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Amendments to 175/16

Section Change

4.1 Reinforced visual detection of iron contamination of ammonium nitrate
41.1.1 Ensure cleanliness of ammonium nitrate transport vehicle
4.1.1.2 Address spillage prevention for liquid ammonium nitrate

4.2 Added the possibility of N2O monitoring for long term exposure in improperly

ventilated work areas
51.1.3 Visual aid to determine iron contamination in the reactor
51.14 Visual inspection added to LAN delivery vehicle to mitigate contaminated supply

5.3.1 Added an additional layer of overtemperature protection, control of chloride
concentration and overpressure caution to LAN transfer in the melter
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5.3.2.3 Added text for fail safe thermal restart and protection of electrical heater elements
from a known design issue, cooling water system design details and proper return
to service after maintenance
53.25 Added design requirements for reactor pressure relief based on experimental data
5.3.2.6 Added reactor restart thermal runaway and low level risk and mitigation
5.3.6 Moved reference to oxygen compressor document from requirements to a note to
address non-applicable mandatory language
6.1 Strengthened maintenance requirements for vessel, control loop and critical safety
control system maintenance
6.3 Added a new section for emergency water cooling system testing
8.1 Added new section for abnormal operation procedure requirements
8.2 Rewrite of the emergency procedure section

NOTE Technical changes from the previous edition are underlined
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1 Introduction

Nitrous oxide (N20) has been produced and distributed by the industrial gases industry for many years.
It is mainly used for medical purposes (anesthesia). It is also used in the food and electronic industries.

Severe accidents, such as violent explosion of ammonium nitrate or decomposition of nitrous oxide,
have occurred at facilities producing nitrous oxide from ammonium nitrate. In addition, nitrous oxide gas
in elevated concentrations can cause health effects in operators that should be prevented.

A major cause of accidents and health effects when producing nitrous oxide from ammonium nitrate
has been insufficient attention to the specific properties of these materials when designing equipment
and developing operating procedures. For that reason, this publication describes the properties and
hazards of ammonium nitrate and nitrous oxide. On this basis, the principles and relevant details of safe
production of nitrous oxide from ammonium nitrate are considered.

Regulatory requirements for medical applications shall also be followed, usually specified in the
applicable Pharmacopeia for the country of operation. For example, the European Guide Good
Manufacturing Practice in Europe, U.S. Food and Drug Administration (FDA) and Health Canada (HC)
good manufacturing practices in North America, as well as NFPA 99, Health Care Facilities Code in the
United States and CSA Z305.1, Nonflammable Medical Gas Piping Systems in Canada for medical gas
piping systems [1, 2, 3, 4, 5]."

2 Scope

This publication serves the interest of all who could in any way be associated or concerned with nitrous
oxide manufacturing from the thermal decomposition of ammonium nitrate. It also serves to acquaint
persons not versed in ammonium nitrate and nitrous oxide technology with those factors considered
important to health and safety.

This publication applies to safety in the design, construction, installation, operation, and maintenance
of nitrous oxide plants using ammonium nitrate technology. Emphasis is placed on equipment,
operational and maintenance features that are particular to nitrous oxide plants.

For details of publications covering the safe practices for storage and handling of nitrous oxide see
EIGA Doc 176, Safe Practices for Storage and Handling of Nitrous Oxide and CGA G-8.1, Standard for
Nitrous Oxide Systems at Customer Sites [6, 7].

This publication is not applicable to the process of production of nitrous oxide from other raw materials
but may be used as a guideline for the purification, drying, compression, liquefaction, and storage as
applicable.

Nitrous oxide emissions during production are not covered by the scope of this publication, for
information, see EIGA Doc 112, Environmental Impacts of Nitrous Oxide Plants [8]).

3 Definitions

For the purpose of this publication, the following definitions apply.
3.1 Publication terminology

3.1.1 Shall

Indicates that the procedure is mandatory. It is used wherever the criterion for conformance to specific
recommendations allows no deviation.

1 References are shown by bracketed numbers and are listed in order of appearance in the reference section.
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3.1.2 Should

Indicates that a procedure is recommended.

3.1.3 May

Indicates that the procedure is optional.

3.1.4 Will

Is used only to indicate the future, not a degree of requirement.
3.1.5 Can

Indicates a possibility or ability.

