wire is run from the instrument to the transmit-
ter. This permits the transmitter to draw whatever power it
needs from the power supply and produce the desired signal
current at the transmitter output.

Four-wire transmitters (Fig. 4-17¢c) — Some trans-
mitters have their own internal power supply and require no
connection to the DC power supply. A 120 vac source is con-
nected directly to the transmitter and its output signal loop is
connected only to the receiving instrument. These are often
used where an instrument is “added on” to an existing instru-
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mentation installation to avoid adding to the load of the DC
supplies. The disadvantage is the need for AC power at the
instrument site.

Signal Converters

Signal converters are used either to achieve compatibility
between different types of instruments or for isolation pur-
poses. Some common forms of signal converters are:

Pneumatic-to-electronic (P/I) — These are electronic
pressure transmitters designed for 3-15 psig input range and
the desired output range (4-20 ma, etc.).

Electronic-to-pneumatic (I/P) — I/P converters are
pneumatic transmitters with an electro-magnetic device
connected to a nozzle-baffle arrangement which generates a
pneumatic output signal which is proportional to the input
signal.

Isolators — These are usually electronic current-to-cur-
rent or voltage-to-voltage converters which provide electrical
isolation to eliminate unwanted ground loop currents or com-
mon mode voltages.

Electric signal converters — These fit the same cate-
gory as I/Ps and P/Is in that they change the signal from one
range to another. Examples are 4-20 mA to 0-10 vdc, 1-5 Vdc
to 10-50 mA, etc.

Frequency converters — Frequency to DC converters
typically receive pulse inputs from turbines or positive dis-
placement flowmeters and provide a proportional 4-20 ma, 10-
50 mA or voltage output. Voltage output converters are often
referred to as F/V (frequency-to-voltage) converters or trans-
mitters. V/F (voltage-to-frequency) converters are often used
to interface standard “current-loop” type instrumentation to
control devices requiring frequency or pulse-train setpoint in-
puts. These are commonly used in speed indicators for high
speed centrifugal equipment.

RECORDERS AND INDICATORS

Recorders

A recorder is a device used to plot the value of one or more
measured variables, generally against time, but in some cases
against another associated variable or variables. Recorders
are often classified in the following ways:

1. According to use, i.e., whether the recorder is an integral
part of the measuring/controlling system or is a general
purpose type such as would be used in a laboratory or
with a chromatograph.

2. According to method used to drive the pen(s). This refers
to whether the pen is directly connected to the sensing
element or to some type of pen positioning mechanism
activated by the measuring signal.

3. According to chart type. This primarily refers to whether
the recorder is of the circular or strip chart type and
whether the time-axis drive is powered by a mechanical
spring, electrical motor, or pneumatic drive.

4. Analogor Digital. Analog recorders are the more familiar
strip chart and circular types. Digital recorders include
such things as strip printers, data loggers, electronic to-
talizers, and computer-related devices such as data ter-
minals and printers.

Indicators

An indicator is any device which presents a visual display
of a measured quantity such as temperature, pressure, humid-
ity, voltage, etc. Indicators are included in an instrumentation
system either as independent devices (denoted as TI, PI, FI,
etc.) or as a part of a controlling device (TIC, PIC, etc.). Indi-
cators may be classified in the following groups:

Mechanical type — In these indicators the measured
quantity causes the movement of a pointer along a graduated
scale. This movement is due to the action of the measured
quantity on a diaphragm, bellows, electromagnetic coil, or
other sensing device which is mechanically linked to the
pointer. This includes pressure gauges, filled tube dial thermome-
ters, voltage and current meters, level gauges, etc.

Electronic analog type — These are analogindicators with
no moving parts. A signal from the sensing device activates an
optical display attached to graduated scale. A common type uses
abank of 200 tiny gas filled tubes which are illuminated additively
in proportion to the magnitude of the process signal. This results
in resolution of 0.5% of full scale.

Digital type — Digital indicators include an analog-to-
digital converter which changes the electrical process signal
to binary format which is then displayed in numerical form.
Typical displays consist of light emitting diodes (LED’s), liquid
crystal displays (LCD’s), gas filled tubes, etc.

CONTROL CONCEPTS

Control Loops

A control circuit is commonly referred to as a “loop.” A con-
trol loop may be classified as either “open” or “closed” depend-
ing upon whether the control adjustments are manual settings
(open loop) or automatically determined by some type of feed-
back controller (closed-loop).

Open loop (Fig. 4-18a) — In an open-loop control sys-
tem, an operator makes a manual adjustment to a device
(valve) which controls the flow of a manipulated variable
(steam) to attempt to achieve some set-point (desired tempera-
ture) value of a controlled variable (hot water). However, this
adjustment is only valid for the conditions under which the
operator made the adjustment. Any disturbance such as a
change in inlet water temperature, steam temperature, heat
loss to the surroundings, or throughput will cause the outlet
temperature to change.

Closed loop (Fig. 4-18b) — If appropriate measuring
and controlling elements are added to the system, the loop is
closed by the inclusion of an automatic feedback controller. The
controller detects any difference between the set-point and
measurement signals (error signal) and produces an output
signal to drive the valve in the proper direction to adjust the
heat input to cause the measurement to reach the set-point
value.

Feedback control (Fig. 4-18¢c) — The basic compo-
nents of a feedback control loop are shown in block diagram
form in the figure. The “comparator” actually represents the
entire controller and any associated signal converters. The
“control element” is the valve, the “feedback element” is the
transmitter, and the “process” is the mixing of the steam and
cold water inside the water heater.
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Control Concepts
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Feedforward control (Fig. 4-18d) — Feed forward
control (often called “Predictive Control”) is actually a form of
open-loop control. An input variable (cold water temperature)
is monitored and the manipulated variable (steam flow) is ad-
justed accordingly to compensate for changes in the input vari-
able. Feedforward control is almost always used in conjunction
with feedback control to overcome the effects of some expected
disturbance.

CONTROL MODES AND CONTROLLERS

Basic forms of control action or “modes” used in most process
control are: two-position or “on-off” control, proportional con-
trol, integral or “reset” control, and derivative or “rate” control.
The latter three modes are often used in various combinations
with each other.

Two-Position (on-off) Controllers

The simplest form of control action is “on-off” control, in
which the controller output either energizes or de-energizes
some two-state device such as a relay or an open-shut type
valve. The two-position controller is used extensively in home
heating and cooling systems, refrigerators, hot water tanks,
air compressors, and other applications where the cost of more
precise control is not justified. Most two-position controllers
are reverse-acting, i.e., when the measured variable is above
the set-point, the controller turns the manipulated variable
OFF, and when the measured variable is below the setpoint,
the controller turns the manipulated variable ON. A “dead-
band” or differential gap exists around the zero error condition
to minimize cycling. This is often implemented as a pair of
control points: one where the controller will “kick-on” and the
other where the controller will “kick-off” as opposed to a single
setpoint.

Proportional, Integral, and Derivative
Control Modes

When the cycling nature of “on-off” control cannot be toler-
ated, a controller using some combination of the proportional,
integral, and derivative modes is normally used. The normally
used combinations of these modes are: (P) Proportional only;
(PI) Proportional plus integral; (PD) Proportional plus deriva-
tive; and (PID) Proportional plus integral plus derivative. In-
tegral mode is rarely used alone since it adds lag to the system
without the benefits of proportional mode. Derivative mode is
never used alone since its output is zero except when the error
signal (PV — SP) is changing. Fig. 4-19 shows the response of
each mode to illustrated error signal.

Direct and Reverse Acting Controllers

The error signal term (PV — SP) indicates “reverse” control-
ler action (the controller output decreases when the measure-
ment increases). Most controllers may be switched from one
type of action to the other, and the choice depends upon the
action of the final control element and the direction that the
measured controlled variable responds to the manipulated
variable.

Proportional Mode (P)

The “proportional-only” mode is the simplest of the three
modes of control. It is characterized by a continuous linear
relationship between the error signal (PV — SP) and the con-
troller output.



FIG. 4-19

Responses of Proportional, Integral, and Derivative Con-
trol Modes to Various Process Inputs and Disturbances
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The proportional controller is simple, inexpensive, and does
not introduce any additional time lags into the control system.
Its chief disadvantage is its inability to cope with load changes.

In the expression:

CO = K, (PV-SP)+ MO Eq4-1
the term MO represents the controller output while on “man-
ual” (just before the controller is switched to “automatic”).
Thus MO is the controller output required to maintain the
process variable at the setpoint value with the present load on
the system. The terms PV and SP in the equation are always
in the same units, but not in the same units as CO and MO.
The gain constant K, can include a conversion factor to make
the units compatible.

Proportional gain is often expressed in terms of Proportional
Band, where:

Proportional Band (PB %) = 100/Gain Eq 4-2

The proportional band represents the percentage of full
range change of the error signal (PV — SP) that will cause full
range change in the output of the controller.

Offset

“Offset” is the deviation of the controlled variable from the
setpoint expressed in process units. Offset will occur whenever
process load conditions have changed or a setpoint change has
been made such that the original manual output, MO, of the
controller is not sufficient to maintain the controlled process
variable at the setpoint, SP. Offset may be minimized by using
high controller gains (narrow proportional band); however,
high gain may be impractical or may cause instability in some
processes. Some controllers are equipped with a manual reset
control which can be used to “zero-out” the offset while in the
automatic mode. Controllers not so equipped are often
switched back to “manual,” adjusted for zero offset, then
switched back to “automatic.” Since this manual resetting

would need to be done after every upset, integral mode is often
added to give automatic reset action.

Proportional Plus Integral Mode (PI)

The “PI controller” is the most widely used of the various
controller types (70-90% of the controllers in a typical plant).
Combining the expressions for proportional and integral
modes gives the expression for the PI controller:

CO = K, (PV-SP)+K; [ (PV-SP dt+MO  Eq4-3

Because of the relationship between the controller gain and
the process gain, the integral mode gain K; can be expressed
as K/T;, where T; is the integral mode time constant. This
gives the more familiar form of the PI controller equation:

CO = K, [(PV-SP)+ IT; [ (PV-SP) dt]+ MO Eq 4-4

The integral term will cause the valve (or other final control
element) to move at a speed proportional to the amount of the
offset until all offset is removed. The integral time constant T;
is also known as reset time, and since it represents the time
for the integral action to “repeat” the amount of the propor-
tional action, the reciprocal of T; (called “reset rate”) is often
given in units of “repeats per minute.”

Proportional Plus Derivative Mode (PD)

Feedback control has a deficiency in that no corrective action
is taken until some error signal exists. Problems are often en-
countered in the control of processes with large time constants
and/or dead times. In controlling these slow processes, correc-
tive action needs to be taken as soon as possible or the time to
recover will be too long. Derivative action adds to the controller
output based on the rate of change of the error signal
(PV — SP). This is also called “rate” or “preact” control action,
and control using derivative (rate) action is known as “antici-
patory” control. Combining the proportional and derivative
terms gives the expression for PD control action:

CO = K, (PV-SP) +K4[d(PV - SPydt] + MO Eq4-5

The derivative gain constant K3 may be expressed as
Ki=K,T4. The derivative time constant Tq represents the time
required for the contribution from the derivative term to equal
the contribution from the proportional term with a steadily
changing or “ramp” error signal. Derivative is, by its nature,
sensitive to signal noise and can cause excessive wear on the
control valve. Sufficient signal filtering should be done to re-
duce the noise when derivative action is used in the controller.

Proportional Plus Integral Plus Derivative
Mode (PID)

Many controllers include circuitry for proportional, integral,
and derivative modes which permits the user to select the de-
sired control action. Combining terms as before gives the ex-
pression for PID control action:

CO = K, (PV-SP)+K; [ (PV - SP) dt

+ Ky [d(PV - SP)/ dt] + MO

As with the PI controller, the integral gain may be
expressed as K,/(T;) and the derivative gain may be
expressed as K,/(Tg). This gives the more familiar form:

CO = K, [ (PV-SP)+ T, [ (PV - SP) dt Eq 4-7
+ Ty [d(PV — SPY dt]] + MO

Eq 4-6



An alternate form used in many digital computer systems
uses a normalization constant which “lumps” the units conver-
sion factors in K,

CO = K, [Kp(PV - SP) — 1/T} _[ (PV-SP) dt Eq 4-8
+ Tq [d(PV - SP)/dt]] + MO
Fig. 4-20 compares the advantages and disadvantages of the

various control modes for most desirable control.

FIG. 4-20
Control Mode Comparisons

FIG. 4-21

Typical Response Curves

Mode Advantages Disadvantages
On-Off Simple, inexpensive |Constant cycling
Proportional |Does not add lag Almost always has offset
Integral Eliminates offset Adds time lag to system
Derivative Speeds up response |Responds to noise

Controller Tuning

Controller tuning has been referred to as the most impor-
tant, least understood, and most poorly practiced aspect of
process control. It is not an exact science and considerable
“trial and error” must be used to achieve an acceptable combi-
nation of the tuning parameters for a particular process.
“Good” control is a matter of definition and depends upon such
factors as individual preference, process disturbances and in-
teractions, product specifications, etc. Fig. 4-21a shows typical
controller responses for different damping factors (§) to a step-
change in load or setpoint. The damping factor may be defined
as the ratio of actual damping to critical damping. The reader
is referred to Perry’s Chemical Engineers’ Handbook, Section
22 for a more complete definition of damping factors. The
“over-damped” responses ({£> 1}) cause no overshoot. The “un-
der-damped” responses (§ < 1) cause considerable oscillation
about the setpoint, but the controlled variable eventually
“lines-out” on the setpoint. The “critically-damped” response
(& = 1) would seem ideal but often the time required to reach
the setpoint is excessive. The quarter-decay response allows
overshoot but each “swing” above and below the set-point is
one-fourth that of the previous swing. This is the response that
is usually considered acceptable for most processes. See Fig.
4-21b for an example of quarter-decay response.

Techniques for tuning controllers generally fall into one of
two classes. First, there are some methods based on parame-
ters determined from the closed-loop response of the system.
Second, some methods are based on parameters determined
from the open-loop response curve commonly known as the
process reaction curve. The popular Ziegler-Nichols method
falls into the second category.

Ziegler-Nichols Method'

This method was first reported by Ziegler and Nichols in
1942 and is also known as the “ultimate” method. The method
determines the ultimate or maximum controller gain (propor-
tional action only) for which the system is stable. The ultimate
gain and ultimate period (time for one cycle at ultimate gain)
are then used to calculate initial controller settings for quar-
ter-decay response. The following steps may be used to deter-
mine ultimate gain and period:

1. Switch the controller to automatic.

Output
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. Tune out all integral (reset) and derivative (rate) action.

(set T} = max., set Tq = zero)

. Set the proportional gain K, at some arbitrary value, im-

pose an upset on the process, and observe the response.
(Moving the setpoint briefly and returning will create an
upset.)

. If the response is stable (curve C in Fig. 4-22), increase

the gain and repeat the upset.

. Iftheresponseisunstable (curve A in Fig. 4-22), decrease

the gain and repeat the upset.

. When the response exhibits sustained cycling (curve B

in Fig. 4-22), note the controller gain setting and the ul-
timate period (P,).



FIG. 4-22

Typical Responses Obtained When Determining Ultimate
Gain and Ultimate Period

Curve A
.Curve B
Curve C

Output

Time
Curve A: unstable.

Curve B: continuous cycling.
Curve C: stable.

Fig. 4-23 gives relative controller gain, integral time, and
derivative time for the various control mode combinations for
quarter-decay response as related to ultimate controller gain
setting, K,, and ultimate period P,. Gain settings are also
shown in units of proportional band, PB.

Fig. 4-24 shows some typical settings for various types of
process controllers.

Example 4-2 — An example using the Ziegler-Nichols method
is given below:

For a certain temperature control system, the ultimate sen-
sitivity K, was found to be 0.4 psi per deg F, and the ultimate
period P, was found to be two minutes. A three mode PID con-
troller is required.

Using Fig. 4-24:

Proportional gain K;:

K, = 0.6 K, = 0.6 (0.4 psi/°F) = 0.24 psi/°F
Integral time constant T;:

T; = PJ/2,T; = 2/2 = 1.0 minute
Derivative time constant Ty:

Ty =P8, Tq = 2/8 = 0.25 minutes

Control Mode Considerations

The process control engineer has the responsibility for
matching the many and variable characteristics of the process
to be controlled with the most effective control hardware avail-

FIG. 4-23

Ziegler-Nichols Settings for 1/4 Decay Response1

Mode Kp or PB(%) Ti Ta
®) 0.5 Ku 2(PBu) max. Zero
(PD 0.45 Ku 2.2(PBw) | Pu/1.2 zero
(PD) 0.6 Ku 1.65(PBy) | max. Pu/8.0
(PID) 0.6 Ku 1.65(PBu) | Pu/2.0 | Pu/8.0

FIG. 4-24
Typical Controller Settings
Process | Gain | PB(%) Integral Derivative
T; (sec) min/repeat Ta (sec)
Flow 0.6-0.8 | 167-125 | 3.0-1.8 | 0.05-0.03 0.0
Pressure 5.0 20.0 120-60 2.0-1.0 0.0
Temp. 1.0-2.0 | 100-50 | 120-30 2.0-0.5 6.0-12

able.’ Fig. 4-25 provides guidelines for choosing the mode of
control for various types of applications based upon the proc-
ess reaction rate and size and speed of load changes.

Special considerations should be made in applying a “split-
range” controller. A common example is a column temperature
controller on a cryogenic demethanizer. In this system the first
half (0-50%) of the controller output actuates the “free” heat ex-
change with the incoming feed, and the second half (50-100%) of
the controller output actuates the supplemental heat from the hot
oil system. Adaptive gain control may be required since the heat-
ing value of the hot oil is much greater than that of the gas used
in the heat exchange.

EMBEDDED ADVANCED CONTROL

Embedded advanced control will usually give an improved
plant performance over that achievable with traditional tech-
niques. By introducing Embedded Advanced Control, a high
level of reliability and security is provided to maximize control
system uptime. Since embedded advanced control tools have
direct access to controller I/O, they may access process meas-
urements and actuators with no communication jitter or delay.
This allows use of these tools on the fastest processes.

CONTROL VALVES

Selecting the proper control valve for each application in-
volves many factors. The valve body design, actuator style, and
plug characteristic are critical items for selection. Proper valve
sizing is necessary for accurate, efficient, economical process
control. In areas where personnel will be affected, noise pre-
diction and control becomes a significant factor.

Engineering application guidelines, nomographs, and equa-
tions presented in the following pages may be used to deter-
mine the correct control valve configuration, size and flow
characteristics, and to predict noise levels for most applica-
tions. The material presented here may also be used to evalu-
ate the performance of valves installed in existing plants.

The equations given in this section are used to calculate the
flow coefficient (C, or C,) required for a valve to pass the re-



FIG. 4-25
Control Mode vs. Application

Process Load Changes
Control Mode Reaction . Applications
Rate Size Speed
On-off: Two-position Slow Any Any Large-capacity temperature and level installations.
with differential gap Storage tanks, hot-water supply tanks, room heating,
compressor suction scrubbers.
Floating, Single-speed Fast Any Small Processes with small dead time. Industrial furnaces
with adjustable neutral and air conditioning.
zone
Proportional Slow to Small Moderate |Pressure, temperature, and level where offset is not
Moderate objectionable. Kettle reboiler level, drying-oven
temperature, pressure-reducing stations.
Proportional-plus- Moderate Small Any Where increased stability with minimum offset and
derivative (rate) lack of reset wind-up is required. Compressor
discharge pressure.
Proportional-plus- Any Large Slow to | Most applications, including flow. Not suitable for
integral (reset) Moderate batch operations unless overpeaking is allowed.
Proportional-plus- Any Large Fast Batch control; processes with sudden upsets; tem-
integral-plus-derivative perature control.

quired flow. Most valve manufacturers publish flow coeffi-
cients for each valve style and size.

A Dbrief description of the two major components of a control
valve, the valve body and the actuator, is presented in
Fig. 4-26.

FIG. 4-26
Relationship of Major Components
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Control-Valve Bodies

The control-valve body (see Fig. 4-27) regulates the rate of
fluid flow as the position of the valve plug is changed by force
from the actuator. Therefore, the valve body must permit ac-
tuator thrust transmission, resist chemical and physical
effects of the process, and provide the appropriate end connec-
tions to mate with the adjacent piping. It must do all of this
without external leakage. Most valve body designs are of the
globe style, but other configurations such as ball and butterfly
styles are available. Final selection depends upon detailed re-
view of the engineering application.

FIG. 4-27
Push-Down-to-Close Valve Body Assembly
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Control-Valve Actuators

Pneumatically operated control-valve actuators are the
most popular type in use, but electric, hydraulic, and manual
actuators are also widely used. The spring-and-diaphragm
pneumatic actuator (see Fig. 4-28) is commonly specified, due
to its dependability and its simplicity of design. Pneumatically
operated piston actuators provide integral positioner capabil-
ity and high stem-force output for demanding service condi-
tions, such as high differential pressure or long valve stem
travel distance.

