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03/04 References have been updated.  The more noteworthy revisions reflect the
following:
• Piping connections for double-wall tanks.
• Refrigerated liquefied nitrogen and oxygen information.
• LNG design temperatures.
• Confined space consideration for high concrete dikes.
• Compressor back-up considerations.
• Pump heat input and vent lines considerations.
• Safety valve handling equipment.
• Slug flow considerations.
• Pressure and level instrument considerations.
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SCOPE
This section covers refrigerated storage for refineries and chemical plants.  Included are descriptions of a variety of types of
refrigerated storage facilities, along with basic selection criteria.  Also included are design procedures and considerations for a
“typical” installation, having an aboveground steel tank and a vapor recovery type of refrigeration system.

REFERENCES

DESIGN PRACTICES (BESIDES OTHER SECTIONS OF SECTION XXII)
Section I Index and Introduction
Section II Design Temperature, Design Pressure and Flange Rating
Section V Drums
Section IX Heat Exchange Equipment
Section X Pumps
Section XI Compressors
Section XII Instrumentation
Section XIV Fluid Flow
Section XV Safety in Plant Design
Section XVI Thermal Insulation

GENERAL PRACTICES
GP 3-2-3 Firewater Systems
GP 3-2-4 Pressure Relieving Systems
GP 3-5-1 Fill and Discharge Lines, and Auxiliary Piping for Storage Tanks and Vessels
GP 3-10-1 Piping Selection and Design Criteria
GP 4-8-1 Tank Foundations
GP 5-1-1 Pressure Vessels
GP 9-1-1 Spacing and Dikes for Storage Vessels and Tanks
GP 9-6-1 Refrigerated Storage Tanks
GP 14-1-1 External Insulation
GP 15-1-2 Instrumentation for Compressors and Drivers
GP 15-1-3 Instruments for Storage Tanks and Vessels
GP 18-10-1 Additional Requirements for Materials

API STANDARDS / PUBLICATIONS
API STD 620 Design and Construction of Large, Welded, Low-Pressure Storage Tanks (Tenth Edition, 02/02)
API STD 2000 Venting Atmospheric and Low-Pressure Storage Tanks, Nonrefrigerated and Refrigerated (Fifth Edition,

04/98)
API STD 2510 Design and Construction of LPG Installations (Eighth Edition, 05/01)
API PUBL 2510A Fire-Protection Considerations for the Design and Operation of Liquefied Petroleum Gas (LPG) Storage

Facilities (Second Edition, 12/96)

BRITISH STANDARDS INSTITUTE (BSI) STANDARDS
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BSI BS 7777 Flat-bottomed, Vertical, Cylindrical Storage Tanks for Low Temperature Service, Parts 1, 2, 3 and
4(01/93)

BSI PD 7777 Alternative Steel Selection and Its Effect on Design and Testing of Tanks to BS 7777 (05/00)

NATIONAL FIRE PROTECTION ASSOCIATION (NFPA) STANDARDS
NFPA 58 Liquefied Petroleum Gas Code (02/01)
NFPA 59 Utility LP-Gas Plant Code (02/01)
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BACKGROUND

  Within Exxon, refrigerated storage is sometimes used for liquefied hydrocarbon gases, nitrogen, oxygen, and ammonia.  The
liquefied hydrocarbon gases include methane, ethylene, propane, propylene, butane, isobutane, butadiene, pentane,
isopentane, and mixtures of the above hydrocarbon gases, such as propane/butane.  By refrigerating these gases, they can be
stored as liquids in containment that is slightly above atmospheric pressure to prevent the leakage of air into the container and
the formation of explosive hydrocarbon/air mixtures.  Refrigerated liquefied gases such as nitrogen and oxygen are special   
cases typically requiring pressurized storage in the 100-150 psig design pressure range.
The refrigerated storage temperatures depend on the component(s) being stored, and for mixtures, their exact compositions.
Note that most liquefied hydrocarbon gases are actually mixtures containing a primary component mixed with other
components and/or impurities.  The other components and impurities and their potential range must be fully understood in
setting the bases for the design of refrigerated storage facilities.
Because the environment is warmer than the refrigerated storage, provisions must be made for heat leak into the containment
facility.  Those provisions might be as simple (and low cost) as disposing boiled off gases to a fuel or flare system or as
complex (and expensive) as re-refrigerating the boiled off gases.  Refrigeration systems, which recover boil-off resulting from
heat leak and which minimize product loss, are quite common and preferred from an environmental standpoint.

DEFINITIONS

(IN ADDITION TO THOSE COVERED IN SECTION XXII-A)

Liquefied Natural Gas (LNG)

➧➧➧➧
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Natural gas that has been liquefied at extremely cold temperatures.  It is typically stored and transported at refrigerated
temperatures [-270°F (-168°C) design] and at pressures slightly above atmospheric.

Liquefied Petroleum Gas (LPG)

Propane, butane, or (more commonly) a mixture of propane and butane obtained from natural gas or from refinery processes.
LPG has a vapor pressure sufficiently low to permit compression and storage as a liquid at moderate pressures and normal
ambient temperatures.
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Refrigerated storage requires the use of expensive alloy materials to ensure ductility, extensive insulation and barrier protection
to minimize heat and moisture leak, and significant engineering effort to achieve safe and reliable operations.  Due to its
specialized nature and relative expense, refrigerated storage vendors are continually developing proprietary design and
construction technology in their efforts to secure a competitive advantage.  It should be noted that features which make a
particular design economic in one location might make it uneconomic in another due to differences in material, engineering, and
labor costs.  Considering these factors, vendors and other EME specialists should be consulted early in establishing the siting
and design bases of any refrigerated storage facility.  The following information is intended to provide the necessary
background to facilitate that consultation.