3.2 Technical definitions

3.2.1 Cylinder

Transportable pressure receptacle of a water capacity not exceeding 150 litres [9].
3.2.2 Decomposition

Separation of a chemical compound into smaller elements.

NOTE Ammonium nitrate and nitrous oxide separates into components in an exothermic reaction that can be
accelerated by changes in pressure, temperature, energy inputs, the presence of catalyzer or impurities.

3.2.3 Endothermic

Chemical reaction that absorbs heat.

3.2.4 Exothermic

Chemical reaction that produces heat.

3.2.5 Liquefied gas

Gas which when packaged under pressure for carriage is partially liquid at temperatures above —50 °C
(-58 °F) [9].

3.2.6 Qualified nitrous oxide technician

Person who by reason of education, training and experience is knowledgeable of the properties of
nitrous oxide, is familiar with the equipment used to store, transfer, and use nitrous oxide and
understands the precautions necessary to safely use nitrous oxide equipment.

3.2.7 Pressure

In this publication, “bar” (“psi”) noted as (psia; bar, abs; and kPa, abs) for absolute pressure or (psid;
bar, dif; and kPa, dif) for differential pressure.

3.2.8 Tank

Collective term that includes stationary tanks and transport tanks.



EIGA DOC 175/24
4 Properties and hazards
4.1 Ammonium nitrate

Both forms of the feedstock, solid ammonium nitrate (SAN) and liquid ammonium nitrate (LAN) shall be
considered as oxidizing substances with relevant-properties and requiring safety precautions see Table
1.

In both LAN and SAN, the iron concentration can be out of specification if the ammonium nitrate supplier
has recently restarted the plant. Since the analysis is typically a batch analysis, high iron concentration
at the beginning of the batch can be missed. This may be detected at the nitrous oxide production site
by visual inspection for discoloration of the supplied ammonium nitrate and by monitoring the color in
the melter and in the reactor (see also 5.1.1.3).

LAN and SAN are both hazardous materials, but LAN has the following safety advantages compared

with SAN:

e  Cross contamination with anti-caking substances is less likely with LAN;

e |tis easier to maintain quality;

e  The operation of the plant is safer;

e Consequently, LAN has a lower hazard rating in transport and environmental legislation; and

e Handling is minimised.

Table 1—Ammonium nitrate

Solid ammonium nitrate (SAN)

Liquid ammonium nitrate

(LAN)
Identification
Chemical formula NH4NOs3 80 — 93% NH4NOs3 in water
CAS No. 6484-52-2 6484-52-2
EC No. 229-347-8 229-347-8
UN-No: UN 1942 UN 2426
Name according to [9] ammonium nitrate ammonium nitrate, liquid
Transport Class according to [9] | 5.1 5.1

Classification according to [9]

02 (oxidizing substance solid)

01 (oxidizing substance liquid)

Properties

Contact with combustible
material can cause fire.

Explosive when mixed with
combustible material.

Decomposes when heated to
about 170 °C (338 °F).

Fire can cause generation of
toxic nitric gases.

LAN has in principle the same
properties as solid ammonium
nitrate, but due to its water
content it is slightly less
sensitive.

Safety precautions

Keep away from sources of ignition — no smoking.

Avoid contamination by combustible liquids, powdery substances,
oxidizing substances, alkalis and acids.

Avoid contact with skin and eyes.

Clean ammonium nitrate from equipment during maintenance prior

to welding or brazing

Health hazards

The substance can be absorbed into the body by inhalation of its

aerosol.

Short term exposure: Irritating to the eyes, the skin and the blood

respiratory tract.
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4.1.1 Liquid ammonium nitrate (LAN)

41.1.1 Quality requirements
Depending on the process 80% to 96% NH4NOs solutions are being used:

NOTE For transportation purposes the concentration is limited to 93% (UN 2426).

e A quality certificate with purchase is required;
e  The supplier should be qualified and approved by the user;

e Approved insulated transport container is required (some being equipped with external steam
heating coils). Refer to the applicable transport regulations [9];

. Ammonium nitrate transport vehicles should be confirmed cleaned for service prior to use; and
e The product quality shall be analysed by either the supplier or consumer.