The linear flow-characteristic curve shows that the flow rate
is directly proportional to the valve travel. This proportional
relationship produces a characteristic with a constant slope so
that with constant pressure drop (AP), the valve gain will be
the same at all flows. (Valve gain is the ratio of an incremental
change in flow rate to an incremental change in valve plug
position. Gain is a function of valve size and configuration,
system operating conditions, and valve plug characteristic.)
The linear-valve plug is commonly specified for liquid level
control and for certain flow control applications requiring con-
stant gain.

FIG. 4-28
Typical Spring-and-Diaphragm Actuator Assemblies
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Discussion of Flow Characteristics and
Valve Selection

The flow characteristic of a control valve is the relationship
between the flow rate through the valve and the valve travel
as the travel is varied from 0 to 100%. “Inherent flow charac-
teristic” refers to the characteristic observed during flow with
a constant pressure drop across the valve. “Installed flow char-
acteristic” refers to the characteristic obtained in service when
the pressure drop varies with flow and other changes in the
system.

Fig. 4-29 illustrates typical flow-characteristic curves. The
quick-opening flow characteristic provides for maximum
change in flow rate at low valve travel with a fairly linear
relationship. Additional increases in valve travel give sharply
reduced changes in flow rate. When the valve plug nears the
wide open position, the change in flow rate approaches zero.
In a control valve, the quick-opening valve plug is used pri-
marily for on-off service; however, it is also suitable for many
applications where a linear valve plug would normally be
specified.

4-20

In the equal-percentage flow characteristic, equal incre-
ments of valve travel produce equal percentage changes in the
existing flow. The change in flow rate is always proportional
to the flow rate just before the change in position is made for
a valve plug, disc, or ball position. When the valve plug, disc,
or ball is near its seat and the flow is small, the change in flow
rate will be small; with a large flow, the change in flow rate
will be large. Valves with an equal-percentage flow charac-
teristic are generally used for pressure control applications.
They are also used for other applications where a large per-
centage of the total system pressure drop is normally absorbed
by the system itself, with only a relatively small percentage by
the control valve. Valves with an equal-percentage charac-
teristic should also be considered where highly varying pres-
sure drop conditions can be expected.

The modified parabolic-flow characteristic curve falls be-
tween the linear and the equal-percentage curve.

Note: Where detailed process knowledge is lacking, as a rule
of thumb, use equal-percentage characteristics at 70% opening
for the valve sizing.



FIG. 4-29
Example Flow Characteristic Curves
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FIG. 4-30

Valve Sizing Equations
(Use Fig. 4-31 for value of Numerical Constant, N)

Flow Basis and Units Equation

W= NngCVYVXP1Y1

, X
q= N7FpCVP1Y G.TZ

g

[ XM
W= NngCVPIY E
X
q = NoF,C,P,Y \/ NTZ

FIG. 4-31
Numerical Constants for Gas and Vapor Flow Equations
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FUNDAMENTALS OF CONTROL VALVE
SIZING AND NOISE PREDICTION

Gas Service

Critical Pressure Drop — Critical flow limitation is a
significant problem with sizing valves for gaseous service.
Critical flow is a choked flow condition caused by increasing
gas velocity at the vena contracta. The vena contracta is the
point of minimum cross-sectional area of the flow stream
which occurs just downstream of the actual physical restric-
tion. When the velocity at the vena contracta reaches sonic
velocity, additional increases in pressure drop, AP, (by reducing
downstream pressure) produce no increase in flow.

In the ISA sizing procedure critical flow limitations are ad-
dressed by calculating Y, the expansion factor, for utilization
within the actual sizing equation.

X
Y_l_SFkXC Eq 4-9
where,
k
F, = 14 Eq 4-10

Critical pressure drop, and thus critical flow, is realized
when X > Fi.X... Therefore, since the flow can’t exceed that pro-
duced at the critical pressure drop the value of Y in the follow-
ing sizing equations should never be less than 0.67.

X 1

3FkXc=1—§=0.67

Likewise the value of X in the equations should never exceed

FX..

Sizing Calculation Procedure — The compressible
fluid sizing equations (see Fig. 4-30) can be used to determine
the flow of gas or vapor through any style of valve. Absolute
units of temperature and pressure must be used in the equa-

Y=1- Eq 4-11

4-21

Constant Units Used in Equations
N w q* p, Ap T T d,D
N5 [0.00241| - - - - - mm
1000 - - - — - in
Ne | 273 |kgh| - kPa | kg/m® - -
273 |kgh| - bar | kg/m’ - -
633 |Ib/mh | — | psia | Db/t - -
N7 | 417 | - |m’h| kPa - K -
417 - |m®nh| bar - K -
1360 - scth | psia - °R -
Ns | 0.948 | kg/h - kPa — K -
948 |kgh| - bar K -
19.3 | 1b/h - psia - °R -
No | 225 | — |m%h| kPa - K -
2250 | - |m%h| bar - K -
7320 - scth | psia - °R -
*q is in cubic feet per hour measured at 14.73 psia and 60°F,
or cubic meters per hour measured at 101.3 kPa and 15.6°C.

tion. Most commonly the equations are used to calculate the
required C, and thus valve size for a given set of service con-
ditions. The equations can likewise be rearranged to calculate
the flow or pressure drop for a given valve and set of service
conditions. The steps are:

1. Select the appropriate sizing equation based on the
stated inlet conditions and units of measurement. The
limitations on Y and X as discussed above must be ob-
served in all the sizing equations.

. Calculate an initial, approximate required C, based on
an assumed Rated Pressure Drop Ratio Factor, X, Initial
assumptions for the value of X, can be based on the gen-
eral style of valve. See Fig. 4-32.

From the valve manufacturer’s sizing data select a spe-
cific valve type and size such that the listed C, is equal
to or greater than the calculated C, The X, associated



with the listed Cv should then be used in the chosen siz-
ing equation to calculate a revised, required C,, This it-
eration process continues until the calculated C, and
equals the manufactuer’s listed C,,

4. For a new valve selection a valve size is typically chosen
such that the maximum, calculated C, is close to 75% to
85% of valve travel. This allows for process variability while
maintaining flow capability. The minimum, calculated C,

expanders that are attached to the valve body ends. F,
values can be determined via test or calculated per the
ANSI/ISA S75.01 standard. If the valve has no such fit-
tings attached, e.g., the nominal value size and nominal
pipe size are the same, then F, = 1.0. Refer to the full
standard for the F, calculations in cases where fittings
do exist.

should typically occur at or about 10% of valve travel. Other valve configurations, such as ball and butterfly valves,

5. F} is the Piping Geometry Factor. It corrects the sizing can be sized in a similar manner using the unique X. and C,
equations for the effects of fittings such as reducers and values derived by the manufacturers.

FIG. 4-32

Typical Cy, Xc and Fi Values for Valves*

Valve Body Size, Flow Characteristic
Style Inches Equal Percentage Linear
Cy X. Fi, Cy X. Fy,
1 8 0.74 0.88 17 0.61 0.84
1-1/2 17 0.69 0.84 30 0.70 .082
Globe 2 25 0.70 0.85 62 0.68 0.77
2-1/2 49 0.66 0.84 84 0.71 0.81
3 66 0.66 0.82 118 0.70 0.82
4 125 0.67 0.82 181 0.74 0.82
6 239 0.74 0.85 367 0.78 0.84
8 268 0.60 0.85 526 0.74 0.87
1 16 0.53 0.86 - - -
2 59 0.53 0.81 - - -
3 120 0.50 0.80 - - -
Ball 4 195 0.52 0.80 - - -
6 340 0.52 0.80 - - -
8 518 0.54 0.82 - - -
10 1000 0.47 0.80 - - -
12 1530 0.49 0.78 - - -
2 60 0.37 0.69 - - -
3 111 0.40 0.69 - - -
4 238 0.40 0.69 - - -
Butterfly 6 635 .040 0.69 - - -
8 1020 0.40 0.69 - - -
10 1430 0.40 0.69 - - -
12 2220 0.40 0.69 - - -
14 2840 0.40 0.69 - - -
16 3870 0.40 0.69 - - -

*At approximately 70% of valve travel. Maximum valve capacity may be estimated using the values given in this
figure in conjunction with Fig. 4-29. For a more detailed analysis of capacity capabilities of a given valve at other
percentages of travel, consult the valve manufacturer’s data.
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Aerodynamic Noise Prediction — Aerodynamic
noise, the most common type of control valve noise, is the re-
sult of Reynolds stresses and shear forces that are the results
of turbulent flow. Noise from turbulent flow is more common
in valves handling compressible gases than in those control-
ling liquids.

The valve manufacturer should provide noise predictions or
furnish adequate data to calculate expected noise levels since
noise characteristics vary greatly with the type and model of
valve being considered or in use. Most control valve manufac-
turers have valve sizing software available that include the
valve sizing and noise prediction routines.

Liquid Service

The procedure used to size control valves for liquid service
should consider the possibility of cavitation and flashing since
they can limit the capacity and produce physical damage to
the valve. In order to understand the problems more thor-
oughly, a brief discussion of the cavitation and flashing process
is presented below.

Cavitation — In a control valve, the fluid stream is accel-
erated as it flows through the restricted area of the orifice,
reaching maximum velocity at the vena contracta. Simultane-
ously, as the velocity increases, an interchange of energy be-
tween the velocity and pressure heads forces a reduction in
the pressure.

Ifthe velocity increases sufficiently, the pressure at the vena
contracta will be reduced to the vapor pressure of the liquid.
At this point, vapor cavities or bubbles, the first stage in cavi-
tation, appear in the fluid stream. Downstream from the vena
contracta, the fluid stream undergoes a deceleration process
resulting in a reversal of the energy interchange which raises
the pressure above the liquid vapor pressure.

The vapor cavities, or bubbles, cannot exist at the increased
pressure and are forced to collapse or implode. These implo-
sions are the final stage in the cavitation process. They poten-
tially produce noise, vibration, physical damage, and other
performance problems. In order to avoid cavitation completely,
the pressures at all points within the valve must remain above
the vapor pressure of the liquid. Cavitation can occur as the
result of changes in the mean pressures through the valve, but
also from localized changes due to flow separations and other
local disturbances that are not indicated by examining just the
mean inlet, vena contracta, and outlet pressures. Determining
when a problem-causing level of cavitation is present repre-
sents a considerable challenge. The reader is referred to ISA
RP75.23, “Considerations for Evaluating Control Valve Cavi-
tation.” This recommended practice provides more informa-
tion on the cavitation process as well as suggesting a common
terminology and methodology for making safe valve selections
in cavitating applications. That recommended practice estab-
lishes the definition of a cavitation index, K, as follows:

P 1- P v

=P, B, Eq 4-12
The evaluation of K. at any given set of service conditions can
then be compared to the manufacturer’s valve operating limit.
As discussed in the recommended practice, the selection of the
appropriate operating limit for a given situation is dependent
on the service conditions but should also consider other influ-
ences such as duty cycle, location, desired life, and past expe-
rience. All of these point to the need to consult the valve
manufacturer when selecting a valve for cavitation control.
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Flashing — The first stages of cavitation and flashing are
identical; that is, vapor forms as the vena contracta pressure
is reduced to the vapor pressure of the liquid. In the second
stage of the flashing process, a portion of the vapor formed at
the vena contracta remains in the vapor state because the
downstream pressure is equal to or less than the vapor pres-
sure of the liquid.

After the first vapor cavities are formed, the increase in flow
rate will no longer be proportional to an increase in the square
root of the body differential pressure. When sufficient vapor
has been formed, the flow will become completely choked. As
long as the inlet pressure (P;) remains constant, an increase
in pressure drop (AP) will not cause flow to increase.

Sizing Information — The following section is based on
ISA-S75.01, “Flow Equations for Sizing Control Valves.” The
reader is referred to that standard for more complete discus-
sion of these equations and methods. As that standard points
out, these equations are not intended for situations involving
mixed-phase fluids, dense slurries, dry solids, or non-Newton-
ion liquids. In these cases the valve manufacturer should be
consulted for sizing assistance.

The ISA methodology recognizes the impact of service con-
ditions that will cause the liquid to vaporize at some point
between the inlet and outlet of the valve. This vaporization
results in either cavitation or flashing, causing a breakdown
in the normal relationship between C, and VAP and ulti-
mately a limit to the flow through the valve regardless of an
increasing pressure drop caused by decreasing Py. The recog-
nition of this comes in the form of a separate sizing equation
for each regime, nonvaporizing and vaporizing. Each must be
solved and then the larger calculated C, chosen as the required
value.

This discussion of liquid sizing will be further restricted to:

1. Turbulent flow streams: There are usually flow streams
that are not either high viscosity or low velocity. The ma-
jority of process plant control valves do operate in the
turbulent regime, however if the Reynolds number for a
process is less than 4000 the reader is referred to the ISA
standard where a non-turbulent flow correction method

can be found.

. Valve installed without fittings attached to the valve
ends: When fittings are present there are, as with the
previous gas sizing discussion, necessary modifications
to the sizing equations to accommodate the additional
disturbance to flow. This discussion will be limited to the
case where there are no fittings attached, therefore the
valve size and pipe size are the same, F, = 1.0. Refer to
the full ISA standard for the proper methods if fittings
are present.

Sizing Calculation Procedure —

1. Select the appropriate sizing equations based on the
stated inlet conditions and units of measurement from
Fig. 4-35.

Calculate the C, required using the equation for nonva-

porizing flow.

. Calculate the C, using the equation for vaporizing flow.
An initial assumed value of F; can be taken from Fig.
4-32 or the manufacturer’s literature. Fy the liquid criti-
cal pressure ratio factor, can be found from Fig. 4-33
based on the critical pressure and inlet vapor pressure
for subject liquid. Fig. 4-34 lists critical pressures for
some common fluids. The user must at this point iterate



through this calculation accounting for the variation in
F; and valve-rated C, due to valve style, size, trim, flow
direction, etc.

. Select the higher of the two calculated C,’s as the re-

quired C,.

. From the valve manufacturer’s sizing data, select a spe-

cific valve type and size such that the listed C, is equal
to or greater than the calculated C,.

. See the previous section on Cavitation and consult the

manufacturer’s data for appropriate valve cavitation op-
erating limits.

FIG. 4-33
Critical Pressure Ratios for All Liquids, Fr

FIG. 4-35

Liquid Valve Sizing Equations
Use Fig. 4-36 for value of Numerical Constants, N

Flow Basis and Units Equation

W= NGFPCVV(Pl - Pg)’Yl

,JP - P
q=N1FpCv 1712

Ge

Nonvaporizing Mass Flow
with Specific Weight, Y

Nonvaporizing Volumetric
Flow with Specific
Gravity, Gy

Vaporizing Mass Flow with
Specific Weight, y;

W= NgFLCV\I(Pl - FFPV)Yl

+/P1—FrPy
q=NF.C, it S 4
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Vaporizing Volumetric Flow
with Specific Gravity, G¢

Critical Pressure Ratio — Fe

Use this curve for all liquids. Determine the ratio by dividing the pressure which may
be obtained from Figure 4-34. From the ratio thus calculated the critical pressure
ratio, Fr, may be read from this curve.
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FIG. 4-34
Critical Pressure of Various Liquids

psia
Ammonia 1636 Isobutane 529
Argon 706 Isobutylene 580
n-Butane 551 Methane 668
Carbon Dioxide 1071 Nitrogen 493
Carbon Monoxide 508 Nitrous Oxide 1048
Chlorine 1118 Oxygen 737
Dowtherm A 465 Phosgene 823
Ethane 708 Propane 616
Ethylene 731 Propylene 667
Fluorine 809 Refrigerant 11 635
Helium 33 Refrigerant 12 597
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FIG. 4-36
Numerical Constants for Liquid Flow Equations

Constant Units Used in Equations

N w q p,Ap |d,D |y, v

N1 0.0865 |— m’h |kPa |- - _
0.865 |- m’h  |bar |- - _
1.00 - gpm psia — — _

Ne¢ 2.73 |kgh |- kPa |- kg/m® |-
273 |kgh |- bar |- kg/m® |-
633 |Ibh |- psia |- /A3 |-

INSTALLATION, TROUBLESHOOTING,
AND CALIBRATION

Installation and Troubleshooting

Control system troubleshooting logically falls into two cate-
gories: (1) the repair of control systems that previously func-
tioned well, and (2) the successful modification of poorly
commissioned systems that have never worked properly due
to improper application, poor design, faulty hardware, or im-
proper operating procedures (Fig. 4-37). Different techniques
are employed for each category.

Failed Systems

¢ Control system malfunctions normally are reported by the
process operator. A discussion with the operator should
yield some clues as to the source of the problem, since he
has probably been observing it for several hours, or days.

The next step is to use the “process of elimination” to
localize the problem. If replacement of an element with
a known good one causes the problem to disappear, this
is usually conclusive! Often this simple approach of
parts changing will save time by avoiding a detailed sys-
tem analysis. However, if the situation permits, the “bad”
part should be temporarily re-installed to verify a “hard”
failure rather than a “hung-up” condition which is often
reset by the procedure of substitution.



o A “detailed system analysis” may be required if a control

system has a number of interactive or serially dependent
components and especially if more than one component is
faulty. The process-of-elimination tests may have shown
some conflicting results in this case. A complete control sys-
tem diagram should be used to help isolate possible problem
areas, separate cascade loops, etc. This step usually requires
the services of the control engineer or someone familiar
with all the control loop components and their functions.
Caution should be taken to assure that control system re-
sponse is observed over a sufficient length of time to detect
problems in slow changing processes. Strip chart recorders
are very useful in this analysis. Conversely, sequential
event recorders may be needed to diagnose intermittent
problems which occur only for very brief periods at irregular
intervals. Recorders are available which can resolve events
to within one millisecond for use in troubleshooting the fast-
est control loops.

In a well designed control loop, the process is the slowest
responding element. Thus the rate of change of a disturbance
as it initially propagates around the loop should point to the
origin of the problem. In some cases, where multiple symptoms
are present, answering the question: “What is common to all
symptoms?” will locate the problem. It is often necessary to
make observations over a period of time plus taking parallel

FIG. 4-37

measurements to completely document the problem and point
to the source of the trouble.

Poorly Commissioned Systems

Some control systems may not have been properly commis-
sioned or were not adequately designed. In this case it is nec-
essary to determine how the system is meant to function
before proper control can be implemented.

o The first step, after determining how a particular control

loop is meant to function, is to put the final control ele-
ment (valve, usually) on manual control and adjust it for
the desired response of the controlled variable. If manual
adjustment of the manipulated variable does not cause
some response in, or controlling action on, the controlled
variable then the control strategy is not suitable and
some redesign is in order. However, some control situ-
ations such as compressor surge control are too fast for
human reaction times and must be verified by other
means. Many troublesome control loops are mistakenly
declared to be faulty because it is not always realized
that there is a trade-off between speed of response and
loop stability. Also, there is an inherent interaction be-
tween certain control loops. An example is the interaction
between temperature and pressure control loops in a dis-
tillation column.

Common Measurement Problems

Variable Symptom Problem Source Solution
Zero shift, air leaks in | Excessive vibration from posi- Use independent transmitter mtg., flexible pro-
signal lines. tive displacement equipment. cess connection lines. Use liquid filled gauge.

@ Variable energy con- Change in atmospheric pressure. | Use absolute pressure transmitter.

2 sumption under tem-

§ perature control.

A Unpredictable trans- Wet instrument air. Mount local dryer, use regulator with sump,
mitter output. slope air line away from transmitter.
Permanent zero shift. Overpressure. Install pressure snubber for spikes.
Transmitter does not Liquid gravity change. Gravity compensate measurement, or recali-

" agree with level. brate.

n

L Zero shift, high level Water in process absorbed by Use transmitter with integral remote seals.

3 indicated. glycol seal liquid.

':g Zero shift, low level Condensable gas above liquid. Heat trace vapor leg. Mount transmitter

= indicated. above connections and slope vapor line away

% from transmitter.

= Noisy measurements, Liquid boils at ambient Insulate liquid leg.
high level indicated temperature.

Low mass flow Liquid droplets in gas. Install demister upstream; heat gas upstream
indicated. of sensor.

% Mass flow error. Static pressure change in gas. Add pressure recording pen.

B Transmitter zero shift. |Free water in fluid. Mount transmitter above taps.

Measurement is high. Pulsation in flow. Add process pulsation dampner.
Measurement error. Non-standard pipe runs. Estimate limits of error.

g; Measurement shift. Ambient temperature change. Increase immersion length. Insulate surface.

2 Measurement not repre- | Fast changing process tempera- | Use quick response or low thermal time con-

qz sentative of process. ture. stant device.

;5) Indicator reading Electrical power wires near Use shielded, twisted pair thermocouple exten-

2= varies second to second. |thermocouple extension wires. sion wire, and/or install in conduit.

4-25



o Ifthe process variable is controllable with the loop in the
manual mode, note which measurement must be ob-
served to make the decision to open or close the valve;
then determine whether the automatic control system
makes adjustments based upon the same variables. For
example, it may be determined that a single variable
controller is insufficient, if the controlled variable devi-
ates too much due to disturbances, feed composition
changes, etc. In this case it may be necessary to change
the control scheme to include override control arrange-
ments or two or more controllers in cascade to achieve
the desired automatic control.