ABOVEGROUND STEEL VESSELS
Aboveground steel vessels represent the most common type of refrigerated storage containment.  They can be in the shape of
drums, spheres, or vertical cylindrical tanks.  Design and operating conditions are established based on an economic
evaluation of the investment cost for the containment system, which is greatly affected by the alloy content of the materials
used, and the investment and operating cost of the required refrigeration system.
Drums find application primarily in the storage of small and intermediate quantities of very high vapor pressure, and therefore
very low storage temperature, stocks (LNG and other cryogenic gases).  A practical maximum diameter, to avoid excessive
costs for structural reinforcement, is about 15 ft (4.6 m).  This is also a common limitation for shop-fabricated vessels due to
transportation clearance limitations.  However, larger diameters are possible where there is an economic incentive.
Spheres are commonly used for storing intermediate volumes of refrigerated and partially refrigerated product.  For partially
refrigerated storage, the storage temperature is not cold enough to permit atmospheric or near atmospheric pressure storage.
Rather, the storage is at some temperature above the boiling point at atmospheric pressure, requiring storage pressure
significantly above atmospheric pressure to prevent the liquid contents from boiling.  Vertical cylindrical tanks are used for
storing large volumes of refrigerated product at or near atmospheric pressure.
The maximum currently feasible vessel size is about 900,000 barrels.  Vertical cylindrical tanks are classified as single
containment, double containment, or full containment tanks.

SINGLE CONTAINMENT TANKS
A single containment tank can be either a single tank or a combination of 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
refrigerated product.
The outer container (if any) of a single containment tank serves primarily to retain and protect insulation and to contain the
vapor purge gas pressure, but it is not designed to contain the refrigerated liquid in the event of leakage of the inner tank.
Since it is subject only to ambient temperatures, it is generally constructed of ordinary carbon steel and designed for the
mechanical loads imposed by the insulation and the purge gas pressure in the annular space between it and the inner tank.
The annular space is typically 2 to 3 ft (70 to 100 cm) to facilitate personnel access.  A 4 to 8 in. (10 to 20 cm) resilient blanket
of textile fiberglass is often installed immediately adjacent to the inner tank to absorb the expansion generated during warm-up
cycles when a tank is taken out of service.  The remainder of the annular space, which is 19 to 32 in. (50 to 80 cm), is filled with
insulation (typically perlite).  Generally, this type of tank is not economic unless the storage temperatures require such
thickness of insulation.  See Figure 1 (from British Standard BS-7777) for examples of single containment tanks.

DOUBLE CONTAINMENT TANKS
A double containment tank is a double tank designed and constructed so that both the inner tank and the outer tank (or wall)
are capable of independently containing the full volume of refrigerated liquid stored.  To minimize the pool of any liquid product
leakage from the inner tank, the outer tank (or wall) is located at a distance not exceeding 20 ft (6 m) from the inner tank.
Under normal operating conditions, the inner tank contains the refrigerated product.  Since the inner tank supports the roof, the
outer tank (or wall) is intended only to contain any refrigerated liquid product leakage from the inner tank; it is not intended to
contain any vapor resulting from the liquid product leakage.  See Figure 2 (from British Standard BS-7777) for examples of
double containment tanks.

FULL CONTAINMENT TANKS
A full containment tank is a double tank designed and constructed so that both the inner tank and the outer tank are capable of
independently containing the full volume of refrigerated liquid stored.  The space between the inner tank and outer tank is

 typically 3.3 to 6.6 ft (1 to 2 m).  Under normal operating conditions the inner tank contains the refrigerated product.  Since the
outer tank supports the roof, the outer tank is intended to be capable both of containing the refrigerated liquid and controlling
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venting of the vapor resulting from product leakage from the inner tank.  See Figure 3 (from British Standard BS-7777) for
examples of full containment tanks.

SELECTION OF SINGLE, DOUBLE, OR FULL CONTAINMENT
The failure of any tank to contain its liquid content, particularly a flammable hydrocarbon liquid, is an extremely hazardous
contingency.  The large volume of flammables coupled with the relative ease with which ignition may be realized, makes
primary containment security of paramount importance.  This importance has led ExxonMobil, and the industry, to follow a
number of procedures and standards in the design, construction, and operation of these facilities.
Refrigerated liquid storage presents an added dimension to the urgency for containment security in that a release of cold liquid
will produce a gas cloud due to the environment (earth, sea, structures) providing a heat sink for the vaporization of the cold
liquid.  The gas cloud can easily mix with air, producing an explosive mixture of hydrocarbons and air.
In addition, containment failure in refrigerated service can be catastrophic if caused by brittle fracture, a phenomenon that can
be described as the high speed propagation of a crack at nominal stresses well below the allowable stress.  It takes place
without yielding of the steel.
Refrigerated oxygen has additional inherent risks that must be considered.  Examples are the potential for metal fires, changes
in flammable limits, lower auto-ignition temperatures, and lower ignition energies.  If refrigerated liquid oxygen use or storage is➧➧
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considered, the EME Safety and Risk Section should be contacted.