Table 2—Typical specification for technical grade liquid ammonium nitrate

NH4NO3 concentration range min. 82.0% — max. 93.0%
NH3 (free ammonia) max. 500 ppm (500 mg/kg)
Volatile organic matter (for example, oil) max. < 20ppm (20 mg/kg [as carbon])
Chloride (CI) < 5 ppm (<5 mg/kg)

Iron (Fe) <4 ppm (<4 mg/kg)
Phosphate (PO4) <10 ppm (<10 mg/kg)
Calcium (Ca) <10 ppm (<10 mg/kg)
Sulphate (SOa) < 50 ppm (< 50 mg/kg)
Acidity of 10 % test solution 5<pH<6.5

Urea <5 ppm

Foreign matter None visible

Extractable organic matter <100 ppm

Anti-caking agent or additive None

4.1.1.2 Storage requirements

The following storage requirements for ammonium nitrate apply:

e Arrangements for heating (for example, steam, recirculation of LAN) are required. No direct
electrical heating is allowed. To avoid localized high temperature, hot points such as exposed
electric heating elements shall not be used;

e The temperature shall be controlled to prevent crystallization;

e If necessary the actual ammonium nitrate concentration should be controlled and diluted to the
required specification. Additional water should have low chloride and iron content;

e Storage quantity shall be according to local regulations;

e The LAN storage tank area shall be protected against spillage and the tank discharge system shall
be protected to prevent inadvertent discharge into drains, for example, by a retention area;

e The LAN unloading system, including hose and fittings, shall be inspected for damage before
offloading LAN into the storage tank to prevent leaks;
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e The LAN unloading system, including the transfer system, should be cleaned thoroughly to avoid
any SAN build-up; good practice is to use water of low chloride content;

¢ LAN should be transferred from the trailer to the tank by pressurization and to the nitrous oxide
plant by gravity. Pumping LAN requires a specific pump design to avoid dry running; and

e The entire load of LAN should be delivered into the storage tank to prevent spillage and
crystallization of LAN in the transfer line. Remaining storage tank capacity prior to delivery can be
verified by level or mass measurements.

4.1.2 Solid ammonium nitrate (SAN)

4.1.21 General requirements

e Depending on local regulations, approval could be required for purchase, transport and storage due
to the fact that explosives can be produced from SAN; and

e Safety distances to public roads and residential areas shall comply with local regulations.

41.2.2 Quality requirements
e A quality certificate with purchase is required; and

e The supplier should be qualified and approved by the user.

41.2.3 Typical specification

Table 3—Typical specification of solid ammonium nitrate

N-content (free of water) >34.8%
Moisture <0.5%
Acidi'ty (when diluted in a 10% 5<pH<7
solution)
Non solubles < 0.002%
Ashes < 0.002%
Chloride and halogen < 0.0002%
Iron < 0.0002%
Total organic carbon < 0.001%
Anti-caking agent or additive None (means not fertilizer quality)
41.2.4 Storage requirements

e According to the chemical properties of ammonium nitrate (harmful, oxidizing) a dry and a dedicated
fire-resistant area is required for storage. In addition nothing else shall be stored in the same room.
Strict housekeeping is necessary;

e Used bags shall not be kept inside the storage building and shall be disposed of in compliance with
any applicable regulations; and

e Access to the storage room shall be controlled.
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4.2 Properties and hazards of nitrous oxide

Elevated concentrations of nitrous oxide in the air can be reached quickly on loss of containment, for
example, via leaks and venting. If nitrous oxide is produced in insufficiently ventilated rooms, a gas
monitoring system should be installed to monitor the concentration of nitrous oxide (for long term
exposure) and oxygen (for short term deficit) in the room.

For more information, see publication EIGA Doc 176 [6].

5 Production process
5.1 Introduction and general description

The most common industrial process for the manufacture of nitrous oxide is based upon thermal
decomposition of ammonium nitrate. There are a number of other nitrous oxide production processes,
which are not covered in this publication, for example, direct oxidation of ammonia or purification of off-
gas from adipic acid production (polyamide chain).

5.1.1 Chemical background of the thermal decomposition process

Nitrous oxide is produced by thermally decomposing a hot solution of ammonium nitrate and water at
concentrations varying from 80% to 93% at a temperature of approximately 250 °C to 255 °C
(482 °F to 491 °F). Thermal decomposition of ammonium nitrate is complex and can follow different
routes.