Poor Performance

Two major sources of poor performance in control loops are:
(1) excessive time delay between the actuation of the control
element (valve) and the resulting change in the measurement
of the controlled variable, and (2) a variation in loop gain due
to a change in process conditions.

o Excessive time delay can result from process lag and
dead-time and from instrument dead-time (such as the
cycle time of a chromatograph) and should be compen-
sated for in the control system. To achieve stability in a
system with excessive time delay, the controller gain
must be low and reset (integral) time must be long. Re-
covery from process upsets will be slow. When dead-time
is present, loop performance will deteriorate proportion-
ally to the square of the dead-time.

Variable loop gain is a common problem in cascade con-
trol loops where the secondary controller is a flow con-
troller without square root extraction on the measure-
ment signal. Since an orifice plate differential pressure
signal is proportional to the square of the flow, the set-
point to the secondary controller is also a “flow-squared”
signal. This setpoint signal is provided by the output of
the primary controller in a cascade configuration. There-
fore, the primary loop gain increases rapidly as flow is
reduced; if that controller was tuned at high flows it will
become unstable at low flows.

Calibration

Calibration of measurement transducers is a vital part of
instrument maintenance and should be performed on a regu-
lar basis.

Pressure transmitters — Moderate to high pressure
units are usually calibrated with a “dead weight tester.” This
is a hydraulic device in which weights are added to one side of
a hydraulic circuit to generate a known pressure which is ap-
plied to the input of the transducer under calibration. If the
transducer is to be calibrated in units of absolute pressure, a
barometer should be used to measure atmospheric pressure
and an adjustment of the added weights made. The dead
weight tester is normally a test bench device. Low pressure
units are calibrated with a pneumatic calibrator which sup-
plies a precise air pressure. Since they are easily adjustable,
3-15 psig devices are usually calibrated by this method. Pneu-
matic calibrators are also test bench devices. Field or process
area checks are often made with a hand-held bulb pump and
an accurate pressure gauge.

Differential pressure transmitters — Differential
pressure level transmitters are usually calibrated with a mer-
cury manometer or a low level pneumatic calibrator. If remote
seals are used, the seal paddle relative elevation should be the
same during calibration as when the transmitter is installed.
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Zero elevation and suppression can be done with a bench cali-
brator, but if the transmitter has a zero shift with changes in
static pressure, this shift must be removed after the transmit-
ter is installed.

Calibration of differential pressure transmitters for flow
measurements is done using the same equipment as for levels.
An additional consideration must be made for those electronic
transmitters which have a square root extractor as an integral
part of the transmitter. In this case, the transmitter output is
the square root of the input differential pressure. Fig. 4-38
shows the square root input-output relationship.

FIG. 4-38
Square Root Input/Output Relationship
Input Output
% of span Signal level % of span Roots
0 3 psi /4 mA 0.0 0
9 30.0 3
25 6 psi /8 mA 50.0 5
50 9 psi /12 mA 70.7 7.07
75 12 psi /16 mA 86.6 8.66
100 15 psi /20 mA 100.0 10

Temperature transmitters — Temperature transmit-
ters are by far the most difficult to calibrate because of the
difficulty in generating precise controlled temperatures. Cali-
bration of pneumatic filled-bulb type temperature transmit-
ters is normally a lengthy test bench procedure. Temperature
calibrators for generating process temperatures are of three
varieties: (1) electrically heated direct air, (2) hot oil bath, and
(3) a gas fluidized bed using a thermally conductive powder.
All these require a considerable amount of time (20-40 min-
utes avg.) to reach a steady state temperature. Electronic tem-
perature transmitters which use resistance temperature
devices (RTD) have an advantage in that the sensing element
calibration needs only a single point check and the transmitter
can be calibrated electronically using the known intrinsic
properties of the sensor. Field checking of these transmitters
is practical.

Thermocouple transmitter calibration requires an accurate
millivolt source to simulate the thermocouple signal at the
upper and lower limits of the temperature range of the trans-
mitter being calibrated. However, since all thermocouple ta-
bles show millivolt readings based on some reference
temperature, usually 32°F, some sort of reference temperature
compensation must be done. Historically, a reference junction
in an ice bath was used to provide ice point compensation. Also
a reference junction at ambient temperature was often used
in conjunction with a thermometer to read the ambient tem-
perature and provide a reference millivoltage. Modern devices
make temperature transmitter calibration much simpler be-
cause of built-in reference compensation. Some digital devices
merely require the entering of the desired temperature and
they provide the correct millivoltage to simulate a thermocou-
ple with automatic reference compensation. Also, compact
electronic modules are available for ice point compensation
and thermocouple linearization. Some electronic calibrators
supply the millivolt signal as well as power for two-wire trans-
mitters and indicators. The millivolt source is set to the values



which correspond to the upper and lower temperature limits
of the range of the transmitter and the transmitter is adjusted
so that it produces the desired zero-scale (3 psi, 4 ma, etc.) and
full-scale (15 psi, 20 ma, etc.) outputs. When field checking
electronic devices, all safety codes must be observed. Calibra-
tors which are battery powered and intrinsically safe are rec-
ommended.

COMPUTER SYSTEMS
Analog Computers

A process control analog computer is composed of electronic
modules such as amplifiers, summers, controllers, multipliers,
dividers, square and square root devices, lead and lag modules,
limiters, and special dead-time devices. These modules are
based around the integrated circuit operational amplifier and
are interconnected to implement the desired control strategy.
The process control analog computer is very reliable, low in
cost, and easy to use, but has been made obsolete to some de-
gree by the more versatile digital computer.

Digital Computers

Digital computers are attractive for many applications in the
process control field because of their speed, accuracy, flexibility,
display and logging capabilities, and ability to perform complex
calculations and store and transmit vast amounts of data.

Digital computers come in almost any size or shape, ranging
from tiny single board special purpose devices to large data
processing computers.

Programmable logic controllers (PLC) — A special
purpose class of microcomputers designed to implement a se-
ries of sequential functions such as ladder network diagrams.
They are best suited to batch type operations or machine con-
trol. Some examples are: dehydrator control, compressor load-
ing control, engine start-up sequencers, and product blenders.
Some PLC’s provide for data logging and/or display of infor-
mation on CRT terminals.

Microcomputers — Microcomputers usually include a
higher level software system and more versatile input/output
hardware than PLC’s. They are often used as the process con-
trol computer in small to medium sized installations such as
gas plants.

Minicomputers — The minicomputer incorporates a
more complex, higher speed arithmetic logic unit as the cen-
tral processor. Minicomputers accommodate large amounts of
memory and may include a high speed disk unit for data and
program storage as well as input/output ports to interface with
a variety of peripheral equipment. Minicomputers are nor-
mally used as the process control computer in larger installa-
tions such as refineries, chemical plants, etc.

Process input/output equipment — In addition to
the array of printers, CRT terminals, disk units, etc., normally
found with a computer system, there is a process input/output
system. This is a set of electronic modules, usually a “card-
cage” type subassembly, used to interface the process signals
to the computer. Most process I/O signals fall into one of the
following groups:

Analog (flows, pressures, levels, temperatures, etc.)
Digital (on-off status sense or actuation)

Pulse (tachometers, counters, etc.)

Serial (coded data)
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DIGITAL FIRST-LEVEL CONTROL
SYSTEMS

First-level controllers are those which actually manipulate
the valves or other final control devices to maintain the proc-
ess variable at a desired setpoint.

Individual controllers — Controllers located either on
the control room panel board or in the process area. These
operate independently or may receive a setpoint from another
controller or computer system in a cascade arrangement.

Direct digital controllers (DDC) — DDC controllers
exist as algorithms in the software of a digital computer, and,
through the appropriate transducers, continually sample the
respective process measurements, compare them with their
corresponding setpoints, and manipulate the appropriate
valve or other final control device. Reliability of the computer
is essential in a DDC system.

Distributed control systems (DCS) — In a DCS in-
stallation the controllers and measurement circuits are modu-
larized in small groups (e.g. eight controllers per module) for
greater security against failure. The controllers exist in a com-
bination of hardware and software and may be part of a control
scheme programmed in a master DCS system. The controllers
may also receive setpoints from a separate supervisory com-
puter system. DCS systems support a variety of communica-
tion methods, such as a high speed “data highway” serial data
transmission concept which can interface to many different
computers. Any digital first-level control system must be
backed up by a battery powered uninterruptible power supply
(UPS) to prevent loss of control of the process during AC power
line interruptions.

Fieldbus — Fieldbus technology is the basis of the next
generation of process control. It is an all digital, serial, two-
way communication system that interconnects devices in the
field such as sensors, actuators and controllers. Fieldbus is a
Local Area Network (LAN) for instruments, with built-in ca-
pability to distribute a control application across the network.

It has the ability to distribute control among intelligent field
devices in the plant and digitally communicate that infor-
mtion at high speed.

With full use of field intelligence, process management is no
longer just process control. It is now also asset management:
gathering and using a wealth of new information from intelli-
gent transmitters, valves and analyzers. It includes configur-
ing, calibrating, monitoring, performing diagnostics, and
maintaining records from anywhere in the plant — while the
process is running.

The fieldbus can be used for control applications such as
temperature, level and flow control. Devices can be powered
directly from the fieldbus and operate on wiring that was pre-
viously used for 4-20mA devices. The fieldbus can also support
intrinsically safe (I.S.) fieldbuses with bus powered devices.
An 1.S. barrier is placed between the power supply in the safe
area and I.S. device in the hazardous area.

ANALYTICAL INSTRUMENTS
Cyclic Analyzers

Many analytical instruments are cyclic, or sampled data de-
vices, such as the chromatograph. These automatically take a
sample of the process stream, analyze it, and transmit the re-



sults to the desired device. Since most analysis cycles take
from one to 20 minutes to complete, considerable “dead-time”
is introduced into a control loop using this type of measure-
ment. Dead-time compensation should be included in the con-
trol scheme for proper control response. Process stream
sampling is an item of vital concern in good chromatography
or with any analysis technique. Some points of consideration
are:

e Sample probe: Must be located at a point in the process
where the material to be analyzed is in the desired phase
(vapor or liquid) at sufficient pressure and flow.

Sample lines: Should be kept as short as possible for
minimum transport time. May need to be heat-traced to
keep vapor samples from condensing. Sample flow must
be great enough to completely flush the line between
analysis cycles.

Sample filters: Used to keep any particulate matter out
of the analyzer. Knock-out pots or other devices may be
required to remove liquid condensate.

Sample pumps: Required for certain low pressure proc-
esses. Vacuum aspirators may be used for low sample
flows.

Other cyclic or batch type instruments determine such
quantities as vapor pressure, dew point, end point, flash point,
Btu content, and sulfur content.

Continuous Analyzers

Other analytical instruments perform continuous analyses
of a process stream for a specific parameter such as oxygen
content, gas density, etc.

Some continuous analyzers pump or flow a sample through
a detector cell. Others place the detector element directly in
the process stream. The methods of detection vary widely and
may include the use of nuclear radiation, optics, vibrating
reeds, flotation cells, catalytic “burners,” and other methods.

Fig. 4-39 shows a typical block diagram for a process chro-
matograph installation. Fig. 4-40 identifies several types of
continuous process analytical instruments and a type of detec-
tion used by each.

FIG. 4-39
Typical Process Chromatograph System
Carrier Gas Vent
Analyzer e — -»— Programmer
: \ | |
Sample | ‘ |
Probe | J\ [
|
~ Sample
Conditioner
A Readout
Calibration ——
Gas
- Sample Return
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FIG. 4-40
Continuous Analysis Instruments

Analyzer Detector (Sensing Method)
Liquid Density Resonant Mass
Liquid Viscosity Viscosimeter
Liquid Level Ultrasonic, Gamma Ray
Gas Density Torque Measurement
Sulfur in Oil X-Ray Attenuation
pH Electrolytic
Oxygen Paramagnetic, Coulometric
Trace Moisture Electrolytic Cell
Nitrous Oxides Chemiluminescence

CO, COg2, SO2 Infra-red Absorption

HsS, SO2 Ultra-violet

Light Hydrocarbons | Chromatograph

Btu (Heating Value) | Calorimeter, Chromatograph

System Control Diagram

During plant development the process engineers specify the
process through the development of the P&IDs (Piping & In-
strument Diagram). Throughout this effort, the process engi-
neers depict the total plant behavior. However, the P&IDs
provide limited facilities for documentation of the overall func-
tionality and operational aspects of the plant.

It’s the control system engineer’s task to design the control
system to fulfill the process functionality required to achieve
product specifications as well as the requirements imposed by
the overall operating & control philosophy and manning lev-
els.

The operator’s understanding of the operational efficiency
of the plant is a difficult task without proper documentation
of the overall control and monitoring functions available.
Often, operational problems within the different systems can-
not be identified until the system is in operation, leading to
major modifications in late project phases. In order to get a
common understanding of control system functionality be-
tween all involved parties at an early project stage, System
Control Diagrams have been introduced.?
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SECTION 5

Relief Systems

This section is concerned with the design and operation of
pressure relieving systems for gas processing plants. The prin-
cipal elements of pressure relief systems are the individual
pressure relief devices, the flare piping system, the flare sepa-
rator drum, and the flare — including igniters, tips, sealing
devices, purge and steam injection for smokeless burning. Ap-
plication of relief devices must comply with appropriate ASME
Vessel Codes. Design of relief systems must also comply with
applicable state and federal codes and laws as well as the re-

quirements of the insurance covering the plant or installation.
State and federal regulations not only cover safety but also
environmental considerations such as air and water pollution
and noise abatement. This section presents a convenient sum-
mary of relief system information obtained from API and other
sources, abridged and modified for this data book. Final design
work should be consistent with the full scope of API, ASME,
and other code and specification requirements.

FIG. 5-1
Nomenclature

a = sonic velocity, ft/sec

A = required discharge area of the valve, sq in. Use
valve with the next larger standard orifice
size/area

Ap = bellows area, sq in.

A' = discharge area of the valve, sq in., for valve with
next standard size larger than required discharge
area

Ac = total outside surface area of container, sq ft

Ap = disk area, sq in.
Ax = nozzle seat area, sq in.
Ap = piston area, sq in.
A, = total wetted surface area of vessel, sq ft
Az = vessel area exposed to fire, sq ft
B = liquid expansion coefficient, 1/°F, at relieving
temperature [or (Vol/Vol)/°F]
C = drag coefficient

C, = specific heat at constant pressure, BTU/(Ib - °F)

C, = specific heat at constant volume, BTU/(1b - °F)

C; = coefficient determined by the ratio of specific
heats of the gas or vapor at standard conditions

d = flare tip diameter, inches
D = particle diameter, ft

f = correction factor based on the ratio of specific heats
F = factor due to insulation (see Fig. 5-17)

F' = relief valve factor, dimensionless

Fy = coefficient for subcritical flow (Fig. 5-12)

Fs = spring force, pounds

gpm = flow rate, gallons per minute at flowing tempera-

ture and pressure

g = acceleration due to gravity, 32.2 ft/sec?

g. = gravitational constant, 32.2 (ft - lbm)/(Ibf - sec?)

G = specific gravity of gas referred to air = 1.00 at
60°F and 14.696 psia; or, if liquid, the specific
gravity of liquid at flowing temperature referred
to water = 1.00 at 60°F

hy; = enthalpy of saturated liquid at upstream

pressure, Btu/lb
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hrs = enthalpy of saturated liquid at downstream
pressure, Btu/lb
hge = enthalpy of vapor at downstream pressure,
Btwlb
H = height of vapor space of vessel, ft
H; = latent heat of the liquid exposed to fire, Btu/lb
Hg = flare stack height, ft
I = radiation intensity at point X, Btw/(hr - ft?)
k = specific heat ratio, Cp/Cv (see Section 13)
K, = capacity correction factor due to back pressure
K. = combination correction for rupture disk = 0.9
= 1.0 no rupture disk installed
Ky = coefficient of discharge, obtainable from the valve
manufacturer
K, = correction factor for Napier steam equation
Ksn = correction factor due to the amount of superheat
in the stream
K, = capacity correction factor due to viscosity
K, = capacity correction factor due to back pressure
(Fig. 5-14)
L = drum length, ft
L/D = length to diameter ratio of pipe
Ly = length of flame, ft
M = Mach number at pipe outlet
MW = molecular weight of gas or vapor
MABP = maximum allowable back pressure, psig
NHV = net heating value of flare gas, Btu/lb
P = set pressure, psig
Pcr = critical-flow pressure, psia
P, = normal operating gas pressure, psia
P; = upstream relieving pressure, psia. This is the set
pressure plus the allowable overpressure plus
the atmospheric pressure
P, = downstream pressure at the valve outlet, psia
P, = back pressure, psig
AP = pressure drop, psi
AP,, = pressure drop, in. of water
Q = heat input, Btu/hr



FIG. 5-1 (Cont’d)

Nomenclature

Q. = minimum required capacity expressed as cfm of Vi = wind velocity, mph
air at standard conditions W = flow, Ib/hr
Q: = heat released, Btu/hr Wi = hydrocarbon flow, 1b/hr
Q. = flow through valve, scfm W, = steam flow, Ib/hr
r = ratio of downstream pressure to upstream pres- W; = flare gas flow rate, Ib/hr
sure, Py/Py ) W, = vapor rate to be relieved by the relief valve, 1b/hr
R = distance from flame center to point X, ft . . ..
Re = R 14 ber (di onless) x; = weight fraction of component i in total stream
¢ = Teynolds number (dimensioniess o £ X = distance from the base of the stack to another
R, = universal gas constant (10.73) lbpsmﬁ point at the same elevation, ft
: . mote: X. = see Fig. 5-21
% = specific heat, Biu/b - 1) Y, = see Fig. 521
= temperature, . Z = compressibility factor at flowing conditions
T = absolute temperature of the inlet vapor, °R Greek
T, = normal operating gas temperature, °R . o
5 A = prefix, indicates finite increment
T; = gas temperature, °R, at the upstream pressure : )
T\ = vessel wall temperature, °R €= fract?on of }.1ea't radiated
Uy = maximum allowable vapor velocity for vertical pr = density of liquid, Ib/cu ft
vessel, ft/sec py = density of vapor, lb/cu ft
V = gas velocity, ft/sec 0 = angle of flare flame from vertical, degrees
Ve = exit velocity, ft/sec U = viscosity at flowing temperature, centipoise
V. = wind velocity, ft/sec (= 1.47 Vy,)
Nomenclature for this section is covered in Fig. 5-1. Pres- Blocked Discharge

sure relief valve is a generic term applied to relief valves,
safety valves, or safety relief valves. Definition by type of relief
valve is covered in the relief device description. Relief valve
characteristics related to pressure vessel requirements are il-
lustrated in Fig. 5-2.

RELIEF DEVICE DESIGN

Pressure relief valves or other relieving devices are used to
protect piping and equipment against excessive over-pressure.
Proper selection, use, location, and maintenance of relief de-
vices are essential to protect personnel and equipment as well
as to comply with codes and laws.

Determination of the maximum relief required may be dif-
ficult. Loads for complex systems are determined by conserva-
tive assumptions and detailed analysis. By general
assumption, two unrelated emergency conditions caused by
unrelated equipment failures or operator error will not occur
simultaneously (no double jeopardy). The sequence of events
must be considered. The development of relief loads requires
the engineer to be familiar with overall process design, includ-
ing the type of pump drives used, cooling water source, spares
provided, plant layout, instrumentation, and emergency shut-
down philosophy.

This section suggests methods to calculate relief capacity for
most emergency conditions, including fire. A common refer-
ence for determining individual relieving rates is contained in
Section 3 of API RP 521.! The design of the proper relieving
device must take into consideration all of the following upset
conditions for the individual equipment item if such upset can
occur. Each upset condition must be carefully evaluated to de-
termine the "worst case" condition which will dictate the re-
lieving device capacity.
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The outlet of almost any vessel, pump, compressor, fired
heater, or other equipment item can be blocked by mechanical
failure or human error. In this case, the relief load is usually
the maximum flow which the pump, compressor, or other flow
source produces at relief conditions.

Fire Exposure

Fire is one of the least predictable events which may occur
in a gas processing facility, but is a condition that may create
the greatest relieving requirements. If fire can occur on a
plant-wide basis, this condition may dictate the sizing of the
entire relief system; however, since equipment may be dis-
persed geographically, the effect of fire exposure on the relief
system may be limited to a specific plot area. Vapor generation
will be higher in any area which contains a large number of
uninsulated vessels. Various empirical equations have been
developed to determine relief loads from vessels exposed to
fire. Formula selection varies with the system and fluid con-
sidered. Fire conditions may overpressure vapor-filled, liquid-
filled, or mixed-phase systems.

Tube Rupture

When a large difference exists between the design pressure
of the shell and tube sides of an exchanger (usually a ratio of
1.5 to 1 or greater), provisions are required for relieving the
low pressure side. Normally, for design, only one tube is con-
sidered to rupture. Relief volume for one tube rupture can be
calculated using appropriate sizing equations in this section.
When a cool media contacts a hot stream, the effects of flashing
should be considered. Also the possibility of a transient over-
pressure caused by the sudden release of vapor into an all-lig-
uid system should be considered.