Due to these added dimensions associated with refrigerated storage, a number of additional safeguards, represented by
additional procedures and standards, are followed by ExxonMobil and the industry to further increase the integrity of the
storage vessel or tank.  These include full tank height hydrotesting, lower permissible foundation settlements than allowed for
conventional tanks, enhanced reliability for instrumentation to prevent tank overfilling, and emergency shutoff on loading lines
at marine terminals.  For tanks in congested sites, consideration should be given to high concrete dikes or walls or remote
impoundment to reduce potential vapor cloud travel from leaks.  If concrete dikes higher than 6 ft are considered, then the site
Safe Operations Committee (SOC) should be consulted regarding confined space classifications.  When these standards and
safeguards are followed, a single containment design is considered to be technically acceptable for refrigerated storage and it
represents the most cost-effective method of aboveground refrigerated storage.
Notwithstanding the extra emphasis in obtaining integrity for the storage vessel of refrigerated liquids, some international
standards and local laws, especially of some European and Mid-East countries, require additional containment safeguards for
certain refrigerated liquids.  These additional safeguards may include the requirement for double or full containment.
As can be readily imagined, additional containment is costly.  Compared to single containment, some authors of papers
presented at LNG/NGL conferences have indicated additional costs for full containment of 115% to 215% for propane storage
and 70% to 150% for LNG storage.  In addition, quotes have been received from refrigerated storage vendors indicating even
higher differentials for full containment versus single containment.  Because of the higher costs, double or full containment is
usually specified only when local regulations and/or site specific factors require its use.
In considering the bases for refrigerated storage, the standards and local regulations that are to govern the design and
operation of the refrigerated storage facilities must first be understood.  Those local regulations, which are specific to the plant
location and set the containment requirements, will also define design criteria/severity of events such as fire, blast, flying
objects, and other situations that have to be considered and designed for.

CONCRETE TANKS
Prestressed concrete tanks and reservoirs have been designed and constructed for use in a wide variety of storage services for
a number of years.  Their most extensive use has been for ambient temperature liquid storage tanks and reservoirs, both
aboveground and inground.  Techniques for such storage are well established.  Prestressed concrete tanks have also found
application in storage of refrigerated products, primarily LNG, but only for use as an outer wall of a storage tank designed for
double or full containment.
Reinforced concrete tanks have also found application in storage of refrigerated product, but only for use as an outer wall of a
storage tank designed for double or full containment and with an earth embankment.
When there appears to be an economic incentive for the use of concrete tanks, the Civil Engineering Group within ExxonMobil
Engineering - Technology Department (EMETD) should be consulted for specific construction details and requirements.

NON-CONVENTIONAL STORAGE
 Mined caverns and frozen earth cavities are examples of non-conventional refrigerated storage.  This type of storage may be
competitive with conventional storage in larger volume applications, i.e., over approximately 60,000 barrels (9,540 m3).
However, inground refrigerated storage should presently be limited to temperatures warmer than -50°F (-46°C).  An inground
refrigerated storage cavern is shown conceptually in Figure 4.

➧➧➧➧
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 Because of the very specialized nature of these types of storage, they require examination on an individual and specific basis
and are outside the scope of this Design Practice.  Report No. EE.54E.72 provides some guidelines for use in early planning
feasibility studies of underground LPG storage.  In addition, the Civil Engineering Group within EMETD can be consulted on
specific applications.

REFRIGERATION SYSTEMS
A typical offsite refrigerated storage facility will employ an autorefrigeration system to recover boil-off as described below.
Other refrigeration schemes to recover boil-off are used which may be necessary or desirable under some circumstances.➧➧➧➧

Full
Design details for these other systems will not be specifically addressed below, although the basic considerations and
procedures presented herein apply to, and establish guidelines for, these alternative refrigeration schemes.
Autorefrigeration - This type of system is usually used when the stored product can be used as a refrigerant.  The desired➧➧➧➧
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storage temperature is maintained through autorefrigeration of the product, i.e., heat leaking into the vessel and absorbed by
the liquid product is dissipated through boil-off of a part of the liquid.  The resulting vapor is withdrawn from the top of the vessel
and compressed to a pressure at which the corresponding saturation temperature (i.e., condensing temperature at that
pressure) is above that of the available cooling medium.  This limits the applicability of an autorefrigeration recovery system to
the use of stored products where the available cooling medium, typically air and cooling water, can condense the compressed
gas at a reasonable pressure, and of course, to products that can be safely or easily used as a refrigerant.  Propane, butane,
and propane/butane refrigerated storage products are amenable to an autorefrigeration recovery system.  The compressed
vapor is condensed in a heat exchanger.  The condensed liquid is expanded, providing refrigeration, and the resulting cool
liquid is returned to the tank.  The flashed vapor is returned to the compression system.  A typical two-stage vapor compression
autorefrigeration system is shown in Figure 5.
External Refrigerant - When the stored product cannot be used as a refrigerant, as is the case with some chemical products
such as butadiene, and with light products such as ethylene and methane where the vapor cannot be condensed at a
reasonable pressure by air or water, it is necessary to use an external refrigerant separated from the stored product in a closed
system.  In such a system, the stored liquid product is recirculated through a heat exchanger to maintain the desired storage
temperature.  The closed independent refrigeration system provides the refrigeration to that heat exchanger.  A refrigeration
system employing an external refrigerant is usually more expensive than an autorefrigeration system.
Recirculated systems using external refrigerant may, however, be appropriate for small installations where packaged
refrigeration units can be readily specified, purchased, and installed.  A packaged, off the shelf, refrigeration unit using external
refrigerant may be lower in cost than an autorefrigeration system for small installations due to the high engineering cost for a
tailor made autorefrigeration system.
Integrated Refrigeration Systems - Where two or more refrigerated products having different boiling points are being stored
in a common storage area, integration of the refrigeration systems for the various individual products may be possible and may
afford system economies.  Such systems combine the autorefrigeration and external refrigerant type systems.  An
autorefrigeration system is used to refrigerate the product with the lowest boiling point.  Cold liquid product from that system is
then used as a coolant to refrigerate, in an external refrigerant recirculated system, the other higher boiling products.  A
schematic diagram of an integrated refrigerated system for propane and butane is given in Figure 6.
The vapor compression refrigeration system used for the lower-boiling product must, of course, be sized and designed to
handle the maximum duty resulting from expected heat leakage into all products of the integrated systems.