The main and desired reaction is:
NH4NO3 = N20 +2H20

This reaction is exothermic, generating 56 Btu/mol (59 kJ/mol) at approximately 250 °C (482 °F) and it
is a first order reaction with an estimated energy of activation of 142 Btu/mol to 190 Btu/mol
(150 kd/mol to 200 kJd/mol) at standard conditions (273 K, 1013 mbar [32 °F, 0 psi]).

The reaction kinetics of decomposition doubles for every 10 °C (18 °F) incremental increase in
temperature (or the rate of decomposition multiplies by a factor of 1.07 for each °C (°F). As an order of
magnitude, a mass of molten ammonium nitrate producing 200 kg/h of nitrous oxide in a reactor at 250
°C (482 °F) develops a thermal power of about 70 kW; at 255 °C (491 °F) the same reactor would
produce 280 kg/h (40% more), with a heat production of 98 kW.

A variety of reactions take place in an ammonium nitrate reactor being operated to produce nitrous
oxide. The pure ammonium nitrate salt melts at 169 °C (337 °F) and begins decomposing at 190 °C
(375 ° F). At temperatures up to 250 °C (482 °F), two reactions predominate and are of primary interest
to the production of nitrous oxide by thermal decomposition of ammonium nitrate.

Decomposition:

NHsNOs > N2O + 2H.O0 AH =-315Btu/lbm (-59 KJ/g-mol)
Dissociation:

NHsNOs > NHs + HNOs AH=+860 Btu/lbm (+159.9 KJ/g-mol)
NOTE The decomposition reaction is exothermic and the dissociation reaction is endothermic.

The decomposition reaction is the desired reaction, producing nitrous oxide. The dissociation reaction
becomes appreciable at 210 °C (410 °F) and continues to become more predominant with increasing
temperature. Increasing pressure suppresses the dissociation reaction. If adequate venting is provided
for the reactor, in the event of loss of control of the reactor, with rapidly rising temperature, the
dissociation reaction eventually checks the temperature rise as it is capable of absorbing the heat
generated by all of the other exothermic reactions combined. If adequate venting is not provided,
pressure rise suppresses dissociation and the pressure and temperature will continue to rise until the
ammonium nitrate is consumed or there is an explosion.

6
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5.1.1.1 Side reactions

In addition to the primary reactions discussed above, minor side reactions take place producing nitrogen
and the higher nitrogen oxides.

The unit operations required to remove the minor components produced by these reactions are
discussed below.

5.1.1.2 Chloride catalyzed decomposition

The decomposition of ammonium nitrate in the melted phase will be faster and can occur at
temperatures below the melting point when the ammonium nitrate contains chloride components or
when the added water contains chloride ions. These reactions in the presence of chloride components
produce principally nitrogen. Steel and machined brass components exposed to chlorides in the
presence of high moisture and/or high temperatures can result in chloride stress corrosion cracking.

Other components have a similar catalytic effect, see EIGA DOC 176 [6].

5.1.1.3 Corrosion — Use of stabilizers

Ammonium nitrate solution is very corrosive to several metals, including copper, brass, zinc, and carbon
steel. Even stainless steel after prolonged periods of contact undergoes limited attack, which transfers
ferric ions into the solution. Addition of small quantities of di-ammonium phosphate ((NH4)2HPO4) or
ammonium dihydrogen phosphate (NHsH2PO4) also known as mono-ammonium phosphate), or
phosphoric acid (HsPO4) in ammonium nitrate limits this reaction.

Where the purity of ammonium nitrate or water quality could lead to corrosion in the melter or reactor,
phosphoric acid is often used to prevent corrosion.

Corrosion in the reactor or melter can release iron into the ammonium nitrate causing instability or loss
of control in the reaction. A brownish tint to the ammonium nitrate in the melter or in the reactor indicates
iron contamination.

5.1.1.4 Contamination

Accidental contamination of ammonium nitrate by combustible materials, for example, oil shall be
avoided by taking appropriate measures, including visual inspection of LAN transfer equipment from the

delivery vehicle.