FIG. 5-2
Characteristics of Safety Relief Valves for Vessel Protection®

PRESSURE VESSEL REQUIREMENTS VESSEL TYPICAL CHARACTERISTICS OF
PRESSURE SAFETY RELIEF VALVES
MAXIMUM ALLOWABLE MAXIMUM RELIEVING
ACCUMULATED PRESSURE 121 PRESSURE FOR
(FIRE EXPOSURE ONLY) | 120 FIRE SIZING
MAXIMUM ALLOWABLE I ] MAXIMUM RELIEVING
ACCUMULATED PRESSURE 116 PRESSURE FOR
FOR MULTIPLE-VALVE INSTALLATION PROCESS SIZING
(OTHER THAN FIRE EXPOSURE) L 115 —
MARGIN OF SAFETY MULTIPLE VALVES
— —{  DUE TO ORIFICE
SELECTION SINGLE VALVE
— = (VARIES)
= |
Lo
MAXIMUM ALLOWABLE o MAXIMUM ALLOWABLE SET PRESSURE
ACCUMULATED PRESSURE w110 FOR SUPPLEMENTAL VALVES
FOR SINGLE-VALVE INSTALLATION 3 (FIRE EXPOSURE)
(OTHER THAN FIRE EXPOSURE) — 2 A A
w
— o —
5 OVERPRESSURE (MAXIMUM)
-2 ]
— X —
L § 105 MAXIMUM ALLOWABLE SET PRESSURE
w FOR SUPPLEMENTAL VALVES (PROCESS)
- g |
‘:(,' ¢ ——— OVERPRESSURE (TYPICAL)
3
MAXIMUM ALLOWABLE 2 y MAXIMUM ALLOWABLE SET PRESSURE
WORKING PRESSURE 2 100 FOR SINGLE VALVE (AVERAGE)
OR DESIGN PRESSURE s A (
(HYDROTEST AT 150) — w —{ ¢ — SIMMER
o v (TYPICAL)
—_ START TO OPEN
& | T — BLOWDOWN (TYPICAL)
iy
— o —
| 95 | SEAT CLAMPING FORCE
— ] RESEAT PRESSURE (TYPICAL)
| ] FOR SINGLE VALVE
USUAL MAXIMUM NORMAL
OPERATING PRESSURE 90 STANDARD LEAK TEST PRESSURE
| | SETTING = 3 PERCENT
L NOT SPECIFIED BY
m BLOWDOWN | ASME CODE
L _ TOLERANCES — §  GMMER | SECTION Vi

— — TIGHTNESS ANSI/API STD 527

Notes:

. The operating pressure may be any lower pressure required.

. The set pressure and all other values related to it may be moved downward if the operating pressure permits.
. This figure conforms with the requirements of the ASME Boiler and Pressure Vessel Code, Section VIII.

. The pressure conditions shown are for safety relief valves installed on a pressure vessel (vapor phase).

> WON

Courtesy American Petroleum Institute
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Control Valve Failure

The failure positions of instruments and control valves must
be carefully evaluated. In practice, the control valve may not
fail in the desired position. A valve may stick in the wrong
position, or a control loop may fail. Relief protection for these
factors must be provided. Relief valve sizing requirements for
these conditions should be based on flow coefficients (manu-
facturer data) and pressure differentials for the specific con-
trol valves and the facility involved.

Thermal Expansion

If isolation of a process line on the cold side of an exchanger
can result in excess pressure due to heat input from the warm
side, then the line or cold side of the exchanger should be pro-
tected by a relief valve.

If any equipment item or line can be isolated while full of
liquid, a relief valve should be provided for thermal expansion
of the contained liquid. Low process temperatures, solar radia-
tion, or changes in atmospheric temperature can necessitate
thermal protection. Flashing across the relief valve needs to
be considered.

Utility Failure

Loss of cooling water may occur on an area-wide or plant-
wide basis. Affected are fractionating columns and other
equipment utilizing water cooling. Cooling water failure is
often the governing case in sizing flare systems.

Electric power failure, similar to cooling water failure, may
occur on an area-wide or plant-wide basis and may have a
variety of effects. Since electric pump and air cooler fan drives
are often employed in process units, a power failure may cause
the immediate loss of reflux to fractionators. Motor driven
compressors will also shut down. Power failures may result in
major relief loads.

Instrument air system failure, whether related to electric
power failure or not, must be considered in sizing of the flare
system since pneumatic control loops will be interrupted. Also
control valves will assume the position as specified on "loss of
air" and the resulting effect on the flare system must be con-
sidered.

SPECIAL RELIEF SYSTEM
CONSIDERATIONS

Equipment

The following equipment considerations should be followed
for relief system design.

Fired Heaters — If there is a possibility that the process
side of a fired heater may be blocked in, then a relief valve
should be provided to protect the heater.

Pumps — Relief valves are required on the discharge of each
positive displacement pump. Normally, these reliefs are piped
back to the process upstream of the pump rather than to the flare
system. Isolation valves around the relief valves may not be re-
quired if the pump itself can be isolated for maintenance.

Vessels and Tanks — Vessels or tanks which are subject
to atmospheric "breathing” due to cooling of gas or liquid con-
tents are normally protected by "breather" valves or vacuum
relief valves. Vessels in higher pressure service are normally
designed for full vacuum if upset conditions can cause a vac-
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uum situation — otherwise vacuum relief valves must be pro-
vided to meet code requirements.

Compressors — Each positive displacement compressor
must have a relief valve on the discharge of each stage upstream
of the block and check valves in order to protect the compressor.
These reliefs are normally piped to a closed system.

Low Temperature Flaring

When low temperature streams are relieved, the flare sys-
tem piping and equipment exposed to cryogenic temperature
may require stainless steel or other acceptable alloys.

The system should be designed for the coldest process stream
to be relieved plus the lower temperature effect of the expanding
fluid (Joule-Thomson effect). Materials selection should be made
according to applicable code recommendations.

RELIEVING DEVICES

Several pressure relief devices are certified and approved
under Section VIII of the ASME Boiler and Pressure Vessel
Code? covering unfired pressure vessels. They include spring
loaded direct-acting relief valves, pilot operated relief valves,
and rupture disks. When the governing code is ANSI B31.3?
or ANSI B31.8% other types of pressure relieving devices such
as monitoring regulators, series regulators, weight-loaded re-
lief valves, liquid seals, etc. are permitted. The discussion be-
low is limited to ASME, Section VIII, devices. The devices must
be compatible with the service and the overall design of the
system. See ASME, Section I, for fired boiler relieving criteria.

Conventional Relief Valves

In a conventional relief valve, the inlet pressure to the valve
is directly opposed by a spring. Tension on the spring is set to
keep the valve shut at normal operating pressure but allow
the valve to open when the pressure reaches relieving condi-
tions. This is a differential pressure valve. Most conventional
safety-relief valves available to the petroleum industry have
disks which have a greater area, Ap, than the nozzle seat area,
An. The effect of back pressure on such valves is illustrated in
Fig. 5-3. If the bonnet is vented to atmospheric pressure, the
back pressure acts with the vessel pressure so as to overcome
the spring force, Fis, thus making the relieving pressure less
than when set with atmospheric pressure on the outlet. How-
ever, if the spring bonnet is vented to the valve discharge
rather than to the atmosphere, the back pressure acts with the
spring pressure so as to increase the opening pressure. If the
back pressure were constant, it could be taken into account in
adjusting the set pressure. In operation the back pressure is
not constant when a number of valves discharge into a mani-
fold.

A cut-away of a conventional relief valve is shown in Fig. 5-3.
Materials of construction for relief valves vary by service.

Balanced Relief Valves

Balanced safety-relief valves incorporate means for mini-
mizing the effect of back pressure on the performance charac-
teristics — opening pressure, closing pressure, lift, and
relieving capacity.

These valves are of two types, the piston type and the bel-
lows type, as shown diagrammatically in Fig. 5-4. In the piston
type, of which several variations are manufactured, the guide
is vented so that the back pressure on opposing faces of the
valve disk cancels itself; the top face of the piston, which has



FIG. 5-3

Conventional Safety-Relief Valve
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the same area, Ap, as the nozzle seat area, Ay, is subjected to
atmospheric pressure by venting the bonnet. The bonnet-
vented gases from balanced piston-type valves should be dis-
posed of with a minimum restriction and in a safe manner.

In the bellows type of balanced valve, the effective bellows
area, Ag, is the same as the nozzle seat area, Ay, and, by at-
tachment to the valve body, excludes the back pressure from
acting on the top side of that area of the disk. The disk area
extending beyond the bellows and seat area cancel, so that
there are no unbalanced forces under any downstream pres-
sure. The bellows covers the disk guide so as to exclude the
working fluid from the bonnet. To provide for a possible bel-
lows failure or leak, the bonnet must be vented separately
from the discharge. The balanced safety-relief valve makes
higher pressures in the relief discharge manifolds possible.
Both balanced-type valves shown in Fig. 5-4 should have bon-
net vents large enough to assure no appreciable back pressure
during design flow conditions. If the valve is in a location in
which atmospheric venting (usually not a large amount) pre-
sents a hazard, the vent should be piped to a safe location
independent of the valve discharge system. The user should
obtain performance data on the specific type of valve being
considered.

A cross section drawing of a balanced (bellows) relief valve
is shown in Fig. 5-4.

Pilot Operated Relief Valves

A pilot operated relief valve consists of two principal parts,
a main valve and a pilot. The valve utilizes a piston instead of
a shaft. Inlet pressure is directed to the top of the main valve
piston. More area is exposed to pressure on the top of the pis-
ton than on the bottom so pressure, instead of a spring, holds
the main valve closed. At the set pressure, the pilot opens,
reducing the pressure on top of the piston thereby allowing the
main valve to open fully. For some applications, pilot-operated
relief valves are available in minimum friction, light-weight
diaphragm construction (in place of heavy pistons). Pilot op-
erated valves can allow backflow if downstream pressure ex-
ceeds set points. Backflow prevention is required on valves
connected to common relief headers. A check valve, split piston
type valve, or backflow preventer in the pilot line can be used.
A typical pilot operated relief valve is shown in Fig. 5-5. This
style valve should be considered for applications involving
high back pressure, high operating pressure, or where pre-
mium seat tightness is desired.

Resilient Seat Relief Valves

With the use of metal-to-metal seat conventional or bal-
anced type relief valves where the operating pressure is close
to the set pressure, some leakage can be expected through the
seats of the valve (refer to API Standard 527)°. Resilient seat
relief valves with either an O-ring seat seal or plastic seats
can provide seat integrities which exceed API Standard 527
(Fig. 5-6); however, there are limitations of temperature and
material compatibility when using these valves, and manufac-
turer guidelines should be consulted. Although such valves
provide near zero leakage until seat damage occurs, the resil-
ient seats may erode rapidly once leakage begins.

Rupture Disk

A rupture disk consists of a thin diaphragm held between
flanges. The disk is designed to rupture and relieve pressure
within tolerances established by ASME Code. Rupture disks
can be used in gas processing plants, upstream of relief valves,
to reduce minor leakage and valve deterioration. In these in-



FIG. 5-4
Balanced Safety-Relief Valve
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stallations, the pressure in the cavity between the rupture
disk and the relief valve should be monitored to detect a rup-
tured disk. In some applications a rupture disk with a higher
pressure rating is installed parallel to a relief valve. A rupture
disk is subject to fatigue failure due to operating pressure cy-
cles. To establish recommended replacement intervals, consult
rupture disk suppliers.

Rupture disks should be used as the primary relieving de-
vice only if using a pressure relief valve is not practical. Some
examples of such situations are:

(a) Rapid rates of pressure rise. A pressure relief valve
system does not react fast enough or cannot be
made large enough to prevent overpressure, e.g., an
exchanger ruptured tube case or a runaway reac-
tion in a vessel.

(b) Large relieving area required. Because of ex-
tremely high flow rates and/or low relieving pres-
sure, providing the required relieving area with a
pressure relief valve system is not practical.

(c) A pressure relief valve system is susceptible to be-
ing plugged, and thus inoperable, during service.

SIZING OF RELIEF DEVICES

After the required relief capacity of a relief valve has been
determined, the minimum orifice area required must be cal-
culated. Industry standard for orifice designation, orifice area,
valve dimensions, valve body sizes, and pressure ratings are
available. The standard orifices available — by letter designa-
tion, orifice area, and valve body size — are shown in Fig. 5-7.

FIG. 5-5
Pilot Operated Relief Valve
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FIG. 5-6

O-Ring Seals
Conventional and Bellow Valves
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In addition to the standard sizes, many relief valves are
manufactured with orifice areas smaller than "D", and some
pilot-operated relief valves contain orifice areas larger than
"T." Manufacturers should be contacted for information on
non-standard sizes.

The set pressure and the overpressure allowed must be
within the limits permitted by the applicable codes. System
analysis must include downstream piping. For instance, con-
sider the use of a relief valve made for a vessel with a maxi-
mum allowable working pressure of 100 psig. The relief valve
set pressure is 100 psig, and the maximum allowable over-
pressure is 10% (10 psig). The vessel pressure when relieving
must be limited to 110 psig (100 psig set pressure plus 10 psi
maximum overpressure). Pressure buildup downstream of the
relief valve should never cause the vessel pressure to exceed
the maximum allowable overpressure.

Sizing for Gas or Vapor Relief

The rate of flow through a relief valve nozzle is dependent
on the absolute upstream pressure (as indicated in Eq 5-1,
Eq 5-2, and Eq 5-3) and is independent of the downstream
pressure as long as the downstream pressure is less than the
critical-flow pressure.® However, when the downstream pres-
sure is increased above the critical flow pressure, the flow
through the relief valve is materially reduced (e.g., when the

downstream pressure equals the upstream pressure, there is
no flow).

The critical-flow pressure, Pcr, may be estimated by the per-
fect gas relationship shown in Eq 5-5.

As a rule of thumb if the downstream pressure at the relief
valve is greater than one-half of the valve inlet pressure (both
pressures in absolute units), then the relief valve nozzle will
experience subcritical flow.

Critical Flow — Safety valves in gas or vapor service may
be sized by use of one of these equations:

WV (T) @)

A= Eq 5-1
(C1) (Ko (P (Ky) (Ko 7MW

A = 1632) (C1) (Ka) (Py) (Ky) (KD Eq5-2

k1 Eq5:3

C; = 520 kgﬁ_—lgk—l

C; and K}, can be obtained from Figs. 5-8,5-9,5-10, and 5-11.
For final design, K should be obtained from the valve
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FIG. 5-7

Relief Valve Designations

Orifice Orifice

103.226 16.0

167.742 26.0

| Gad
D 0.710 0.110 . . .
. | E 1.265 0.196 . . .
g| F 1.981 0.307 . . .
£l 3.245 0.503 . . .
Z | H 5.065 0.785 . .
S g | 8303 1.287 . . .
gfg K | 11.858 1.838 .
S| L | 18406 2.853 . .
T | M | 232% 3.60 .
"% N | 28.000 4.34 .
& | p | 41161 6.38 .
Q | 71290 11.05 .
R
T

in. 1x2 1656x2 | 1.6x25 | 15x3

2x3 2.5 x4 3 x4 4%x6 6x8 6 %10 8x10

mm 25 x 50 38 x 50 38 x 62 38 x 75

50 x75 | 38x100 | 75 x 100 | 100 x 150 | 150 x 200 | 150 x 250 | 200 x 250

Valve Body Size (Inlet Diameter x Outlet Diameter)

manufacturer. A value for K of 0.975 may be used for prelimi-
nary sizing.

Subcritical Flow — For downstream pressures, P, in
excess of the critical-flow pressure, Pcr, the relief valve orifice
area can be calculated from

WVZT,
A = — Eq 54
(735) (F2) (K) VMW (Py) (P, - Py)
Fyis taken from Fig. 5-12.
k

1

02 [k-
Per = Py a{_D Eq 5-5
+1
0

Balanced pressure relief valves should be sized using Eq. 5-1
or Eq. 5-2 and the back pressure correction factor supplied by
the valve manufacturer.

Sizing for Steam Relief

Safety-relief valves in steam service are sized by a modifi-
cation of Napier’s steam flow formula. Valve manufacturers
can supply saturated steam capacity tables. A correction fac-
tor, Ky, must be applied for safety valves in superheated steam
service.

For safety-relief valves in steam service, the required area
may be estimated from the following equations from the
ASME Code:

(For ASME Section VIII)
A= w
(51.5) (P1) (Kan) (Ka) (Ko) (Kn) (Ky)

_0.1906 P;—1000
~0.2292 P;-1061

Eq 5-6

K, Eq 5-7

where P; > 1500 psia and < = 3200 psia.

See Fig. 5-13 for superheat correction factors. For saturated
steam at any pressure, Ky, = 1.0.

5-8

Sizing for Liquid Relief

Turbulent Flow — Conventional and balanced bellows
relief valves in liquid service may be sized by use of Eq 5-8.
Pilot-operated relief valves should be used in liquid service

FIG. 5-8

Values of Coefficient C16

k C,

0.4 216.9274
0.5 238.8252
0.6 257.7858
0.7 274.5192
0.8 289.494

0.9 303.0392
1.0 315.37*

1.1 326.7473
1.2 337.2362
1.3 346.9764
14 356.0604
1.5 364.5641
1.6 372.5513
1.7 380.0755
1.8 387.1823
1.9 393.9112
2.0 400.2962
2.1 406.3669
2.2 412.1494

*Interpolated values, since C1 becomes indeterminate as k approaches 1.00
Note: Calculated from Eq. 5-3.




FIG. 5-9
Values of C; for Gases

Mol mass k C1 Mol mass k Ci1
Acetylene 26 1.28 345 Hydrochloric acid 36.5 1.40 356
Air 29 1.40 356 Hydrogen 2 1.40 356
Ammonia 17 1.33 351 Hydrogen sulfide 34 1.32 348
Argon 40 1.66 377 Iso-butane 58 1.11 328
Benzene 78 1.10 327 Methane 16 1.30 346
Carbon disulfide 76 1.21 338 Methyl alcohol 32 1.20 337
Carbon dioxide 44 1.28 345 Methyl chloride 50.5 1.20 337
Carbon monoxide 28 1.40 356 N-butane 58 1.11 328
Chlorine 71 1.36 352 Natural gas 19 1.27 345
Cyclohexane 84 1.08 324 Nitrogen 28 1.40 356
Ethane 30 1.22 339 Oxygen 32 1.40 356
Ethylene 28 1.20 337 Pentane 72 1.09 325
Helium 4 1.66 377 Propane 44 1.14 331
Hexane 86 1.08 324 Sulfur dioxide 64 1.26 342
FIG. 5-10

Constant Back Pressure Sizing Factor, Ky, for Conventional Safety-Relief Valves (Vapors and Gases Only)6

Example:

CAPACITY WITH BACK PRESSURE
RATED CAPACITY WITHOUT BACK PRESSURE

Kp =

0 é&
S S S [ N N N I -
0.8 /,) & 1,\\
06 -1 ;,éﬁ N
k=15 11— l‘g
k=17
0.0 B
po:
Jin
0.2 4
[
|
T
0 |
O 10 20 30 40 50 60 70 80 90 100
% ABSOLUTE BACK PRESSURE = BACK PRESSURE, PSIA (100) =r (100)

Set pressure (MAWP)

Superimposed back pressure

Spring set

Built-up back pressure

Percent absolute back pressure

Follow dotted line — Ky

Capacity with back pressure

= D—
(100 +10 + 14.7) 7

SET PRESSURE + OVERPRESSURE, PSIA

100 pounds per square inch gauge
70 pounds per square inch gauge
30 pounds per square inch
10 pounds per square inch

0(70+10+14.7) O
( ) 0(100) = 76 percent

0.89 (from curve)

(0.89)(rated capacity without back pressure)

Note: This chart is typical and suitable for use only when the make of valve or the actual critical-flow pressure point for the vapor or gas
is unknown; otherwise, the valve manufacturer should be consulted for specific data.

Courtesy American Petroleum Institute




FIG. 5-11

Variable or Constant Back-Pressure Sizing Factor, Ky, for Balanced Bellows Safety-Relief Valves (Vapors and Gases)6

1.00

|| eSS ORE

/Oo

0.90

—

0.80

0.70

N

o
o
o

CAPACITY WITH BACK PRESSURE
RATED CAPACITY WITHOUT BACK PRESSURE

0o 5 10 15 20

% GAUGE PRESSURE =

factor.

25 30 35 40 45 50
BACK PRESSURE, PSIG

Note: The above curves represent a compromise of the values recommended by a number of relief valve manufacturers and may be used when the make of valve
or the actual critical-flow pressure point for the vapor or gas is unknown. When the make is known, the manufacturer should be consulted for the correction

These curves are for set pressures of 50 pounds per square inch gauge and above. They are limited to back pressure below critical-flow pressure for a given
set pressure. For subcritical-flow back pressures below 50 pounds per square inch gauge, the manufacturer must be consulted for the values of K.

SET PRESSURE, PSIG (100)

Courtesy American Petroleum Institute

only when the manufacturer has approved the specific appli-
cation.

A= (gpm) VG
(38) (Ka) (Ko) (Kv) (Kv) V (P; - Py)
Laminar Flow — For liquid flow with Reynolds numbers
less than 4,000, the valve should be sized first with K, = 1 in
order to obtain a preliminary required discharge area, A. From
manufacturer standard orifice sizes, the next larger orifice
size, A’, should be used in determining the Reynolds number,
Re, from either of these relationships:

(gpm) (2,800) (G)
HVA!