REFRIGERATION COMPRESSORS
Compressors for refrigeration systems are selected, designed, and specified in accordance with considerations presented in
Design Practices Section XI and the work is usually coordinated with the Machinery Engineering Section of EMETD.
Type - Many types of compressors have been used in refrigerated storage refrigeration systems and the selection of type of
compressor has to take into account the capacity or flow, the head or compression ratio, the operating temperature, turndown
requirements, investment cost, and efficiency.
Reciprocating compressors are frequently used in small autorefrigeration systems handling propane or butane because the
small flow and required head to condense the compressed gas product are frequently a good match to a reciprocating
compressor’s capability.  The operating temperature, above -50°F (-46°C), is also within the compressor’s lubrication and
materials capability.  In addition, the reciprocating compressor can easily be turned down to lower than design flow capacity at
reasonable efficiency.
Centrifugal compressors are used for the larger refrigerant flow situations and where the head developed by a centrifugal
machine results in a discharge pressure sufficient to condense the compressed gas with air and/or cooling water.  Centrifugal
compressors are also used where the operating temperatures are colder than  -50°F (-46°C).  High speed impeller wheels and
multiple wheels, or stages, have been used to get the head of the centrifugal machine up to required levels for the intended
service.
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Turndown - The turndown requirements of the refrigeration system have to be established taking into account variations in
both ambient conditions and product storage levels.  The selected compressor system must meet those turndown
requirements.
Reciprocating compressors can meet turndown requirements down to zero flow, in stages, utilizing “clearance pockets” on the
machine that can be manually or automatically controlled (loaded/unloaded).
Centrifugal compressors are limited to turndown in the 60 to 70% of design flow range because of aerodynamic stall (surge) on
the impeller wheels when the flow is insufficient.  The surging can cause vibration and failure of the wheel(s).  For net
refrigerant flow below about 70%, the centrifugal refrigeration compressor must go on recycle sufficient to keep the flow through
the machine above the flow that can cause surge.  This is obviously inefficient and may be uneconomical where substantial
recycle is required.  Alternatively, a throttling valve can be employed on the compressor suction, however, its use is usually
limited by the desire to keep the compressor suction pressure from going below atmospheric pressure.
Maintenance and Run Lengths - Generally speaking, reciprocating compressors require more maintenance and have shorter
run lengths than centrifugal machines, typically averaging about 3,000 hours.  Centrifugal machines offer the advantage of
uninterrupted run lengths approaching 24,000 hours and are favored by facilities owners and operators for that reason.
The differences in maintenance requirements and run lengths between overhauls must be taken into account in the design of a
refrigerated storage facility.  Multiple machines may be required to meet the boil-off recovery requirements of the refrigerated
storage facility, particularly when reciprocating compressors are used. Taking into account the machine maintenance
requirements(s), consideration may be given to alternative boil-off gas disposal, however, the low boil-off gas pressure which
makes alternative boil-off gas disposal difficult must also be considered.
Compressor Back-up - In addition to maintenance and run length considerations in design of the boil-off gas compressors,
provisions for temporary/emergency back-up should also be considered.  Use of ejectors directed to the flare or other safe
dispositions have proven effective as backup for single compressor services.  Note that if steam or nitrogen is used as motive
force for an ejector, the design shall include check valves to prevent backflow and freeze-up concerns.  Consideration shall
also be given to use of quick-opening blinds to ensure ongoing steam or nitrogen leakage does not create icing, freeze-up, or
product contamination problems.

DESIGN CONSIDERATIONS

REFRIGERATION SYSTEMS
Product Drying - Warm stocks sent to refrigerated storage must be dried to minimize hydrate (a hydrocarbon/water slush)
formation, which may require limiting the water content to 10 wppm maximum.  Heat regenerated desiccant dryers are usually
specified for this purpose.  The drying of product rundown is usually an onsite design function and is therefore not covered in
this Design Practice.  However, it is mentioned here to remind the offsite designers of the dryness requirement particularly
since the stocks may come from a variety of sources such as ships, trucks, rail cars, etc.
Cooling Load - The refrigeration load results from various heat leaks into the system, product loading operations, and feed
conditions.  Sources of vapor generation or boil-off typically include:
• Hot product rundown.
• Heat leak from the environment into lines and vessels.
• Heat input from pump work.
• Cooldown of ship, lines, and/or storage facility.
• Vapor displaced during transfer and/or rundown operations.
• Atmospheric pressure changes (usually significant for LNG only).

The heat gain by a refrigerated storage system may be calculated using procedures and correlations given in Design Practice
Section XVI, Thermal Insulation.  Depending on tank construction, either expanded perlite or polyurethane is generally used as
insulation.  Heat pickup should be considered for all system components which contain refrigerated product (tanks, lines,
drums).
Since a dome roof tank is frequently used for refrigerated product storage and since its roof area available for heat transfer is
not easy to calculate, the following empirical correlations may be used to estimate a roof area for the purpose of calculating
heat leak from the roof.

If tank diameter < 60 ft (18.3 m), A = 0.8418 D2

If tank diameter > 60 ft (18.3 m), A = 0.8822 D2

where: A = Area of dome for heat transfer purposes, ft2 (m2)
D = Diameter of tank, ft (m)

➧➧➧➧
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As in the case of hot insulation, insulation thickness is a matter of economics.  Insulation investment is justified on the basis of
reduced refrigeration investment and reduced operating costs.
Product loading operations add heat to the system in addition to normal atmospheric heat leak into the storage tank(s), loading
lines, and other equipment.  Pump work during tank filling or tank recirculation also contributes to the overall refrigeration load.
This pump work heat load may be approximated by the following equation:

�
�

�
�
�

� −=
e

e  lHWCQ

where: Q = Heat generated from pumping, Btu/h (kW)
C = Conversion factor, 1.286 x 10-3 (2.722 x 10-6)
W = Mass flow rate, lb/h (kg/h)
H = Net differential head, ft (m) of liquid pumped
e = Pump efficiency, fraction

Heat input from pump minimum flow recycle streams should be considered for all operating scenarios, especially where
multiple product/delivery/shipping pumps are involved.   Full kickback flows should be used as a design basis.  Use of pump

Full d
➧➧➧➧
autostart can be problematic in cryogenic services and is not recommended as a means to minimize pump kickback vapor load.
Product shipping schedule influences refrigeration load to some extent.  Frequent shipping of small parcels tends to favor
maintaining pumps and lines cold.  Infrequent loading of large cargoes, on the other hand, would favor allowing these facilities
to warm up between loadings, thus saving energy costs.  In this latter case, a cooldown period is often required prior to
shipping.  The length of the cooldown period depends on the temperature level (the mechanical stress needs to be limited) and
the capability of the refrigeration facilities to accommodate the boil-off rate.
Feed properties and conditions have a major impact on refrigeration duty.  The feed composition and storage pressure
determine the required product storage temperature and the feed temperature significantly influences vapor generation which
must be handled by the refrigeration system.  Hot liquid feeds, such as those from light ends units, will require large
refrigeration work to achieve storage conditions; whereas cold feeds will require less refrigeration.  Therefore, it is essential to
consider feed composition, feed properties, and conditions, along with possible variations in those properties and conditions, to
design a suitable refrigerated storage facility.
Normal tank pressure controllers and safety valves discharging to the atmosphere work on the difference between atmospheric

➧➧➧➧
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pressure and tank pressure.  A falling ambient pressure will result in a higher differential pressure and be seen as a higher tank
pressure by a normal pressure controller resulting in more boil-off to be accommodated by the refrigeration system.  Therefore,
where the rate and degree of ambient pressure change can influence refrigeration size, the use of an absolute pressure
controller should be considered.  An absolute pressure controller is not influenced by atmospheric changes.  However, when an
absolute pressure controller is used to control the tank pressure, the tank safety valve set pressure and the tank design
pressure need to be adjusted upward accordingly because safety valves discharging to the atmosphere and containers
restraining contents from the atmosphere only see differential pressure.
Some typical atmospheric pressure ranges which generally hold for “non storm prone” climates are as follows:

Normal Range:  14.49 to 14.98 psia [99.91 to 103.28 kPa (abs)]
Maximum Range:  14.00 to 15.23 psia [96.53 to 105.01 kPa (abs)]
Maximum Short-Term Rate of Change:  0.147 psi in 1 hour (1.01 kPa in 1 hour)
Maximum Long-Term Rate of Change:  0.433 psi in 4 hours (2.99 kPa in 4 hours)

Of course, storm conditions, which are more severe, must also be recognized and designed for.
Full Versus Partial Refrigeration - In designing storage facilities for a liquefied hydrocarbon gas, one has the options to use
pressure storage, full refrigeration storage or partial refrigeration storage.  Pressure storage (covered in Section XXII-C)
contains the liquid/gas at ambient temperature, while full refrigeration stores the product sufficiently cold that it remains liquid at
or slightly above ambient pressure.  Partial refrigeration is between the two, i.e., it maintains the product liquid at a pressure
above atmospheric pressure but below the vapor pressure at ambient temperature.  The choice among these storage options is
made consistent with the economic guidelines of the project, taking into account not only storage investment/operating cost
optimization but also the intended shipping and receiving requirements.
Partial refrigeration facilities utilize insulated pressure vessels, that is, vessels operating below ambient temperature and at
pressure significantly above atmospheric pressure.  Refrigerated drums or spheres would be required for these pressure levels,
subject to the volume limitations previously discussed.
The major refrigeration loads are chilling the rundown or tankage feed to storage conditions and holding storage temperature in
the absence of any rundown.  With a warm liquid rundown, rundown refrigeration accounts for most of the total chilling load
when the liquefied gas is stored at atmospheric pressure.  Partial refrigeration, or storing the liquid above atmospheric
pressure, would have a significant impact on reducing refrigeration load.  In addition, the complexity of the refrigeration system
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is reduced, since single-stage compressors might be acceptable.  However, the investment to contain the pressure is
significant and heavily dependent on volume.
Compressor Sparing - Basically, from an operating standpoint, the design should accommodate the situation where one➧➧
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compressor is out of service for whatever reason.  This may require a spare machine, vent facilities, intermediate tankage, or
combinations of these.  Each design must be evaluated independently and sufficient weight must be given to environmental,
safety, and economic factors.  Some configurations that have been found acceptable in the past are:
1. Configuration A

a. Hot rundown to storage.
b. One large compressor for rundown and holding refrigeration.
c. One small compressor for holding refrigeration.
d. Hot rundown bypass to pressurized storage.

2. Configuration B
a. Hot rundown to storage.
b. One large compressor for rundown and holding refrigeration.
c. One small compressor for holding refrigeration.
d. Controlled overpressure vent to flare.