Eq5-8

Re = Eq 5-9

(12,700) (gpm)
Hs VA'

Re = Eq 5-10

After the Reynolds number is determined, the factor K, is
obtained from Fig. 5-15. Divide the preliminary area (A') by
K, to obtain an area corrected for viscosity. If the corrected
area exceeds the standard orifice area chosen, repeat the pro-
cedure using the next larger standard orifice.

Sizing for Thermal Relief

The following may be used to approximate relieving rates of
liquids expanded by thermal forces where no vapor is gener-
ated at relief valve setting and maximum temperature.’®
These calculations assume the liquid is non-compressible.

B) Q)
500 (G) (S)

Coefficients for this equation may be found in Fig. 23-2.

gpm = Eq 5-11

Typical values of the liquid expansion coefficient, B, at 60°F
are:

API Gravity Specific Gravity B, 1/°F
Water 1.000 0.0001
3-34.9 1.052 - 0.850 0.0004
35-50.9 0.850 - 0.775 0.0005
51-63.9 0.775 - 0.724 0.0006
64 -78.9 0.724 - 0.672 0.0007
79 - 88.9 0.672 - 0.642 0.0008

89-93.9 0.642 - 0.628 0.00085
94 - 100 0.628 - 0.611 0.0009
n-Butane 0.584 0.0011
Isobutane 0.563 0.0012
Propane 0.507 0.0016

For atmospheric conditions, such as solar radiation, the sur-
face area of the item or line in question should be calculated.
Solar radiation should be determined for the geographic area
[typically 250-330 Btu/(hr - sq ft)] and applied to the surface
area to approximate Q (Btu/hr).

When the flow rate is calculated, the necessary area for re-
lief may be found from the turbulent liquid flow equations.

5-10



Sizing for Mixed Phase Relief

When a safety relief valve must relieve a liquid and gas, it
may be sized by:

¢ Determining the rate of gas and the rate of liquid that
must be relieved.

¢ Calculating the orifice area required to relieve the gas as
previously outlined.

¢ Calculating the orifice area required to relieve the liquid
as previously outlined.

¢ Summing total areas calculated for liquid and vapor to
obtain the total required orifice area.

When the material to be relieved through a safety valve is
a flashing liquid, it is difficult to know what percentage of the
flashing actually occurs in the valve in order to estimate the
total required orifice area using the above four steps. A con-
servative approach is to assume an isenthalpic expansion and
that all the vapor is formed in the valve. Then, using enthalpy
values, calculate the amount of vapor formed using Eq 5-12.
Once the amounts of vapor and liquid assumed present in the
valve are determined, the total required orifice area can be
calculated.

Ohyy - hre O
12 5100) Eq5-12

Weight Percent Flashing=
hez —hre g

The above sizing method for mixed flows and flashing lig-
uids assumes sonic velocity does not exist. For sizing near

sonic conditions where maximum flow may occur, use the
method of Fauske” for sizing. API 520 Part 1 Appendix D pre-
sents a more rigorous method for two phase liquid vapor relief.

Sizing for Fire

The method of calculating the relief rate for fire sizing may
be obtained from API RP 521!, API Standard 25108, NFPA 58°,
and possibly other local codes or standards. Each of these ref-
erences approach the problem in a slightly different manner.

Many systems requiring fire relief will contain liquids
and/or liquids in equilibrium with vapor. Fire relief capacity
in this situation is equal to the amount of vaporized liquid
generated from the heat energy released from the fire and ab-
sorbed by the liquid containing vessel. The most difficult part
of this procedure is the determination of heat absorbed.

NFPA 58 applies to LP-gas (propane and butane) systems.
It presents the relief capacity requirements for vessels in
terms of the rate of discharge of air, Q,, and area of the vessel
according to the equation:

Q. = (53.632) (A)™* Eq 5-13

This relief capacity is at 120 percent of maximum allowable
working pressure (20% overpressure is permissible for fire
only).

After determination of Q,, the required relief valve nozzle
size is calculated using Eq 5-2 with the appropriate properties
of air.

FIG. 5-12
Values of F for Subcritical Flow®
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API RP 521, applies to refineries and process plants. It ex-
presses relief requirements in terms of heat input from the fire
to the vessel where adequate drainage and fire fighting equip-
ment exist.

Q = (21,000) (F) (A,)"%? Eq 5-14

The F factor in equation 5-14 is determined from Fig. 5-16.
A, in equation 5-14 is the total wetted surface, in square feet.
Wetted surface is the surface wetted by liquid when the tank
is filled to the maximum operating level. It includes at least
that portion of a tank within a height of 25 feet above grade.
In the case of spheres and spheroids, the term applies to that
portion of the tank up to the elevation of its maximum hori-
zontal diameter or a height of 25 feet, whichever is greater.
Grade usually refers to ground grade but may be any level at
which a sizable area of exposed flammable liquid is present.

The amount of vapor generated is calculated from the latent
heat of the material at the relieving pressure of the valve. For
fire relief only, this may be calculated at 121% of maximum
allowable working pressure. All other conditions must be cal-
culated at 110% of maximum allowable working pressure for
single relief devices. When the latent heat is determined, re-
quired relieving capacity may be found by:

The value W is used to size the relief valve orifice using Eq 5-1
or Eq 5-4.

The latent heat of pure and some mixed paraffin hydrocar-
bon materials may be estimated using Fig. 12 of API RP 520°.
Latent heat data may also be obtained by performing flash
calculations. Mixed hydrocarbons will boil over a temperature
range depending on the liquid composition; therefore, consid-
eration must be given to the condition which will cause the
largest vapor generation requirements due to the heat input
of a fire. Precise unsteady state calculations are seldom nec-
essary.

The latent heat will approach a minimum value near the
critical. When no better information is available, a conserva-
tive minimum value of 50 Btu/lb is typically used.

For vessels containing only vapor, API RP 520 has recom-
mended the following equation for determining required relief
area based on fire:

_ () (A9

A 7P,

Eq 5-16

F' may be read from Fig. 5-17.

When a vessel is subjected to fire temperatures, the result-
ing metal temperature may greatly reduce the pressure rating

W =Q/H, Eq 5-15 of the vessel. Design for this situation should consider an
FIG. 5-13
Superheat Correction Factors for Safety Valves in Steam Service®
Total Temperature Superheated Steam, °F
Set Pressure 300 | 400 | 500 600 | 700 | 800 | 900 | 1000 1100 1200
psig
Correction Factor, Ksh
15 1 0.98 0.93 0.88 0.84 0.8 0.77 0.74 0.72 0.7
20 1 0.98 0.93 0.88 0.84 0.8 0.77 0.74 0.72 0.7
40 1 0.99 0.93 0.88 0.84 0.81 0.77 0.74 0.72 0.7
60 1 0.99 0.93 0.88 0.84 0.81 0.77 0.75 0.72 0.7
80 1 0.99 0.94 0.88 0.84 0.81 0.77 0.75 0.72 0.7
100 1 0.99 0.94 0.89 0.84 0.81 0.77 0.75 0.72 0.7
120 1 0.99 0.94 0.89 0.84 0.81 0.78 0.75 0.72 0.7
140 1 0.99 0.94 0.89 0.85 0.81 0.78 0.75 0.72 0.7
160 1 0.99 0.94 0.89 0.85 0.81 0.78 0.75 0.72 0.7
180 1 0.99 0.94 0.89 0.85 0.81 0.78 0.75 0.72 0.7
200 1 0.99 0.95 0.89 0.85 0.81 0.78 0.75 0.72 0.7
220 1 0.99 0.95 0.89 0.85 0.81 0.78 0.75 0.72 0.7
240 1 0.95 0.9 0.85 0.81 0.78 0.75 0.72 0.7
260 1 0.95 0.9 0.85 0.81 0.78 0.75 0.72 0.7
280 1 0.96 0.9 0.85 0.81 0.78 0.75 0.72 0.7
300 1 0.96 0.9 0.85 0.81 0.78 0.75 0.72 0.7
350 1 0.96 0.9 0.86 0.82 0.78 0.75 0.72 0.7
400 1 0.96 091 0.86 0.82 0.78 0.75 0.72 0.7
500 1 0.96 0.92 0.86 0.82 0.78 0.75 0.73 0.7
600 1 0.97 0.92 0.87 0.82 0.79 0.75 0.73 0.7
800 1 0.95 0.88 0.83 0.79 0.76 0.73 0.7
1000 1 0.96 0.89 0.84 0.78 0.76 0.73 0.71
1250 1 0.97 0.91 0.85 0.8 0.77 0.74 0.71
1500 1 0.93 0.86 0.81 0.77 0.74 0.71
1750 1 0.94 0.86 0.81 0.77 0.73 0.7
2000 1 0.95 0.86 0.8 0.76 0.72 0.69
2500 1 0.95 0.85 0.78 0.73 0.69 0.66
3000 1 0.82 0.74 0.69 0.65 0.62
Courtesy American Petroleum Institute
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FIG. 5-14

Variable or Constant Back-Pressure Sizing Factor Ky on
Balanced Bellows Safety-Relief Valves (Liquids OnIy)6
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0.60
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0.50
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Back Pressure, psi
% Gauge Back Pressure = P .g (100)
Set Pressure, psig

Note: The above curve represents a compromise of the values recommended
by a number of relief-valve manufacturers. This curve may be used when
the make of the valve is not known. When the make is known, the manu-
facturer should be consulted for the correction factor.

Courtesy American Petroleum Institute

emergency depressuring system or a water spray system to
keep metal temperatures cooler. A discussion on vapor depres-
suring may be found in API RP 521, paragraph 3.19. For ad-
ditional discussion on temperatures and flowrates due to
depressurization and fires refer to Reference 15.

RELIEF VALVE INSTALLATION

Relief valve installation requires careful consideration of in-
let piping, pressure sensing lines (where used), and startup
procedures. Poor installation may render the safety relief
valve inoperable or severely restrict the valve’s relieving ca-
pacity. Either condition compromises the safety of the facility.
Many relief valve installations have block valves before and
after the relief valve for in-service testing or removal; however,
these block valves must be sealed or locked opened.

Inlet Piping

The proper design of inlet piping to safety relief valves is
extremely important. Relief valves should not be installed at
physically convenient locations unless inlet pressure losses
are given careful consideration. The ideal location is the direct
connection to protected equipment to minimize inlet losses.
API RP 521, Part II recommends a maximum inlet pressure
loss to a relief valve of three percent of set pressure. This is
also an ASME Code requirement. This pressure loss shall be
the total of the inlet loss, line loss, and the block valve loss (if
used). The loss should be calculated using the maximum rated
flow through the safety relief valve.

Discharge Piping

An adequate discharge pipe size for direct spring oper-
ated valves is critical. Improperly sized, it may cause valve
failure. Pressure losses may occur in discharge headers
causing excessive back pressure and excessive back pres-
sure may cause the relief valve to close. When the valve
closes, the back pressure in the discharge header decreases,

FIG. 5-15
Capacity Correction Factor Due to Viscosity
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FIG. 5-16

Environmental Factors®

Environment F Factor
Bare metal vessel 1.0
Insulation thickness: *°
(inches)
1 0.30
2 0.15
4 0.075
6 0.05
8 0.037
10 0.03
12 or more® 0.025
Concrete thickness, in inches Double above F factor
for equal thickness.
Water-application facilities? 1.0
Depressuring and emptying facilities® 1.0
Underground storage 0.0
Earth-covered storage above grade 0.03

Notes:

# To take credit for reduced heat input, the insulation shall resist dislodg-
ment by fire-hose stream, shall be noncombustible, and shall not decompose
at temperatures up to 1,000 degrees Fahrenheit. Ifinsulation does not meet
these criteria, the environmental F factor for a bare vessel should be used.

b These factors are based on an arbitrary thermal conductivity value of 4
British thermal units per hour per square foot per degree Fahrenheit per
inch of insulation and a temperature differential of 1,600 degrees Fahren-
heit when using a heat input value of 21,000 British thermal units per hour
per square foot in accordance with conditions assumed in API RP 520.
Where these conditions do not exist, engineering judgment should be exer-
cised either in selecting a higher F factor or in providing other means of
protecting tanks from fire exposure.

¢ The insulation credit is arbitrarily limited to the F factor shown for 12
inches of insulation even though greater thickness may be used. A further
credit, if taken, would result in a relieving device size which would be im-
practically small but may be used if warranted by design considerations.

dWater films covering the metal surfaces can, under ideal conditions, absorb
substantially all incident radiation. However, the reliability of effective
water application is dependent upon many factors. Freezing weather, high
winds, clogging of system, unreliability of water supply, and tank surface
conditions are a few factors which may prevent adequate or uniform water
coverage. Because of these uncertainties, the use of an environment F factor
other than 1.0 for water spray is generally not used.

¢ Depressuring devices may be used, but no credit for their use should be
allowed in sizing pressure relief valves for fire exposure.

Courtesy American Petroleum Institute

andthevalvere-opens.Rapidcyclingcanoccurasthisprocess
is repeated. In addition, set pressure of other conventional
valves connected to the same discharge system may be ad-
verselyaffectedbysuchexcessivebackpressure.SeeFig.5-18.

Lift and set pressures of pilot operated relief valves with
the pilot vented to the atmosphere are not affected by back
pressure; however, if the discharge pressure can exceed the
inlet pressure (e.g., tanks storing low vapor pressure mate-
rial), a back-flow preventer (vacuum block) must be used.

Balanced relief valve set pressure will not be as signifi-
cantly affected by back pressure as direct spring operated
valves. Balanced relief valves will suffer reduced lift as back

5-14

pressureincreases. Thisis shownin application of the K, fac-
tor for balanced valves (Fig. 5-11).

The valve relieving capacity of any relief valve is restricted
by back pressure if the discharge pressure exceeds the criti-
cal-flow pressure.

Discharge piping must be at least the same size as the valve
outlet but is generally larger in diameter than the valve outlet
size to limit back pressure.

A useful article on the sensitivity of relief valves to proper
inlet and outlet piping design has been published by Van
Boskirk.!?

Reactive Force

On high pressure valves, the reactive forces during relief are
substantial and external bracing may be required. See equa-
tions in API RP 520 for computing this force.

Rapid Cycling

Rapid cycling can occur when the pressure at the valve inlet
decreases at the start of relief valve flow because of excessive
pressure loss in the piping to the valve. Under these
conditions, the valve will cycle at a rapid rate which is referred
to as "chattering." The valve responds to the pressure at its
inlet. If the pressure decreases during flow below the valve
reseat point, the valve will close; however, as soon as the flow
stops, the inlet pipe pressure loss becomes zero and the pres-
sure at the valve inlet rises to tank pressure once again. If the
vessel pressure is still equal to or greater than the relief valve
set pressure, the valve will open and close again. The inlet
pressure loss should be limited to 3%.

An oversized relief valve may also chatter since the valve
may quickly relieve enough contained fluid to allow the vessel
pressure to momentarily fall back to below set pressure only
to rapidly increase again. Rapid cycling reduces capacity and
is destructive to the valve seat in addition to subjecting all the
moving parts in the valve to excessive wear. Excessive back
pressure can also cause rapid cycling as discussed above.

Resonant Chatter

Resonant chatter can occur with safety valves when the inlet
piping produces excessive pressure losses at the valve inlet
and the natural acoustical frequency of the inlet piping ap-
proaches the natural mechanical frequency of the valve’s basic
moving parts. The higher the set pressure, the larger the valve
size, or the greater the inlet pipe pressure loss, the more likely
resonant chatter will occur. Resonant chatter is uncon-
trollable; that is, once started it cannot be stopped unless the
pressure is removed from the valve inlet. In actual application,
however, the valve can self-destruct before a shutdown can
take place because of the very large magnitude of the impact
forces involved.

Seat Leakage of Relief Valves

Seat leakage is specified for conventional direct spring op-
erated metal-to-metal seated valves by API RP 527. The im-
portant factor in understanding the allowable seat leak is that
it is stated at 90% of set point. Therefore, unless special seat
lapping is specified or soft seat designs used, a valve operating
with a 10% differential between operating and set pressures
may be expected to leak.

There are no industry standards for soft seated valves. Gen-
erally leakage is not expected if the valve operates for one
minute at 90% of set pressure and, in some cases, no leakage



at 95%, or even higher. Longer time intervals could promote Depending on plot plan, the range of equipment design pres-

leakage. Application of soft seated valves is limited by operat- sures, desirability of isolating certain streams, etc., it may
ing temperatures. Manufacturer guidelines should be con- prove desirable to provide two or more flare systems, such as
sulted. separation of high pressure and low pressure headers. Other

factors influencing this decision include stream temperatures,
compositions, quantities, and economics.

RELIEF SYSTEM PIPING DESIGN Load Determination
. The maximum relief load anticipated for each relief system
Grouping of Systems may be determined by tabulating the relief loads discharging
. . . to each header system at the conditions expected to exist in
Itis not unusual to relieve non-flammable and non-toxicma-  the system. For further discussion, see Section 5.2 of API RP

terials, such as air, steam, carbon dioxide, and water directly 591.
to the atmosphere. To protect personnel, precautions need to

be taken in venting hot, cold, or high pressure materials. Back Pressure Consideration

In certain cases, hydrocarbon relief vapor streams may be After load determination, it is necessary to decide on the
discharged to the atmosphere. However, the decision to dis- location of the flares, and size of the headers and flare lines.
charge hydrocarbons or other flammable or hazardous vapors Location and height of the flares must consider radiation heat
to the atmosphere must ensure that disposal can be accom- and emissions. This will involve fixing the maximum back
plished without creating a hazard, such as formation of flam- pressure for the system and choosing between conventional,
mable mixtures at grade level or on elevated structures, pilot operated, or balanced safety valves for the various relief
exposure of personnel to toxic or suffocating atmosphere, igni- stations. Factors which tend to justify balanced valves are a
tion of relief streams at the point of emission, excessive noise potential for high flare header back pressure and economic
levels, corrosion, or air pollution. line sizing criteria.

FIG. 5-17

Relief-Valve Factors for Noninsulated Vessels in Gas Service Exposed to Open Fires®

Notes:

1. Fig. 5-9 gives k values for some gases; for others, the values can be determined from the properties of gases as presented in any acceptable reference work.
2. These curves are for vessels of carbon steel.

00.1406 OO AT O

IIID CiKa BDETlo.fisoe E

4. The curves are drawn using 1,100 degrees Fahrenheit as the vessel wall temperature. This value is a recommended maximum temperature for the usual
carbon steel plate materials whose physical properties at temperatures in excess of 1,100 degrees Fahrenheit show signs of undesirable tendencies. Where
vessels are fabricated from alloy materials, the value for Tw should be changed to a more proper recommended maximum.

3. These curves conform to the relationship F' =

It is recommended that the minimum value of F' = 0.01 (when it is unknown use 0.045).
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FIG. 5-18

Typical Effects of Variable Back Pressure on Capacity of
Conventional Safety-Relief Valves®
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Sizing Methods

Line sizing for flare headers and relieflines requires the use
of compressible flow equations. Computer programs are avail-
able for use in sizing flare headers. A calculation method is
outlined below:

1. Start at the flare tip, where the outlet pressure is atmos-
pheric, use design flows and work toward the individual
relief valves (pressure drop across the tip will vary with
make — check with the manufacturer). Typical tip drop
is 55" water (see Eq 5-24). Flare tip velocity can vary from
Mach 0.2 for open pipe flares to Mach 0.5 or greater for
engineered flare tips and wind shields. Pressure drop
through seals must also be included.

Establish equivalent pipe lengths between points in the
system and establish losses through fittings, expansion,
and contraction losses.

Limit the maximum allowed velocity at any part of the
flare system to Mach 0.7 (average velocity of Mach 0.4 is
recommended).

Estimate properties of gases in the headers from the fol-
lowing mixture relationships (i indicates the ith compo-
nent).

MW = W/ 2 (W/MW);
T = ZWT/ZW;

Eq 5-17
Eq 5-18

Ho= Zx; W (MW x; (MW ){? Eq 5-19

Calculate the inlet pressure for each section of the line
by adding the calculated pressure drop for that section
to the known outlet pressure.

5.

Calculate sections of pipe individually using the inlet
pressure of a calculated section as the outlet pressure for
the new section.

Continue calculations, working towards the relief valve.
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Check calculated back pressure at the relief valve
against the maximum allowable back pressure (MABP).
The calculated back pressure should be less than the
MABP.

. Limit the MABP to about 40% of the set pressure for
balanced-bellows relief valves (consult valve manufac-
turer), and 10% of the set pressure for conventional relief
valves.

10. Adjust line size of headers until the calculated back pres-
sure does not exceed the MABP for each valve in the sys-

tem.

The method outlined above employs sizing equations which
assume isothermal flow in the flare header. This is adequate
for most uses; however, if the actual flow condition differs
greatly from isothermal, the use of more complex equations
and methods is required to predict pressure and temperature
profiles for the headers.

The choice of piping material other than carbon steel may
be dictated by temperatures and pressures in some parts of
the flare system. Flare systems relieving fluids that produce
cryogenic temperatures may require special metallurgy.