3. Configuration C
a. Cold rundown to storage.
b. Two 100% compressors for holding refrigeration.

From a safety standpoint, the loss of all refrigeration must be anticipated, considered, and provided for in the integrity of the
storage facilities.
Compressor Driver Selection - Driver selection for the refrigeration compressors is generally based on the major driver study
for the project.  Where the refrigeration facilities in question represent an independent project, an evaluation should be carried
out consistent with considerations and methods presented in Section XI-K.
Reacceleration after power outages is generally not specified as a requirement for electric motor drivers in refrigeration service.
Short-term pressure build-up and/or venting, which results from voltage dips and temporary power outages, can usually be
tolerated.
Compressor Inlet Conditions - The suction pressure of compressors in hydrocarbon service should normally be maintained
positive to prevent air leakage into the compressor, thereby reducing the risk of forming an explosive mixture.  Also, a slight
superheat of the inlet gas should be considered to preclude condensation and liquid droplets from damaging the compressor.
This would be particularly pertinent when handling a product whose storage temperature is sometimes above ambient
temperature or a product that has unusual thermodynamic properties.  While centrifugal compressors are more tolerant of liquid
droplets than reciprocating compressors, they too can be damaged by excessive droplet formation and/or entrainment.
Superheat of as little as 10°F to 20°F (6 to 11°C) has frequently been found to be sufficient to prevent condensation.
In some cases, such as ethylene storage, the suction inlet has been heated above -50°F (-46°C) by exchange with the
compressor product to permit utilization of reciprocating machines.
Compressor Cooling - Although reciprocating compressors in refrigeration service are generally provided with cylinder jackets
and compressor cylinder cooling, the jacket cooling medium may or may not be circulated depending on the operating
temperature levels within the compressor.  Where it can be determined that circulation is not required, the jackets should be
filled with a non-freezing fluid, such as ethylene glycol, and provided with a standpipe to permit expansion, level checks, and
filling.  When circulation is required, a closed cooling water system should be considered.  In areas of low ambient temperature,
the cooling water system may have to be provided with heat tracing and insulation to guard against freezing.  See Section XI-H.
Lube Oil Separation Facilities - Reciprocating compressors should generally be of the non-lubricated type.  Although they are
more expensive than lubricated compressors and require more maintenance, they avoid the (usually intolerable) product
contamination resulting from lube oil injected for lubricating the rubbing parts of the cylinder.  If other considerations require the
use of lubricated reciprocating compressors, then lube oil separation facilities must be provided on the compressor discharge.
Refrigeration Condenser - The condenser must remove heat equivalent to the various heat leaks into the system, the heat
entering with the feed, and the work of compression.  The condensing medium may be water, air, a combination of air/water, or
another refrigeration system.
The condenser temperature affects both the required heat exchanger surface area and the required compressor horsepower.
Lowering the condenser temperature increases the required surface area, but reduces the compressor horsepower.
Conversely, raising the temperature lowers the required surface area but raises the horsepower requirements.  The designer
must select the condensing temperature to fit the economic guidelines for the project.
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For low boiling point materials, such as ethylene, it will probably be necessary to provide other, separate, refrigeration facilities
to handle the condenser duty and minimize compressor work.
Accumulator - An accumulator drum is provided downstream of the condenser.  Its purpose is to provide for an inventory of
liquid refrigerant sufficient for stable refrigeration operations during changes in refrigeration operation and to purge non-
condensibles from the refrigeration cycle.  These non-condensibles which originate from startup of the new system, and which
come in as impurities in the product or in the refrigerant make-up, would otherwise gradually accumulate and eventually
overpressure the system.  Material vented from this drum should be released to a safe location, preferably an elevated vent or
flare stack.  Generally, the refrigeration system is designed so that there is no need to continuously release inerts from the
accumulator during normal operation.

TANKS
Vessel Foundations - The design of foundations for refrigerated storage vessels does not differ significantly from that for any
other service and follows standard foundation practices.  Spread footings are frequently used for spheres, while reinforced
concrete ringwall foundations and piled foundations are used for vertical cylindrical tanks depending on the soil conditions.
Piled foundations may also be used for spheres.
For tanks with ringwall foundations, the tank bottom will rest directly on the compacted soil tank pad.  In order to prevent
freezing and heaving of the soil, it may be necessary to provide heaters in the tank pad to maintain the soil temperatures above
32°F (0°C).  The Civil Engineering Group within ExxonMobil Engineering - Technology Department (EMETD) should be
consulted regarding the susceptibility of any given type of soil to heaving.  Such heaving will progress continuously and
eventually result in unstable support for the tank bottom.
Any heating medium may be used, although electric heaters are generally most favored, due to their ease of installation and
control.  With suitable insulation, the tank heat gain from the heaters will not exceed that of an equivalent area of the shell.
Consideration should be given to installation of heaters within conduits to facilitate removal and repair as required.  Where a
piled foundation is used, the pile cap should be elevated 3 ft (90 cm) to allow for the circulation of air which eliminates the need
for any additional heat source.
Wind loadings on the side of vertical cylindrical tanks, high internal gas pressure, and/or low liquid inventory can cause “uplift”
on the shell sufficient to lift the weight of the roof and shell.  To provide a reasonable factor of safety against uplift, anchor bolts
are required to secure the vessel to the foundation.  Consequently, the foundation must be designed to resist this force.
The foundation for a refrigerated vessel must also be protected against the thermal effects of a cold liquid spill.  The Civil
Engineering Group within ExxonMobil Engineering - Technology Department (EMETD) should be consulted for specific
recommendations.
Typical foundation details for cylindrical tanks are shown in GP 4-8-1.  Foundations for double-wall cylindrical tanks are similar.
The foundation insulation material for refrigerated tanks must, in addition to limiting heat leak into the tank, transmit the liquid
load to the foundation.  The most common insulations used are load bearing polyurethane, foamglass blocks, and perlite
concrete.  A layer of sand is usually furnished above and below the insulation, to provide bedding for the insulation and the tank
bottom plate, and to prevent abrasion of the insulation.  Where several layers of insulation material are required, it may be
necessary, depending on the insulation employed, to provide a material, such as kraft paper, between the blocks to prevent
abrasion.
In standard ringwall foundation designs, a vapor barrier is necessary immediately below the insulation to prevent migration of
moisture into the insulation through the foundation.  For an elevated piled foundation, an impervious membrane is not required,
since the pile cap itself generally functions to prevent moisture from reaching the insulation.
Precast structural members or timbers surrounded by loose insulation are frequently used in foundation design.  With this type
of foundation, wood decking usually has to be used between the tank bottom and the insulation to provide uniform support for
the tank bottom, since the loose fill will not support the load.  Either treated dried wood or perlite concrete blocks are used
directly under the tank shell.  These materials combine the high load bearing capacity necessary to transmit the shell load to
the foundation with their effectiveness as insulators.
Innage and Outage Allowances
1. Outage - Several factors must be considered by the designer to arrive at a safe allowable liquid level in any refrigerated

vessel.  These include:
• Thermal expansion of liquid between minimum storage temperature and maximum operating temperature.
• Tank gauging system accuracy and reliability.
• Vessel fill rate.
• The time required for emergency shutdown of the filling stream and consequently the equipment from which the

product is received.
• Local code requirements.
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Maximum inventory in any storage tank should be established from thermal expansion considerations, then reduced below this
as dictated by operational/processing considerations and appropriate prudence.  The primary concern is to prevent overfilling of
the vessel, which can cause not only immediate structural damage but also the formation of a hydrocarbon vapor cloud from
the vaporization of the cold liquid product.
Typical outage values have been 1 to 2 ft (30 to 60 cm) below the roof tangent line for refrigerated tanks and 10 to 15% of
capacity for spheres and drums.
2. Innage - The minimum operating level is generally based on the following:

• Minimum safety stock to prevent runouts.
• Pump NPSH requirements.
• Pumpout rates.
• Gauging system.

Pump damage can result if the level is allowed to get low enough to create suction cavitation when the minimum NPSH
requirement is not met.  Typical innage values range from 18 to 24 in. (460 to 610 mm) for tanks.  For spheres, the minimum
levels should generally correspond to not less then 1% of the sphere volume.
Boiling Surface - Sufficient vapor space is required in refrigerated vessels with “open type” refrigeration systems to provide
adequate surface for boil-off and to prevent liquid entrainment in the vapor drawoff.  For additional information on entrainment
of liquid droplets, see Section V on Drums.  Usually the outage requirements for tanks are sufficient to satisfy the requirements
to prevent liquid entrainment; however, drums and spheres may require special design features.  For dome-roof tanks, the roof
volume in itself is generally sufficient.
Piping Connections - Piping connections to the inner tank of a single containment tank, consisting of an inner tank surrounded➧
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by an outer container, and all double and full containment tanks are welded.  Shell connections are prohibited for double-wall
tanks.  Expansion joints are only used for secondary components.  GP9-6-1 provides additional guidance.  If possible, tank
drain connections should come off of the pump suction or other bottom line downstream of the tank EBV.

STRATIFICATION AND ROLLOVER
Refrigerated liquids of unequal density, due either to composition or temperature differences, may stratify in the storage tank.
The upper layer will be in or near equilibrium with the vapor space above it while the lower layer(s) may not be in or near
equilibrium with the vapor space in the tank as a result of being “capped” by the upper layer(s).  The capping results because
natural convection circulation is limited to within a layer of near equal density.  This circulation limitation can prevent a lower
heavier layer from releasing any heat contained in the feed or rundown to the tank or heat absorbed while stored in the tank.
“Rollover” may occur when new material is added to a refrigerated tank.  The conditions leading to a rollover are initiated by
stratifying the material added during the filling operation.  Stratification may occur if the new material is top-filled and is less
dense than the material in the tank (the heel) and sufficient mixing is not generated in the tank.  Stratification may also occur if
the new material is bottom-filled and is more dense than the tank heel and adequate mixing is not achieved.  Once stratified,
little or no natural mixing occurs between the stratified layers.
The conditions leading to a rollover can also be initiated by self-stratification of the refrigerated liquid tank.  This mechanism is
only of concern in LNG or similar material where some components, such as nitrogen, have higher volatility than components
with lower molecular weight.  Thus, when nitrogen boils off the LNG tank surface, the resulting liquid may be lighter in density
than the remainder of the tank and will tend to collect near the surface.  Over time, this mechanism may lead to a stratified tank.
Two adjacent layers can reach the same density over time as a result of compositional changes in the upper layer (it is
continuously vaporizing the most volatile components into the vapor space), temperature changes in either the upper and/or
lower layer resulting from a complex mass and heat transfer phenomenon between the upper layer and its vapor space above
it, heat transfer between layers, and heat transfer between the wall(s) and/or tank bottom and the layer(s).  If the lower layer
becomes essentially equal in density to the top layer, an unstable equilibrium will develop.  Any disturbance of this unstable
equilibrium may result in vaporization of the lower layer, which had been suppressed by the hydrostatic head of the upper layer.
This phenomenon is known as rollover.
The rollover phenomenon has occurred in various LNG tanks when a heavy high vapor pressure material was introduced into a
tank containing a heel of light low vapor pressure material.  There have also been unconfirmed reports of sudden vapor
evolution in ammonia storage tanks.  The potential for stratification and rollover also exists in LPG installations.
Rollover in refrigerated liquefied gas storage can be extremely serious due to the potentially high rate of vapor evolution that
may occur.  Although all refrigerated liquefied gas storage tanks are protected against overpressure by safety valves, these
facilities cannot be relied on for protection against rollover since there are no currently approved methods to determine the
maximum vapor evolution resulting from rollover to use as a sizing basis for the safety valves.  Primary protection against
rollover must therefore be to provide adequate facilities to ensure the conditions that create a rollover potential do not exist.
Accordingly, installation of the following equipment should be considered to prevent stratification and potential rollover.
• A recirculation system to continuously circulate material from the bottom of the tank to the top of the tank.
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• A jet mixing nozzle on the feed or rundown to the tank designed and sized to mix the heaviest foreseeable feed at the
lowest possible rate with the lightest foreseeable and largest size tank heel.  Note that any contained superheat in the feed
will cause vaporization when the feed is mixed with the existing tank heel and allowed to come to equilibrium at the
pressure in the vapor space in the tank.  Some of that vaporization will be shock condensed and cause noise (hammer)
and vibration that is not desirable because of the potential for mechanical failure.  To preclude or minimize the
vaporization, condensation, noise, and vibration, the feed superheat should be removed before entry to the tank.  This can
be done by cooling the feed using refrigeration.  It can also be done by flashing the tank feed in a pre-flash drum whose
vapor space is connected to the tank vapor space and whose flash liquid is pumped into the tank through the
aforementioned jet mixing nozzle.