KNOCKOUT DRUMS

Gas streams from reliefs are frequently at or near their dew
point, where condensation may occur. A knockout drum is usu-
ally provided near the flare base, and serves to recover liquid
hydrocarbons, prevent liquid slugs, and remove large (300-600
micron diameter) liquid particles. The knockout drum reduces
hazards caused by burning liquid that could escape from the
flare stack. All flare lines should be sloped toward the knock-
out drum to permit condensed liquid to drain into the drum
for removal. Liquid traps in flare lines should be avoided. If
liquid traps are unavoidable, a method for liquid removal
should be provided. The locating of the flare knockout drum
also needs to take into account radiation effect from the burn-
ing flare.

A seal may be provided in the flare system between the
knockout drum and the flaretip to prevent flashbacks. For
added safety, a small amount of fuel gas may be used to con-
tinuously purge the system and eliminate the entrance of air
(oxygen).

Sizing
The diameter of a vertical knockout drum can be calculated

from the maximum allowable vapor velocity using the follow-
ing equation:

D) (°z. =Pv)

Uq = (1.15) ) ©

Eq 5-20

This equation may be used to calculate the allowable velocity
based on a particle size of 300 to 600 microns (0.001 to 0.002
ft). The value of C in Eq 5-20 is determined using Fig. 5-19.
API RP 521 is a common reference for designing flare knock-
out drums.

FLARE SYSTEMS

Sizing and safety in designing a flare facility involve consid-
eration of thermal radiation, explosion hazards, liquid carry-
over, noise, and ground level concentration of toxic material.



Types
Flares can be classified as:

1. Pipe Flares — Vertical or horizontal pipes with external
ignition pilot.

2. Smokeless Flares — Vertical, single, or multiple burners
designed to properly mix adequate oxygen from the air
with relieved vapors for complete combustion.

3. Endothermic Flares — Elevated incinerators for low
heat content streams.

Pipe Flares — This type of flare is used for hydrocarbon
vapor streams such as methane, hydrogen, and carbon mon-
oxide which produce limited smoke when burned. Heavier hy-
drocarbons may be burned but with smoking. Velocity for
"open-pipe" flares should be limited to Mach 0.4 to minimize
flame lift-off.

Smokeless Flares — Smokeless flares are used for
smokeless disposal of hydrocarbon streams. These flares use
a variety of methods such as steam, high pressure fuel gas,
water spray, an air blower, or high velocity vortex action to mix
air with the gas.

Fired or Endothermic Flares — These flares are a
form of elevated incinerator for use on low heat waste streams,
such as sulfur plant tail gas. When the heat content of the
waste stream is below 115 Btu/scf, a fired flare with a high
energy assist gas may be required for complete combustion.

Thermal Radiation

Thermal radiation is a prime concern in flare design and loca-
tion. Thermal radiation calculations must be done to avoid dan-

gerous exposure to personnel, equipment, and the surround-
ing area (trees, grass). The following calculation procedure is
a convenient means to find the height of the flare stack and
the intensity of radiation at different locations. For flares with
a smokeless capacity exceeding approximately 10 percent,
methods which account for gas composition, mixing, and
smoke as presented in API 521 or as summarized in reference
14 should be used. Flare vendors should be consulted for large
flowrates or when smokeless requirements exceed approxi-
mately 10 percent. Calculations given by API 521 or other
methods may yield different answers.

Spherical Radiation Intensity Formula:
1 = (W) (NHV) (¢)

Eq 5-21
41 (R? 1

This equation has been found to be accurate for distances as
close to the flame as one flame length.

Equation 5-21is valid so long as the proper value of fraction
of heat radiated, ¢, is inserted. Classically, € has been consid-
ered a fuel property alone. Brzustowski et al.’? experimentally
observed a dependence of € on jet exit velocity. Other authors
have presented models that consider the carbon particle con-
centration in the flame. The fraction of heat radiated is a
function of many variables including gas composition, tip di-
ameter, flare burner design, flowrate and velocity, flame tem-
perature, air-fuel mixing, and steam or air injection; therefore
a flare supplier should be consulted to determine the specific
values for a given application. A list of vendor recommended

FIG. 5-19
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FIG. 5-20

Fraction of Heat Radiated Values for Flared Gases

Carbon Monoxide 0.075
Hydrogen 0.075
Hydrogen Sulfide 0.070
Ammonia 0.070
Methane 0.10
Propane 0.11
Butane 0.12
Ethylene 0.12
Propylene 0.13
The maximum value of € for any gas is 0.13.

fraction of heat radiated values for the most frequently flared
gases is shown in Fig. 5-20.

To calculate the intensity of radiation at different locations,
it is necessary to determine the length of the flame and its
angle in relation to the stack (see Fig. 5-21). A convenient ex-
pression to estimate length of flame, L, is shown below, based
on information from equipment suppliers.

Ly = (10) (d) A / E5T5W Eq 5-22
or from API RP 521,
Le = 3.94 [(Q,) (107%™ Eq 5-23

For conventional (open pipe) flares, an estimate of total flare
pressure drop is 1.5 velocity heads based on nominal flare tip
diameter. The pressure drop equivalent to 1 velocity head is
given by:

(27.7) p V?
(2 80 (144)

pV?
344.8

Eq 5-24

w =

APy, is the pressure drop at the tip in inches of water. After
determining tip diameter, d, using Eq 5-25, and the maximum
required relieving capacity, flame length for conditions other
than maximum flow can be calculated using Eq 5-22 and Eq
5-24.

Common practice is to use tip velocities of up to Mach 0.5
for short term emergency flows and Mach 0.2 for maximum
continuous flowing.

= o5
B -\/ 1.702.10°. W OZ.T O
d = ( P, « M E‘MWE .12 Eq 5-25
Sonic velocity of a gas is given by:
_ =T
a = 223 ; 7 k MW Eq 5-26

The center of the flame is assumed to be located at a distance
equal to 1/3 the length of the flame from the tip.

The angle of the flame results from the vectorial addition of
the velocity of the wind and the gas exit velocity.
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1 VO
B = tan’ IZ"V_WEI Eq 5-27
[Mex[
AP
Ve = 5507 55 Eq 5-28

Note: API gives a greater lean angle

The coordinates of the flame center with respect to the tip
are:

X, = (L¢/ 3) (sin )
Y. = (L¢/3) (cos 6)

Eq 5-29
Eq 5-30

The distance from any point on the ground level to the center
of the flame is:

R = V(X -X)7+(H, +Y,)?

Equations 5-21 and 5-31 allow radiation to be calculated at
any location.

Eq 5-31

The stack height results from considering the worst position
vertically below the center of the flame for a given condition
of gas flow and wind velocities (see Fig. 5-21).

R? = (H, +Y.)? Eq 5-32
R = (Hi+Yy) Eq 5-33
Hy, = R-Yo Eq 5-34
H, = R-[(L¢/3) (cos 0)] Eq 5-35

This method assumes that for different wind velocities the
length of the flame remains constant. In reality this is not true.

FIG. 5-21

Dimensional References for Sizing a Flare Stack
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When the wind blows at more than 60 miles per hour, the flame
tends to shorten. For practical design, this effect is neglected.

The radiation levels commonly used for designs are:
(These do not include solar heat.)

5000 Btu/(hr -
3000 Btu/(hr -
2000 Btu/(hr -
1500 Btu/(hr .

sq ft)
sq ft)
sq ft)
sq ft)

For equipment protection
Personnel, few seconds escape only
Personnel, one minute exposure

Personnel, several minutes short
exposure

Personnel, continuous exposure 500 Btu/(hr . sq ft)

Equipment protection should be evaluated on a case by
case basis, as various pieces of equipment have different
protection needs.

Solar radiation adds to the calculated flame radiation and
is dependent upon specific atmospheric conditions and site lo-
cation. A typical design range is 250 to 330 Btu/(hr . sqft).

The cooling effect of fluids flowing inside piping, along with
wind cooling, can be used to reduce thermal radiation effects.

Smokeless Operation

Most smokeless flares utilize outside motive forces to pro-
duce efficient gas/air mixing and turbulence from the momen-
tum transferred by the high velocities of the external motive
jet streams (steam, fuel, gas, etc.). The assist medium mass
requirements are low for steam and fuel gas because of their
high velocity relative to the flare gas. Typical values for steam
or fuel gas are from 0.20 to 0.50 pounds of assist gas per pound
of hydrocarbon flow.

Eq 5-35 predicts steam use for a given hydrocarbon molecu-
lar weight gas to be burned in a smokeless flare.
Wstm = Whe %).68 - %% Eq 5-36
0 0 il

The water spray and air blower methods provide necessary
mixing with low velocities and greater mass flow rates. For
water spray flares, typical water rates are 1 to 5 pounds of
water per pound of hydrocarbon. These rates are highly de-
pendent upon the method of water injection and the degree of
atomization of the water stream. Wind also has a significant
effect on water spray flares and may greatly reduce their ef-
fectiveness. The blower assisted flare uses approximately 3 to
7 pounds of air per pound of hydrocarbon to produce smokeless
operation. Forced draft from a blower assists combustion and
air/gas turbulence, assisting smokeless operation. Tip veloci-

ties up to Mach 0.5 are common.

Pilots and Ignition

Reliable pilot operation under all wind and weather condi-
tions is essential. Flaring operations are for the most part in-
termittent and non-scheduled. The flare must be instantly
available for full emergency duty to prevent any possibility of
a hazardous or environmentally offensive discharge to the at-
mosphere. Wind-shields and flame-retention devices may be
used to ensure continuous piloting under the most adverse
conditions. Most pilots are designed to operate at wind veloci-
ties of 100 miles per hour and higher.

Most flares employ a remote pilot ignition system.
Seals

An effective seal is required to prevent air from entering the
flare system and forming an explosive mixture prior to the
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designed ignition point. Refer to API RP 521 for recommended
seal methods.

Location and Regulations

Flare design must comply with local, state, and federal regu-
lations regarding pollution, noise, and location. Permits are
usually required prior to construction.

APPLICABLE CODES, STANDARDS, AND
RECOMMENDED PRACTICES

The designers of relief systems should be familiar with the
following documents related to pressure relief valves in proc-
ess plants and natural-gas systems.

ASME Codes — ASME Boiler and Pressure Vessel Code
Section I — Paragraphs PG-67 through PG-73, and Sec-
tion VIII — Paragraphs UG-125 through UG-136 and appen-
dices M and 11.

Inthe "scope", certain vessels are excluded from ASME Code
requirements, including all vessels under 15 psig operating
pressure.

ANSI Codes — ANSI B31.1 Power Piping.

ANSI B31.3 — Chemical Plant and Petroleum Refining
Piping
ANSI B31.8 — Gas Transmission & Distribution Systems.

API Publications — API RP 520 Part I, Design — This
API design manual is widely used for fire sizing of relief valves
on both liquid and gas filled vessels: (a) liquid vessels — Sec-
tion 4, 5, and 6; (b) gas-filled vessels — Appendix C.3. This RP
covers only vessels above 15 psig.

API RP 520 Part II, Installation — This includes: (a) recom-
mended piping practices, (b) calculation formulae for reactive
forces, and (c) precautions on preinstallation handling and
dirt.

API RP 521 Guide for Pressure - Relieving and Depressur-
ing Systems, September, 1982, 2nd Edition — An excellent
document on everything from causes of overpressure through
flare stacks.

API Guide for Inspection of Refinery Equipment — Chap-
ter XVI Pressure Relieving Devices — Gives (a) guide for in-
spection of record keeping, and (b) frequency of inspection,
paragraph 1602.03.

API Std. 526 — Flanged Steel Safety Relief Valves for Use
in Petroleum Refineries — Gives industry standards as to di-
mensions, pressure-temperature ratings, maximum set pres-
sures, body materials.

API Std. 527 — Commercial Seat Tightness of Safety-Relief
Valves with Metal-to-Metal Seats — Permissible leakage of
conventional and bellows valves and testing procedure.

API Std. 528 — Standard for Safety Relief Valve Nameplate
Nomenclature — Standard covering information that should
go on the nameplate of a safety relief valve.

API Std. 620 — Recommended Rules for Design and Con-
struction of Large Welded-Low-Pressure Storage Tanks —
Covers tanks at less than 15 psig. Section 6 of this document
gives recommendations on relief valve types and sizing.

API Std. 2000 — Venting Atmospheric and Low-pressure
Storage Tanks (Non-Refrigerated and Refrigerated) — Covers



tanks at less than 15 psig. Capacity requirement calculations
for both pressure and vacuum. Also fire-sizing method for low
pressure tanks.

API Std. 2508 — Design and Construction of Ethane and
Ethylene Installations at Marine and Pipeline Terminals,
Natural Gas Processing Plants, Refineries, Petrochemical
Plants, and Tank Farms — Covers the design, construction,
and location of refrigerated (including autorefrigerated) lique-
fied ethane and ethylene installations, which may be associ-
ated with one or more of the following: railroad, truck, pipeline
stations, or marine loading or unloading racks or docks.

API Std. 2510 — Design and Construction of LPG Installa-
tions at Marine and Pipeline Terminals, Natural-Gas-Process-
ing Plants, Refineries, Petrochemical Plants, and Tank Farms.

API Bulletin 2521 — Use of Pressure Vacuum Vent Valves
for Atmospheric Pressure Tanks to Reduce Evaporation Loss.

NFPA Publications — NFPA 58 and 30 — These cover
storage and handling of liquefied petroleum gases. Sec-
tion B.10 covers safety devices installation and testing.

NFPA 59 — Covers LP-gas, Utility Plants
NFPA 59A — Covers LN Gas, Storage and Handling

OSHA Publications — OSHA Title 29, Part 1910 -
Part 1910 includes handling, storage, and safety requirements
for LPG and ammonia.

CGA (Compressed Gas Association) Publica-
tions — Series of standards covering transportation, han-
dling, and storage of compressed gases including:

Pamphlet S-1.2 Safety Relief Device Standards

Part 2: Cargo and portable tanks for compressed gases.

Pamphlet S-1.3 Safety Relief Service Standards

Part 3: Compressed Gas Storage Containers.
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SECTION 6

Storage

This section provides general guidelines that will aid in the
selection of the proper type of storage to be used in a particular

application. Fig. 6-2 will assist with the selection. Various
codes, standards, and recommended practices should be used

FIG. 6-1

Nomenclature

coefficients used in Fig. 6-14

surface area, ft

ellipse minor radius, ft

vapor pressure of liquid at maximum surface
temperature, psia

vapor pressure of liquid at minimum surface
temperature, psia

cylinder diameter, ft

cylinder partial volume factor, dimensionless
head partial volume factor, dimensionless
correction factor for horizontal surfaces
depth of liquid in cylinder, ft

height of liquid, ft

height, ft

thermal conductivity, Btu/[(hr - sq ft - °F)/in.]
equilibrium constant, y/x, dimensionless
head coefficient, dimensionless

length, ft

molecular weight of component i, 1b/lb mole
number of moles of vapor

number of moles of component i

absolute pressure, psia

atmospheric pressure, psia

critical pressure, psia

reduced pressure, dimensionless

heat flow, Btu/sq ft - hr

gas constant, 10.73 psia - ft*/(R - 1b mole)
cylinder radius, ft

thermal resistance of insulation (X/k),

(hr . sq ft - °F)/Btu

temperature, °R

ambient air temperature, °F

critical temperature, °R or °F

temperature drop through surface air film, °F
hot face temperature, °F

temperature drop through insulation, °F
mean temperature of insulation, °F
maximum average temperature, °F
minimum average temperature, °F

reduced temperature, dimensionless

outside surface temperature, °F

volume, ft?

width, ft

X
X

Yi
Z
Greek

DP

MAWP

OoP

RVP

TVP

mole fraction of component i in the liquid phase
insulation thickness, in.

mole fraction of component i in the vapor phase
compressibility factor

radians

absolute internal tank pressure at which vacuum
vent opens, psia

3.14159...

required storage pressure, psia

summation

design pressure is the pressure at which the most
severe condition of coincident pressure and tem-
perature expected during normal operation is
reached. For this condition, the maximum differ-
ence in pressure between the inside and outside of
a vessel or between any two chambers of a combi-
nation unit shall be considered. (ASME Code for
Unfired Pressure Vessels, Section VIII)

maximum allowable working pressure shall be de-
fined as the maximum positive gauge pressure per-
missible at the top of a tank when in operation,
which is the basis for the pressure setting of the
safety-relieving devices on the tank. It is synony-
mous with the nominal pressure rating for the tank
as referred to in API Standards 620 and 650.
operating pressure is the pressure at which a vessel
normally operates. It shall not exceed the maxi-
mum allowable working pressure of the vessel. A
suitable margin should be allowed between the
pressure normally existing in the gas or vapor
space and the pressure at which the relief valves
are set, so as to allow for the increases in pressure
caused by variations in the temperature or gravity
of the liquid contents of the tank and other factors
affecting the pressure in the gas or vapor space.
(API Standard 620)

Reid Vapor Pressure is a vapor pressure for liquid
products as determined by ASTM test procedure D-
323. The Reid vapor pressure is defined as pounds
per sq in. at 100°F. The RVP is always less than the
true vapor pressure at 100°F.

true vapor pressure is the pressure at which the gas
and liquid in a closed container are in equilibrium
at a given temperature.
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FIG. 6-2

Storage
1 £
“Prosmareti | psigt | peigi | ' peigs | Underground

Crude Oils X X X - X
Condensate X X X X X
Oils X X - - X
Natural Gasoline X X X - X
Butanes - X Xe X X
Propane - X X X X
Raw NGLs - X X X X
Ethane - Xe Xe X X
Petrochemicals - X Xe X X
Natural Gas - - - X X
LNG - Xe Xe X -
Treating Agents X X - - -
Dehydration Fluids X X - - -
Specialty Chemicals X X X - -
Solid Materials X - - - -
Water X - - - -

* Some materials may require a slight positive pressure to exclude air, oxygen, and/or water, and conserve valuable/toxic
vapors.

1t API Standard 650 governs

1 API Standard 620 governs

§ ASME Unfired Pressure Vessel Code, Section VIII governs

° Refrigerated only

Note: Vacuum conditions may exist and must be considered in tank design. Examples: low ambient temperatures or
evacuating without relieving.

to supplement the material provided. Manufacturers should
be consulted for specific design information pertaining to a
particular type of storage.

STORAGE CLASSIFICATION
Above Ground

Atmospheric — Atmospheric pressure tanks are de-
signed and equipped for storage of contents at atmospheric
pressure. This category usually employs tanks of vertical cy-
lindrical configuration that range in size from small shop
welded to large field erected tanks. Bolted tanks, and occasion-
ally rectangular welded tanks, are also used for atmospheric
storage service.

Low Pressure (0 to 2.5 psig) — Low pressure tanks
are normally used in applications for storage of intermediates
and products that require an internal gas pressure from close
to atmospheric up to a gas pressure of 2.5 psig. The shape is
generally cylindrical with flat or dished bottoms and sloped or
domed roofs. Low pressure storage tanks are usually of welded
design. However, bolted tanks are often used for operating
pressures near atmospheric. Many refrigerated storage tanks
operate at approximately 0.5 psig.

Medium Pressure (2.5 to 15 psig) — Medium pres-
sure tanks are normally used for the storage of higher volatil-
ity intermediates and products that cannot be stored in low
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pressure tanks. The shape may be cylindrical with flat or
dished bottoms and sloped or domed roofs. Medium pressure
tanks are usually of welded design. Welded spheres may also
be used, particularly for pressures at or near 15 psig.

High Pressure (Above 15 psig) — High pressure
tanks are generally used for storage of refined products or frac-
tionated components at pressure above 15 psig. Tanks are of
welded design and may be of cylindrical or spherical configu-
ration.

Underground

Gas processing industry liquids may be stored in under-
ground, conventionally mined or solution mined caverns. No
known standard procedures are available for this type storage;
however, there are many publications and books covering the
subject in detail.

WORKING PRESSURES

A design working pressure can be determined to prevent
breathing, and thereby save standing storage losses. However,
this should not be used in lieu of any environmental regulatory
requirements regarding the design of storage tanks. The envi-
ronmental regulatory requirements for the specific location
should be consulted prior to the design of storage facilities.
Generally there are regulatory requirements specifying the
type of storage tank to be used, based on the storage tank




capacity and the vapor pressure of the product being stored.
In addition there are usually specific design requirements, for
example in the type of seals to be used in a floating roof tank.

The working pressure required to prevent breathing losses
depends upon the vapor pressure of the product, the tempera-
ture variations of the liquid surface and the vapor space, and
the setting of the vacuum vent.

(T +460) _
( Tmin +460 )

The above relation holds only when B, is less than A; that
is, when the minimum vapor pressure is so low that air is
admitted into the vapor space through the vacuum vent. When
Boin is equal to or greater than A, the required storage pres-
sure is,

¢ = Bmax + (A - Bmin) Pa Eq 6-1

¢ = Bmax_ Pa Eq 6-2

Under this condition air is kept out of the vapor space.

Fig. 6-3 is presented as a general guide to storage pressures
for gasolines of various volatilities in uninsulated tanks. These
data for plotting the curves were computed from Eqs 6-1 and
6-2 using the following assumptions:

e Minimum liquid surface temperature is 10°F less than
the maximum liquid surface temperature.