• Where the input to the tank is expected to contain some vapor, a centrally located ring sparger should be used in lieu of a
jet mixing nozzle.

The Reactor and Fluid Dynamics Section of ExxonMobil Engineering - Process Engineering Department and/or the Safety and
Risk Section of the ExxonMobil Engineering -Technology Department should also be consulted for specific recommendations.

MATERIALS OF CONSTRUCTION
Considerations associated with materials for low-temperature applications, with the exception of oxygen, are covered in
Section II.  All component materials for storage vessels subject to the subcooled temperatures must satisfy requirements of

Full d
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GP 9-6-1.  Materials for equipment in the refrigeration system are covered by the applicable General Practice, e.g., GP 3-10-1
for piping.  Requirements for materials in an oxygen rich environment can be found in ASTM G 88, Standard Guide for
Designing Systems for Oxygen Service.
Where multiple products are stored in a common facility, consideration should be given to making some or all tanks suitable for
the colder/higher vapor pressure product than what they might normally handle.  This provides flexibility for future changes in
tankage allocations due to any maintenance or operational requirements.

PUMPS
Pumps should be specified in accordance with considerations present in Section X.  Generally, the pumps selected for
refrigerated storage service are of the vertical centrifugal “deep well” type because of the low NPSH available with the product
at or near its bubble point and the tank at minimum elevation above grade.  Since the NPSH available is generally very low, it is
very important that the NPSH available, which is specified, be carefully evaluated since pump type, model selection, and cost
are very sensitive to variations in available NPSH in this low NPSH range.
Special attention should be given in layout with respect to length, size, and routing of suction piping.  In particular, high points in
suction lines must be avoided to prevent accumulation of vapor when the pumps are not operating.  Vapor generated by heat
leak should be allowed to migrate back to the storage tank.  Pumps should be located as closely as possible to the storage
vessel, but outside the firewalls.
Pumps should be vented back to the storage vessel to facilitate cool-down and pump starting.  Pump vent lines should be
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insulated to reduce potential vapor generation if liquid filled.  Vent lines that are vapor when the pump is running, such as seal
balance lines, are often full of liquid on the standby or idle pump and these lines can add considerable vapor load.
Recirculation back to the tank will be necessary where the pumps may be operated at less than say 30% of design capacity,
since pump heating of the pumped fluid will be significant and cavitation will rapidly occur in this situation.
An alternative pumping arrangement frequently used on double and full containment tanks is submersible pumps placed in a
pump column within the tank.  This arrangement eliminates the need for a pump suction nozzle on the tank shell close to the
bottom of the tank, which is considered a potential source of a leak.  This arrangement is generally not recommended due to
concerns with support for the required tank internals to accommodate thermal expansion and pump accessibility for operational
monitoring and maintenance.  Where this arrangement is used, the reader is referred to Appendix E of ExxonMobil Engineering
Report No. EE.49E.79 for a more detailed discussion of concerns and recommendations pertaining to submerged pumps.

SAFETY FACILITIES
Refer to Section XV for guidance on the design of safety facilities for refrigerated storage.
Safety Valves - Normally, safety valves installed on refrigerated storage tanks release to the atmosphere due to little tolerance
for either superimposed or built-up backpressure.  The tank design pressure and safety valve set pressure are only slightly
above atmospheric pressure, typically 0.5 to 1.5 psig [6.9 to 10.3 kPa (g)].  Safety valves in other higher pressure segments of
the refrigeration systems, however, can discharge to a safety valve header because backpressure is usually tolerable.
When storage tank safety valve releases directly to the atmosphere are not permitted, and a closed relief system is mandatory,
the water seals of the relief system must be protected against freezing.  This is normally accomplished with steam sparging
under temperature control.  Alternatively, a gas purge or dry seal per Section XV may replace the water seal.  These latter
seals have the advantage of imposing a relatively small backpressure on the tank safety valve.
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