¢ Maximum vapor space temperature is 40°F greater than
the maximum liquid surface temperature.

¢ Minimum vapor space temperature is 15°F less than the
maximum liquid surface temperature.

e Stable ambient conditions (ambient temp. 100°F).

These temperature variations are far greater than would be
experienced from normal night to day changes. Therefore, the
lower, nearly horizontal line, which shows a required storage
pressure of 2.5 psig for the less volatile gasolines is conserva-
tive and allows a wide operating margin.

Maximum liquid surface temperatures vary from 85 to
115°F. Sufficient accuracy will generally result from the as-

FIG. 6-3
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sumption that it is 10°F higher than the maximum tempera-
ture of the body of the liquid in a tank at that location.

Example 6-1 — To illustrate the use of Fig. 6-3, suppose a
24 psia true vapor pressure (TVP) natural gasoline is to be
stored where the liquid surface temperature may reach a
maximum of 100°F. A vertical line extended upward from the
24 psia mark at the bottom of the chart intersects the 100°F
line at 9.3 psig. The design pressure of the tank should be a
minimum of 10.23 psig (9.3 psig + 10%).

Fig. 6-4 can be used as follows:

¢ As quick reference to determine true vapor pressures of
typical LPGs, natural gasolines, and motor fuel compo-
nents at various temperatures.

¢ To estimate the operating pressure of a storage tank nec-
essary to maintain the stored fluid in a liquid state at
various temperatures.

¢ For converting from true vapor pressure to Reid Vapor
Pressure (RVP).

¢ For simple evaluation of refrigerated storage versus am-
bient temperature storage for LPGs.

Example 6-2 — Determine the TVP of a 12 psi RVP gasoline.
In addition, estimate the design pressure of a tank needed to
store this same 12 RVP gasoline at a maximum temperature
of 120°F. Using Fig. 6-4, a vertical line is extended upwards
from the 100°F mark (100°F is used as the reference point for
determining RVP) at the bottom of the chart to the intersection
of the 12 psi RVP line, read true vapor pressure of 13.2 psia.
A vertical line is also extended from the 120°F mark to inter-
sect the 12 RVP gasoline line. Now going horizontal, the true
vapor pressure axis is crossed at approximately 18.1 psia. The
storage tank should therefore be designed to operate at
18.1 psia (3.4 psig) or above. The design pressure of the tank
should be a minimum of 10% above the operating gauge pres-
sure or approximately 18.5 psia.

Example 6-3 — Evaluate the options of refrigerated storage
versus ambient temperature storage for normal butane. From
Fig. 6-4 the vertical line is extended up from the 100°F (as-
sumed maximum) mark to intersect the normal butane line at
approximately 51.5 psia (36.8 psig). The working pressure of
the tank should be 36.8 psig plus a 10% safety factor, or
55.2 psia. This same product could be stored in an atmospheric
pressure tank if the product is chilled to 32°F. This tempera-
ture is determined by following the normal butane line down
until it intersects the 14.7 psia horizontal vapor pressure line.
Reading down to the bottom scale indicates the storage tem-
perature at 32°F. The pressurized tank would require more
investment due to the higher working pressure of 55.2 psia
(40.5 psig) and the thicker shell requirement. The refrigerated
tank would require less investment for the tank itself, but an
additional investment would be necessary for insulation and
for refrigeration equipment which requires additional operat-
ing expenses. The economics of each type of storage system can
be evaluated to determine which will be the most attractive.

The graphical method of converting from RVP to TVP is an
approximation and is generally more accurate for lighter com-
ponents. Crude oils with very low RVPs could vary signifi-
cantly from this graphical approach. This is due to the fact that
during the Reid test the highest vapor pressure materials tend
to evaporate leaving a residue which has a lower vapor pres-
sure than the original sample. Equation 6-3 was developed by
A. Kremser in 1930 to relate the two vapor pressures at 100°F.

TVP = (1.07) (RVP) + 0.6 Eq 6-3

Using this formula for the 12 psi RVP gasoline example
would calculate a 13.4 psia TVP versus the 13.2 determined



FIG. 6-4
True Vapor Pressures vs. Temperatures for Typical LPG, Motor, and Natural Gasolines
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graphically. The RVP is less than the true vapor pressure at
100°F. Published data indicate the ratio of true vapor pressure
to Reid vapor pressure may vary significantly, depending on
the exact composition of the stored liquids. Ratios from 1.03 to
1.60 have been verified by test data.l? Before entering the
final design phase of any storage project, test data should be
gathered on the fluid to be stored.

TYPES OF STORAGE
Above Ground

For operating pressures above 15 psig, design and fabrica-
tion are governed by the ASME Code, Section VIII.

Spheres — Spherical shaped storage tanks are generally
used for storing products at pressures above 5 psig.

Spheroids — A spheroidal tank is essentially spherical in
shape except that it is somewhat flattened. Hemispheroidal
tanks have cylindrical shells with curved roofs and bottoms.
Noded spheroidal tanks are generally used in the larger sizes
and have internal ties and supports to keep shell stresses low.
These tanks are generally used for storing products above

5 psig.

Horizontal Cylindrical Tanks — The working pres-
sure of these tanks can be from 15 psig to 1000 psig, or greater.
These tanks often have hemispherical heads.

Fixed Roof — Fixed roofs are permanently attached to
the tank shell. Welded tanks of 500 barrel capacity and larger
may be provided with a frangible roof (designed for safety re-
lease of the welded deck to shell joint in the event excess in-
ternal pressure occurs), in which case the design pressure
shall not exceed the equivalent pressure of the dead weight of
the roof, including rafters, if external.

Floating Roof — Storage tanks may be furnished with
floating roofs (Fig. 6-6) whereby the tank roof floats upon the
stored contents. This type of tank is primarily used for storage
near atmospheric pressure. Floating roofs are designed to
move vertically within the tank shell in order to provide a
constant minimum void between the surface of the stored
product and the roof. Floating roofs are designed to provide a
constant seal between the periphery of the floating roof and
the tank shell. They can be fabricated in a type that is exposed
to the weather or a type that is under a fixed roof. Internal
floating roof tanks with an external fixed roof are used in areas
of heavy snowfalls since accumulations of snow or water on
the floating roof affect the operating buoyancy. These can be
installed in existing tanks as well as new tanks.

Both floating roofs and internal floating roofs are utilized to
reduce vapor losses and aid in conservation of stored fluids.

Environmental rules for new equipment restrict cone-roof
tanks without vapor-recovery facilities to materials having a
true vapor pressure at the tank temperature of less than 1.5
psia and floating-roof tanks to materials of less than 11.1 psia.

Above 11.1 psia, a pressure vessel or vapor recovery scheme
is mandatory. These rules should be considered minimum re-
quiremens. Toxic or odoriferous materials will need better
emission control than a floating-roof tank can provide. Local
conditions sometimes call for such strict hydrocarbon emission
limits that the use of floating-roof tanks comes under question.
See Fig. 6-5 for common storage vessels.
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FIG. 6-5

Seven Common Storage-Vessels For Low- and
High-Pressure Services

Bolted — Bolted tanks are designed and furnished as seg-
mental elements which are assembled on location to provide
complete vertical, cylindrical, above ground, closed and open
top steel storage tanks. Standard API bolted tanks are avail-
able in nominal capacities of 100 to 10,000 barrels, designed
for approximately atmospheric internal pressures. Bolted
tanks offer the advantage of being easily transported to de-
sired locations and erected by hand. To meet changing require-
ments for capacity of storage, bolted tanks can be easily
dismantled and re-erected at new locations.

Specialty — Pipe Storage (Fig. 6-7) — Pipe that is used
specifically for storing and handling liquid petroleum compo-
nents or liquid anhydrous ammonia must be designed and con-
structed in accordance with any applicable codes.

Flat-Sided Tanks — Although cylindrical shaped tanks may
be structurally best for tank construction, rectangular tanks
occasionally are preferred. When space is limited, such as off-
shore, requirements favor flat-sided tank construction be-
cause several cells of flat-sided tanks can be easily fabricated
and arranged in less space than other types of tanks. Flat-
sided or rectangular tanks are normally used for atmospheric
type storage.!

Lined Ponds? — Ponds are used for disposal, evaporation, or
storage of liquids. Environmental considerations may pre-



FIG. 6-6

Typical Arrangement of Internal Floating Roof Tank
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FIG. 6-7
Pipe Storage

clude the use of lined ponds for the storage of more volatile or
toxic fluids. Linings are used to prevent storage liquid losses,
seepage into the ground, and possible ground water contami-
nation. Clay, wood, concrete, asphalt, and metal linings have
been used for many years. More recently, a class of impervious
lining materials has been developed that utilize flexible syn-
thetic membranes. Commonly used lining materials are poly-
vinyl chloride, natural rubber, butyl rubber, and Hypalon®.
Polyethylene, nylons, and neoprenes are used to a lesser ex-
tent.

Some of the most important qualities of a suitable liner are:

* High tensile strength and flexibility.

¢ Good weatherability.

¢ Immunity to bacterial and fungus attack.

¢ Specific gravity greater than 1.0.

* Resistance to ultraviolet-light attack.

¢ Absence of all imperfections and physical defects.
¢ Easily repaired.

Leak detection sometimes must be built into the pond sys-
tem, especially where toxic wastes or pollutants are to be
stored. Types of leak-detection systems that are commonly
used are underbed (French) drainage system, ground resistiv-
ity measurement, and monitor wells, and any combination
thereof.

Pit Storage — Pit storage is similar to pond storage but is
only used on an emergency basis. The use of this type of storage
is limited by local, state, and federal regulations.

Underground

Underground storage is most advantageous when large vol-
umes are to be stored. Underground storage is especially ad-
vantageous for high vapor pressure products.

Types of underground storage are: (1) caverns constructed
in salt by solution mining or conventional mining, (2) caverns
constructed in nonporous rock by conventional mining, and
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(3) caverns developed by conversion of depleted coal, lime-
stone, or salt mines to storage.

Solution Mined Caverns — The cavern is constructed
by drilling a well or wells into the salt and circulating low
salinity water over the salt interval to dissolve the salt as
brine.

The cavern may be operated by brine displacement of prod-
uct, pumpout methods, vapor displacement, or as in the case
of gas, by product expansion (see Figs. 6-8, 6-9, and 6-10).

Most solution mined caverns are operated using the brine
displacement technique (Fig. 6-8). A suspended displacement
string of casing is installed near the bottom of the cavern and
product is injected into the annulus between the product cas-
ing (casing cemented at cavern roof) and the displacement cas-
ing, forcing brine up the displacement casing. The procedure
is reversed for product recovery. In this type of operation, a
brine storage reservoir is usually provided. Detail 1 of Fig. 6-8
provides the typical piping for the wellhead of an underground
storage well.

Some solution mined caverns are operated “dry” by install-
ing a pump at cavern depth either within the cavern or in a
well connected to the cavern. Both submersible electric driven
pumps and line shaft pumps (deep well vertical turbine
pumps) are used for this purpose (see Fig. 6-9).

Conventional Mined Caverns — Conventional mined
caverns can be constructed any place a nonporous rock is avail-
able at adequate depth to withstand product pressures. An
engineer or geologist experienced in underground storage
should evaluate any specific site for the feasibility of con-
structing underground storage. Most product caverns are con-
structed in shale, limestone, dolomite, or granite. This type
cavern is operated “dry” (product recovered by pumping).

Refrigerated Storage

The decision to use refrigerated storage in lieu of pressur-
ized storage is generally a function of the volume of the liquid
to be stored, the fill rate, the physical and thermodynamic
properties of the liquid to be stored, and the capital investment
and operating expenses of each type of system.

The parameters involved in selecting the optimum refriger-
ated storage facility are:
¢ Quantity and quality of product to be stored.
¢ Fill rate, temperature, and pressure of incoming stream.
¢ Shipping conditions for the product.
¢ Composition of the product.
¢ Cooling media (air, water, etc.) available.
* Availability and cost of utilities.
¢ Load bearing value of soil.

The proper choice of storage and the proper integration of
the storage facility with the refrigeration facilities are impor-
tant to overall economy in the initial investment and operating
costs. Fig. 6-11 provides some general guidelines to use when
selecting a storage system for propane.

When using refrigerated storage, the liquid to be stored is
normally chilled to its bubble point temperature at atmos-
pheric pressure. Refrigerated storage tanks normally operate
at an internal pressure between 0.5 and 2.0 psig.

In some cases, pressurized-refrigerated storage is attrac-
tive. In this type of refrigerated storage, the product to be
stored is chilled to a temperature that allows it to be stored at



FIG. 6-8

Brine Displacement Cavern Operation (Solution Mined Cavern)
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FIG. 6-9

Pump-Out Cavern Operation (Fracture Connected Solution Mined Cavern in Bedded Salt)
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FIG. 6-10

Compression/Expansion Cavern Operation
(Solution Mined Cavern)
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a pressure somewhere between atmospheric pressure and its
vapor pressure at ambient temperature.

Refrigeration requirements normally include the following
basic functions:

¢ Cooling the fill stream to storage temperature.
¢ Reliquefying product vaporized by heat leak into the sys-
tem.
¢ Liquefying vapors displaced by the incoming liquid.
Other factors which should be considered are:

¢ Pump energy requirements

¢ Barometric pressure variations
¢ Product compositions

¢ Non-condensables

¢ Solar radiation effects

¢ Superheated products

Refer to Section 14 of this Data Book for information on re-
frigeration. Tables R.2.2, R.2.3, and R.2.4 of API 620, Appen-
dix R, should be consulted for specific service temperatures
and impact requirements of materials used as primary and
secondary components in refrigerated storage tanks. Refriger-
ated facilities require specialized insulation systems, which
are described later in this Section.

Foundations for the various types of low temperature stor-
age vessels are designed much the same as foundations for
ordinary spheres and pressure cylinders. One caution must be
noted. Most low temperature liquids are lighter than water
and the vessels are designed to store this lighter liquid. There-
fore, it is a common practice to design foundations for the total
weight of contained product and to water test the vessel at 1.25
times the product weight.



General Guidelines for the Economic Storage of Pure Pro-

FIG. 6-11
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(A) To Fuel line or other gas consumer.

Liquids at low temperatures can be stored in frozen earth
caverns at essentially atmospheric or very low pressures. An
excavated hole (usually lined) is capped by an insulated metal
dome and refrigerated to maintain impervious “walls of ice.”
Vapors from the liquid are continuously recompressed and

condensed.
DEFINITIONS

The following definitions of tank containment are from
BS7777. Extracts from BS 7777 Part 1: 1993 reproduced with
permission from BSI under license number 2002NC0111. BSI
publications can be obtained from BSI Customer Services, 389
Chiswick High Road, London W4 4AL (Tel +44 (0) 20 8996

9001).
Single Containment Tank
Either a single tank or a tank comprising an inner tank and
an outer container designed and constructed so that only the
inner tank is required to meet the low temperature ductility
requirements for storage of the product.
The outer container (if any) of a single containment storage
tank is primarily for the retention and protection of insulation

and to constrain the vapor purge gas pressure, but is not de-
signed to contain refrigerated liquid in the event of leakage

from the inner tank.

A single containment tank is normally surrounded by a low

enti

Flat bottom vessel foundations in low temperature service
present an additional problem. The container is a heat-sink
and, if no provision is made to supply heat, a large quantity of
soil eventually will reach temperatures below the freezing
point of water. Moisture in the sub-soil will freeze and some
“heaving” could occur. A heat source consisting of electrical

resistance heating cable or pipe coils with a warm circulating
liquid is generally installed below the outer tank bottom to
maintain the soil temperature above 32°F. Foundations for low
temperature vessels must also be designed to minimize differ-

al settling.

bund wall (Fig. 6-12) to contain any leakage.

Double Containment Tank

A double tank designed and constructed so that both the
inner tank and the outer tank are capable of independently
containing the refrigerated liquid stored. To minimize the pool
of escaping liquid, the outer tank or wall is located at a dis-
tance not exceeding 6 m from the inner tank.

The inner tank contains the refrigerated liquid under nor-
mal operating conditions. The outer tank or wall is intended
to contain the refrigerated liquid product leakage from the

FIG. 6-12

Single Containment Tank

Extracts from BS 7777 Part 1: 1993 reproduced with permission from BSI under license number
2002NCO0111. BSI publications can be obtained from BSI Customer Services,
389 Chiswick High Road, London W4 4AL (Tel +44 (0) 20 8996 9001).
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FIG. 6-13

Double Containment Tank

Extracts from BS 7777 Part 1: 1993 reproduced with permission from BSI under license number
2002NC0111. BSI publications can be obtained from BSI Customer Services,
389 Chiswick High Road, London W4 4AL (Tel +44 (0) 20 8996 9001).

inner tank, but it is not intended to contain any vapor result-
ing from product leakage from the inner tank (Fig. 6-13).

Full Containment Tank

A double tank designed and constructed so that both the
inner tank and the outer tank are capable of independently
containing the refrigerated liquid stored. The outer tank or
wall should be 3 feet to 6 feet distant from the inner tank.

The inner tank contains the refrigerated liquid under nor-
mal operating conditions. The outer roof is supported by the
outer tank. The outer tank is intended to be capable both of
containing the refrigerated liquid and of controlled venting of
the vapor resulting from product leakage after a credible event
(Fig. 6-14).

MATERIALS OF CONSTRUCTION

Vessel/Tank Materials

Metallic — Shop welded, field welded, and bolted storage
tanks are customarily fabricated from mild quality carbon
steel. Most common for welded tanks are A-36 structural steel
and A-283 grade “C” structural quality carbon steel. Sheet
gauge steels for bolted tanks are of commercial quality having
a minimum tensile strength of 52,000 psi. A-612, A-515, and
A-516 mild quality low carbon steels are used for fabricating
the higher pressure storage products such as spheres and “bul-
lets.” Various API and ASME Codes (listed in the References)
to which the storage tank is fabricated, set forth the welding

FIG. 6-14

Full Containment Tank

Extracts from BS 7777 Part 1: 1993 reproduced with permission from BSI under license number
2002NC0111. BSI publications can be obtained from BSI Customer Services,
389 Chiswick High Road, London W4 4AL (Tel +44 (0) 20 8996 9001).
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procedures, inspection procedures, testing requirements, and
material selection. Some storage applications or service con-
ditions (low temperature storage) require storage tanks to be
fabricated from metals such as low alloy stainless steel, alu-
minum, or other specialty materials.

Non-Metallic — Older non-metallic tanks were custom-
arily constructed from wood. Plastic materials have now re-
placed wood. These materials have the advantage of being
non-corroding, durable, low cost, and lightweight. Plastic ma-
terials used in the construction are polyvinyl chloride, poly-
ethylene, polypropylene, and fiberglass-reinforced polyesters.
The fiberglass-reinforced polyester (FRP) tanks are available
in the larger sizes and are the most common. FRP tanks are
suitable for outdoor as well as indoor applications. FRP tanks
with special reinforced shells are designed for underground
storage service. Above ground tanks are primarily vertical,
with or without top heads.

Non-metallic tanks constructed of unreinforced plastics
such as polyvinyl chloride or polyethylene materials are avail-
able in sizes up to about 6 ft in diameter by 11 ft high
(2400 gallons). Horizontal underground FRP tanks will hold
up to 12,000 gallons. Above ground vertical FRP tanks can
store from 12,000 to 24,000 gallons, depending upon the shell
construction.

The temperature limits of plastic tanks are 40°F to 150°F.
Color must be added to the outer liner for protection against
ultraviolet radiation. The inner liner must be selected for com-
patibility with the chemical or product stored. Protection from
mechanical abuse such as impact loads is a necessity. Good
planning dictates that plastic storage should not be located
next to flammable storage tanks. All closed plastic tanks
should be equipped with pressure relief devices.

Protective Coatings

Internal — Use of internal coatings is primarily to protect
the inside surface of the tank against corrosion while also pro-
tecting the stored contents from contamination.

Consideration must always be given to such factors as the
type of product being stored, type of coating available, type of
surface to be coated, surface preparation, compatibility of coat-
ings, and number of coats required to obtain maximum protec-
tion.

Many types of internal coatings are available. Due to the
unlimited types and applications, only a few will be described
as follows:

Coal Tar — Among the oldest and most reliable coatings.
Extremely low permeability; protects surface by the mechani-
cal exclusion of moisture and air; extremely water resistant;
good resistance to weak mineral acids, alkalis, salts, brine so-
lutions, and other aggressive chemicals.

Epoxy Resin Coatings — Excellent adhesion, toughness,
abrasion resistance, flexibility, durability, and good chemical
and moisture resistance. Typical applications include linings
for sour crude tanks, floating roof tanks, solvent storage tanks,
drilling mud tanks, sour water, treated water, and pipelines.

Rubber Lining — Used as internal lining for storage tanks
which are subjected to severe service such as elevated tem-
peratures or for protection from extremely corrosive contents,
such as concentrated chlorides and various acids such as chro-
mic, sulfuric, hydrochloric, and phosphoric.
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Galvanized — Galvanizing (zinc coating) is highly resis-
tant to most types of corrosion. Bolted steel tanks are ideally
suited for galvanizing since all component parts are galva-
nized by the hot-dip process after fabrication but before erec-
tion. Galvanized bolted tanks are recommended where the oil
produced contains sulfur compounds and/or is associated with
hydrogen sulfide gas. Galvanizing is also effective against cor-
rosion in seacoast areas where atmospheric salt conditions ac-
celerate corrosion problems.

External — The basic requirements for external coatings
are appearance and weather protection.

Numerous types of external coatings are available, ranging
from basic one-coat primers to primers with one or more top-
coats. Environmental conditions usually dictate the extent of
coating applied. Offshore and coastal installations require
more extensive coatings as compared to inland locations.

Insulation

Types — The four basic types of thermal insulating mate-
rial are: fibrous, cellular, granular, and reflective. These ma-
terials differ in many characteristics. Refer to Fig. 6-15 for a
description of these materials and typical conductivity values
and principal properties of common industrial insulations.

Uses — Principal uses of insulation are for personnel pro-
tection, process temperature control, prevention of condensa-
tion, and conservation of energy.

Personnel Protection — Personnel protection is accom-
plished by the application of insulation of proper thickness
where the surface temperature should be limited to approxi-
mately 150°F or as specified by applicable codes or company
standards.

Process Temperature Control — Insulation thickness is
specified in this case to help control the temperature of the
process fluid. Electrical, steam, hot process fluid, hot oil, gly-
col-water tracing is used to add heat to the process line to
balance the heat loss. The insulation thickness must be
matched to the energy input to achieve the desired result.
Freeze protection is another use for insulation. This includes
fluids which have higher viscosities or freeze points.

Condensation — Insulation thickness must be sufficient
to keep the outside surface of the insulation above the dew
point of the surrounding air. Moisture condensation on a cool
surface in contact with warmer humid air must be prevented
because of the deterioration of the insulation. In addition to
the required thickness of insulation, a vapor tight membrane
must be properly applied to the insulation. As a rule, insula-
tion thickness for condensation control is much greater than
the thickness required for conservation of energy.

Conservation of Energy — High fuel costs increase the
need for more insulation. A rule of thumb for estimating the
thickness of insulation is to apply the thickness that produces
a heat loss of 3 to 5 percent or less from the surface. Specific
insulating materials and thicknesses for any large application
should be determined with the assistance of the manufacturer.
Fig. 6-15 contains 3 graphs which permit the rapid estimation
of the thickness of thermal insulation required to give a de-
sired heat flow or surface temperature when the hot face and
ambient temperature are known. The method is based on ele-
mentary heat transfer theory and reliable experimental data.
The following examples illustrate the use of these graphs.

Example 6-4 — A rectangular duct is operating at 450°F. The
duct is finished with a silicone coated fabric. The ambient tem-



FIG. 6-15

Constants for Determining Thermal Conductivity and Unit Heat-Transfer Rate for Some Common Insulating Materials

k=A+B' T+C T?°+D' T° whereT = °F

B C D TelglsgzaE%re
'y
5.196 x 10™* 100-700
6.161x 10 1.403 x 106 -5.0x 10" 50-800
-2.325x 10 1.797x10% | —7.97x107° 50-900
9.192x10* | 6.942x 10 11-121
1.226 x 107 37-204
3.051x 10 1.950 x 10°° 0-250
2.301x 10™ 1.614x 10 0-275
3.857 x 10™ 1.20x10° 0-300
2557 x 10™ 9.048 x 10" 0-300
5.038 x 10™ 1.144x107 | 7.172x101° -300-500
3.382x 10" 5.495 x 107 0-800
9.508 x 10° 6.478 x 107 0-800
5.714x 10™ 3.124x 107 0-600
8.870 x 10° 2.174x 107 0-1200
6.293x10* | -1.638x107 | 3.533x10™"° 0-950
3.0x10* | 2.2381x107 50-750
5.435x 10™ 50-650
2.760 x 10™ 1.796x 10° | -3.997x 10° -58-110
-4.094x10* | -5.273x10°® 2.534x 10 -58-32
-3.370x 10 7.153x10% | —2.858x 108 32-122
-2.490x10* | -7.962x 107 4717x10°® -58-32
7.813x10* | -7.152x 10® 2.858 x 10°® 32-122
6.0x10* 0-1200
5.071x 10™ 0-1200

Insulation A
Calcium silicate ASTM C533-80 Class 1 0.3504
White fiberglass blankets with binder
density = 3.0 Ib/t® 0.2037
density = 6.0 1b/ft® 0.2125
Rigid fiberglass sheet
ASTM C-547-77 Class 1 0.2391
ASTM C-547-77 Class 2 0.2782
ASTM C-612-77 Class 1 0.2537
ASTM C-612-77 Class 3 0.2631
density = 4.0 Ib/ft® 0.2113
density = 6.0 1b/ft? 0.1997
Cellular glass foam
ASTM C-552-79 Class 1 0.3488
Mineral wool
Basaltic rock blanket, 9 b/t 0.2109
Basaltic rock blanket, 12 Ib/ft? 0.2798
Metallic slag block, 6 Ib/ft® 0.1076
Metallic slag block, 18 1b/ft® 0.3190
Mineral-wool-based-cement 0.4245
Preformed expanded perlite
ASTM C-610-74 0.3843
Expanded perlite-based cement 0.6912
Expanded polystyrene block
ASTM C-578-69 GR2 0.1711
Polyurethane, 2.2 1b/ft®
aged 720 days at 77°F and 50% relative humidity 0.1662
(85% closed cell) 0.1516
new polyurethane 0.1271
(95% closed cell) 9.72x 10
Exfoliated vermiculite (insulating cement)
Aislagreen* 0.480
ASTM C-196-77 0.8474
*Trademark of Cia. Mexicana de Refractarios A.P. Green S.A. (Mexico City)

perature is 80°F. It is desired to maintain a surface tempera-
ture of 130°F. What thickness of cellular glass foam is re-
quired? What is the heat loss?

Solution Steps using Fig. 6-16

Ty =450 AT; = 450 — 130 = 320
Ts =130 ATy =130-80 =50
T, =80 Tm = (450 + 130)/2 = 290

In Fig. 6-16 at AT of 50, project vertically to curve A, then
horizontally to the left to a heat loss (Q) of 98 Btu/(hr - sq ft).

Project horizontally to the right along the 98 Btu/hr . sq ft
Q line to the point in Fig. 6-16b corresponding to a tempera-
ture drop through the insulation (AT;) of 320, then vertically
downward to an insulation resistance (R;) of 3.3.

From Fig. 6-15, ASTM C-552-79 Class 1 cellular glass foam
has a k at T, = 290°F:

k = 0.3488 + (5.038) (10™) (290) + (1.144) (107") (290)*
+(7.172) (107 (290)°
k = 0.52

Multiply required insulation resistance R; by k to obtain re-
quired thickness (X).

X = (3.3)(0.52) = 1.7 inches
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Example 6-5 — In Example 6-4, if the heat loss [98 Btu/ (hr
. sq ft)] is specified instead of a surface temperature of 130°F,
the following procedure is used.

Project a line horizontally on Fig. 6-16a from a heat loss of
98 Btu/(hr . sq ft) to curve A, then vertically downward to a
ATy of 50. Surface temperature = 80 + 50 = 130°F. The rest of
the solution remains the same.

Example 6-6 — Assume the same conditions as Example 6-4
except that the surface to be insulated is a 4" O.D. duct.

After determining the required thickness of 1.7 inches for a
flat surface, go to Fig. 6-16c. Project horizontally from 1.7" for
a flat surface to the line representing a 4" O.D. duct then ver-
tically to an actual thickness of 1.35". The heat loss of
98 Btu/hr - sq ft of outside insulation surface remains the
same.*

The heat loss per linear foot of outside duct surface (includ-
ing insulation) is:

D 06.7. 10 ,
mOD oy = H8T-Thoe — 171 Btwhr/ linear ft
12 T2

*The insulation surface temperature on tubing and ducts in
the horizontal position is generally higher than in the vertical
position for the same heat flow. To correct for the horizontal



FIG. 6-16
Heat Flow Through Insulation
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position, multiply the AT; for flat surfaces obtained from
Fig. 6-15a by the following factors (H):

Q (Btwhr - sq ft) | 10-99 | 100-199 | 200-299 | 300 and up
H | 135 | 12 | L0 | 150

Example 6-7 — A furnace is operating at 1100°F. The outside
surface is stainless steel. The ambient temperature is 75°F. It
is desired to limit the heat loss to 150 Btu/hr . sq ft.

What thickness of mineral wool and cellular glass foam is
required? What is the surface temperature?
Ty = 1100
Q = 150 Btu/hr - sq ft

From Fig. 6-16a at Q of 150 Btu/hr - sq ft, project horizon-
tally to curve B, then vertically to ATy = 105. Ty is (105 + 75) =
180. In this case a combination of mineral wool (metallic slag
block, 18 1b/ft?) on the hot face backed by cellular glass foam
(ASTM C 552-79 Class 1) is to be used. From Fig. 6-15, the
temperature limit of cellular glass foam is 500°F. The inner
face temperature between the two materials should be close
to, but not above, this limit.

AT; (mineral wool) (1100 — 500) = 600

T (mineral wool) (1100 + 500)/2 = 800

k (from Fig. 6-15) of mineral wool at 800°F (T,,) = 0.53

AT;(cellular glass foam) (500 — 180) = 320

T(cellular glass foam) (500 + 180)/2 = 340

k (from Fig. 6-15) of cellular glass foam at 340°F (T,,)=0.56

Using Fig. 6-16b, project horizontally along the 150 Q line
to a AT; (mineral wool) of 600°F, then vertically to an insulation
resistance of 4.0. Thickness of mineral wool required (4.0 x .53)
= 2.12 or 2.5 inches.

Solution Steps T,=75

Similarly, project horizontally along the 150 Q line to a AT
(cellular glass foam) of 320°F then vertically to an insulation
resistance of 2.2. Thickness of cellular glass foam (2.2)(0.56) =
1.23 or 1.5 inches.

In the case of multiple layer construction Fig. 6-16¢ should
not be used to convert to a circular cross section.

Refrigerated Tank Insulation Systems — Low tem-
perature insulation is required for both spherical and flat bot-
tomed cylindrical refrigerated tanks. Two types of insulation
systems are commonly used for low temperature service —
single wall and double wall.

In the single wall system, the vessel wall is designed to with-
stand the design service conditions of the liquid to be stored.
The outer surface of this wall is then covered with a suitable
insulating material such as rigid polyurethane foam. An alu-
minum jacket is then installed to provide protection against
the elements and physical damage. It is extremely important
that the insulation be sealed with a good vapor barrier to mini-
mize air leakage and thereby reduce the quantity of water that
may migrate into the insulation. Such moisture migration can
ultimately damage the insulation.

The welded steel plate outer shell of a double wall system
provides containment and vapor protection for the insulation
material, generally perlite. The outer wall also provides pro-
tection against fires at temperatures up to 600°F. Double wall
tanks are considered in storing products at temperatures be-
low —28°F. This system minimizes heat leak which generally
means lower operating and maintenance costs. As an added
safety feature, the outer wall is completely sealed and there-
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fore permits the insulation space to be continually purged with
an appropriate inert gas, which keeps the insulation isolated
from outside humid air. Figs. 6-15 and 6-17 provide a range of
typical thermal conductivities for various types of insulating
and tank shell materials.

APPURTENANCES

Storage tanks can be provided with any number of appurte-
nances, depending on the appropriate design codes and the
requirements of the user. A tank may be fitted with mixers,
heaters, relief/vacuum breaking devices, platforms and lad-
ders, gauging devices, manways, and a variety of other connec-
tions which include manways, sumps, inlet and outlet nozzles,
temperature gauges, pressure gauges, vents, and blowdowns.

SITE PREPARATION AND INSTALLATION
Dikes

Dikes are often required to contain the volume of a certain
portion of the tanks enclosed depending on the tank contents.
Dikes are used to protect surrounding property from tank
spills or fires. In general, the net volume of the enclosed diked
area should be the volume of the largest tank enclosed (single
failure concept). The dike walls may be earth, steel, concrete,
or solid masonry that are designed to be water tight with a full
hydrostatic head behind it. Local codes and specifications may
govern construction. If more than one tank is within the diked
area, curbs or preferably drainage channels should be pro-
vided to subdivide the area in order to protect the adjacent
tanks from possible spills.

Many codes, standards, and specifications regulate the loca-
tion, design, and installation of storage tanks depending on
their end use. Selecting the proper specification and providing
adequate fire protection for the installation may allow lower
insurance rates over the life of the installation. A partial list
of applicable codes, standards, and specifications can be found
at the end of this section.

Grounding

Metallic storage tanks used to store flammable liquids
should be grounded to minimize the possibilities of an explo-
sion or fire due to lightning or static electricity.

CATHODIC PROTECTION

Cathodic protection can be applied to control corrosion that is
electrochemical in nature where direct current is discharged from
the surface area of a metal (the anodic area) through an electro-
lyte. Cathodic protection reduces corrosion of a metal surface by
using a direct current from an external source to oppose the dis-
charge of metal immersed in a conducting medium or electrolyte
such as soil, water, etc.

PRODUCT RECOVERY

Vapor Losses

Vapors emitted from the vents and/or relief valves of a stor-
age tank are generated in two ways:

¢ Vapors that are forced out of the tank during filling op-
erations.



FIG. 6-17

Summary of Specifications for Low-Temperature and Cryogenic Steels® @
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¢ Vapors that are generated by vaporization of the liquid
stored in the tank.

A vapor recovery system should be sized to handle the total
vapor from these two sources.

Displacement Losses — Vapors that are forced out of
the tank are generally called displacement losses. A storage
tank is generally not pumped completely dry when emptied.
The vapor above the remaining liquid in the tank will expand
to fill the void space at the vapor pressure of the liquid stored
in the tank at storage temperature. As the tank is filled, the
vapors are compressed into a smaller void space until the set
pressure on the vent/relief system is reached. There are also
some filling losses that are associated with the expansion of
the liquid into the tank. Fig. 6-18 provides a graphical ap-
proach to estimating the filling losses as a percentage of the
liquid being pumped into the tank.

Vaporization Losses — This type of loss is charac-
terized as the vapors generated by heat gain through the shell,
bottom, and roof. The total heat input is the algebraic sum of
the radiant, conductive, and convective heat transfer. This
type of loss is especially prevalent where light hydrocarbon
liquids are stored in full pressure or refrigerated storage. This
is less prevalent but still quite common in crude oil and fin-
ished product storage tanks. These vapors may be recovered
by the use of a vapor recovery system.

To calculate vaporization in tanks, sum up the effects of ra-
diant, conductive, and convective heat inputs to the tank. Ap-
proximate vapor losses in lb/hr can then be calculated by
dividing the total heat input by the latent heat of vaporization
of the product at the fluid temperature.

Liquid Equivalents of Tank Vapors — The following
procedure may be followed to calculate the liquid equivalent
of vapor volumes above stored LP-gas liquids:

General Approach
Data Required:

1.
2.

Liquid product composition in mole % or mole fraction.

Temperature and pressure of the product from which the
liquid sample was obtained.

Vapor-liquid equilibrium K values at an assumed 1,000
psia convergence pressure (see Section 25).

Calculation Procedure:

1. With theliquid product composition, calculate the bubble
point pressures of the product at assumed temperatures:
i.e., 60°F, 80°F. From the bubble point calculations, a va-
por pressure chart can be made for this specific product
composition.

From the bubble point calculation in (1), the product va-
por composition can be obtained: i.e.,

Z(y) = Z(Kixi) = 1.0 Eq 6-4
3. Calculate the compressibility factor for the vapor by
either (a) or (b).

a. Compressibility factor charts, Section 23. Pseudo-
critical and pseudoreduced temperatures and pres-
sures must be calculated to obtain a compressibility
factor.

b. Equations of state.

4. Calculate the total number of moles of vapor for volume
V, by using the modified ideal-gas equation:

PV = n,ZRT,n, = PV/ZRT = total moles vapor
Eq 6-5
5. Calculate the gallons of liquid equivalent in the vapor
phase by multiplying the total number of moles of vapor
by the mole fraction of each component by the gal./mole
factors for that component from Fig. 23-2.

2[ny(y;) (gal./mole);] = 60°Fgallonsinvaporphase
Eq 6-6
Example 6-8 — Determine three points of data used to plot
Fig. 6-18.
1. Calculate composition of vapor at the three data points.

Liquid C3 Bubble-point pressures
Composition ~ (°F, 42 psia ~ 60°F, 114 psia  120°F, 255 psia
X K y K y K y
Cz 0.03 4.35 0.1305 3.15 0.0945 2.55 0.0765
Cs 0.95 0.909 0.8633 0.945 0.8975 0.962 0.9136
iCq 0.02 0.309 0.0062 0.398 0.0080 0.493 0.0099
1.00 1.0000 1.0000 1.0000

2. Determine compressibility factor at the three points.

Vapor

Average MW, Z (y;MW;) 42.353 42.884 43.163
Pseudo T, °R 651 655 658
Pseudo P, psia 628 624 622
Tr 0.707 0.794 0.881
Pr 0.067 0.183 0.410
Z (Section 23) 0.913 0.855 0.730

3. Calculate moles of vapor per 1000 gal. of vapor.

__PV _
ng = Lo and n; = (ngy;)
1,000
= —2—— = 133.7cuft
7.48
+nj, moles Ca 0.1626 0.3019 0.5741
Cs 1.0757 2.8673 6.8556
iCy 0.0077 0.0256 0.0743
ng = In; 1.2460 3.1948 7.5040

4. Calculate liquid equivalent gallons (60°F) per 1000 gal-
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lons vapor.

gal./mole
Cs T 10126 1.646 3.057 5.813
Cs 10.433 11.223 29.915 71.524
iCyq 12.386 0.095 0.317 0.920
Liquid equivalent, gal. 12.964 33.289 78.257

Suggested Simplified Approach

By using a typical product analysis, calculations can be
made as outlined above, and from these calculations (see ex-
ample 6-8) vapor pressure and gallon equivalent charts can be
drawn as shown in Fig. 6-19. A convenient unit of vapor space
volume should be used, such as 1,000 gal.

Vapor Recovery Systems

Vapor recovery systems are generally used to prevent pollu-
tion of the environment and to recover valuable product. Two
basic types of vapor recovery systems may be encountered.
One is designed to gather toxic wastes that would pollute the
atmosphere but are not valuable enough to warrant full recov-
ery. In this type system, the vapors are generally gathered and
incinerated. If incineration will not meet government disposal
standards, the vapors are generally compressed and con-
densed into a liquid and sent to a liquid disposal system.



The vapor recovery systems that are typically used with re-
frigerated storage tanks are generally integrated with the
product refrigeration systems. In these types of systems, the
vapors are generally compressed, condensed, and put back into
the tank with the fill stream.

Vapor recovery systems on atmospheric pressure, ambient
temperature storage tanks do not normally require a refrig-
eration system to condense the vapors. They are generally
compressed through one stage of compression, condensed in
either an air cooled or water cooled exchanger, and then put
back into the tank. Fig. 6-20 provides the flow schematic of
this system.

FIG. 6-18
Filling Losses from Storage Containers
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FIG. 6-19
Liquid Equivalent of Tank Vapor
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Ambient Temperature Vapor Recovery Cycle
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LIQUID STORAGE
Desirability of Large Units

The Hortonsphere vessel permits the storage of a large vol-
ume in one unit with only one set of pipe connections and fit-
tings. Batteries of shop built-up cylindrical tanks have been
used to provide large volumes of pressure storage. This prac-
tice necessitates the use of multiple pipe connections and the
duplication of tank fittings, vents and foundations. A battery
of cylindrical tanks will generally occupy about four times
more ground space than the same volume of storage in a Hor-
tonsphere vessel. This factor is an important consideration in
many locations where land values are high and space is at a
premium.

The Hortonsphere vessel has less surface area for a given
capacity than a container of any other shape. It is also true
that the larger it is, the less its surface area per unit of volume.
For these reasons, the liquid stored in a Hortonsphere vessel
of large capacity changes temperature more slowly than in
small vessels. Since the required operating pressure is a func-
tion of the temperature, the internal pressure in a large Hor-
tonsphere vessel for liquid storage is less likely to exceed the
setting of the relief valve during short periods of extremely hot
weather. A large Hortonsphere vessel is, therefore, more effi-
cient in preventing loss of vapors from a given volatile liquid
than a smaller one designed for the same working pressure.

The larger units of storage are also more desirable because
the cost per unit of capacity is less. Having less surface area,
they provide a structure that is more economical to paint and
maintain. The cost of insulation, when required, is also lower
per barrel of capacity.

Capacities

Hortonsphere vessels for liquid storage are commonly built
in the English and Metric capacities shown in Fig. 6-21. Inter-
mediate or larger sizes and pressures can be supplied if de-
sired.

FIG. 6-21
Hortonsphere Vessels for Liquid Storage

Nominal . ASNm VI ASNm VI Actual Inside
Capacity Diameter Division1 Division 2 Volume Surface

(Barrels) (Ft-In) Press.ure Press_ure Ft) Areza

(psi) (psi) Ft%)

1,000 22-3 380 532 5,768 1