Ammonium nitrate shall be controlled thoroughly (see 4.1). Traces of anticaking substances from cross
contamination with fertilizer grade ammonium nitrate will make the reaction violent and produce high
amounts of carbon monoxide, carbon dioxide, and nitrogen. Therefore, quality control of raw ammonium
nitrate is required.
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Several different designs of nitrous oxide process plants exist, but the general schematic overview of
production is as shown in Figure 1.

SAN LAN
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High pressure . - Drying unit Compressor

storage (9) 4— Liquefier (8)  —— (7) (6) —

Low pressure
storage (11)

Figure 1—Scheme of nitrous oxide production

For the production of nitrous oxide, the ammonium nitrate can be used in two forms:

e LAN, is supplied as a heated solution in water. The LAN storage tank shall be insulated and
temperature controlled to avoid cooling that could cause solidification or crystallization; or

e SAN is added to a melter where water is added to form a liquid solution. This is an additional
processing step ahead of the LAN process listed above. It has been reported that some solid feed
plants melt and decompose SAN without any addition of water; this technology is not recommended
and not covered by this publication.

Solid storage and a melter (1) are required for solid feed plants. Liquid hot solution tanks are required
for liquid feed plants. In both cases, technical grade of ammonium nitrate, with low amounts of chloride
and metals, is required. The liquid is injected into the reactor (2). Here the LAN undergoes a thermal
decomposition into nitrous oxide and water vapor.

Control of the reaction is achieved by maintaining the mass and thermal balances by monitoring and
adjusting the flow rate of ammonium nitrate and/or the heating power.

Other control parameters are:

e LAN level in the reactor;

e temperature of the LAN;

e pressure control in the gas phase; and

e gas flow rate exiting the reactor.

The temperature of the LAN is then maintained by heating and cooling the reactor.

The heat produced by the reaction may be used for preheating the LAN in the melter or the LAN before
entering the reactor.

The produced gas is cooled and the water vapor is condensed in a counter-current water cooled
condenser (3). The gas stream then passes through a number of chemical removal steps using
purification towers (4). Impurities such as nitrogen oxides, (NOx), nitric acid, (HNOs), and ammonia,

8
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(NHs) are washed out in a sequence of absorption towers employing water, a mixture of potassium
permanganate and sodium hydroxide, sulfuric acid and finally water. Some plants operate without the
sulfuric acid purification step.

The purified nitrous oxide can be accumulated in a gasholder (5), depending upon the plant design.
This accumulation device acts as a compensator for variations in production. The gas is compressed to
liquefaction pressure (6) and, after drying (7), it is liquefied (8) with cooling water (10) or other non-
flammable refrigerant. The product is then stored (9, 11) and ready for further purification, filling
cylinders or for bulk transport.

5.3 Equipment components
5.3.1 Melter

The following applies to plants using SAN.

The SAN is melted by addition of approximately 8% water and by heating up to a temperature of
125 °C to 130 °C (257 °F to 266 °F). Addition of di-ammonium phosphate or ammonium dihydrogen
phosphate (also known as mono-ammonium phosphate) is made to the stabilize reaction (see also 6.1).

The melter is divided into two sections:
e Melting or consumption section. For LAN this section can be used for preheating; and

e Transfer section from which the LAN is fed to the reactor.
Each section is heated independently.

Passage of LAN from dilution to transfer section can be achieved by hydrostatic pressure or pneumatic
pumps.

Melter requirements:

e Ensure the dilution section is at ambient temperature before introducing the ammonium nitrate and
always introduce the water first, never introduce SAN into an empty and hot melter;

e Ensure a high / low level control either by procedure or automatically;
e Heating systems shall be such that there is no contact between the heating source and the LAN;

e Ifusing electrical heating systems which are not self-limiting, the design should include some means
of secondary monitoring to shut down the power to the heaters in case of overtemperature;

e Provide a system for re-circulating / homogenizing the solution during the heating and melting
process, to make sure there is no hotter point than the measured temperature;

e Equip the melter with temperature control (T = 125 °C to 130 °C [257 °F to 266 °F]) in production
mode). The temperatures of the consumption section and the transfer section shall each be
controlled by two independent temperature control systems;

e Heat the injection line (pipe connection between melter and reactor) to avoid re-crystallization,
which can cause loss of cooling and control of the reaction;

e Limit the melter temperature to 130 °C (266 °F) during non-production periods and 140 °C (284 °F)
during production;

e For the preparation of the aqueous solution the water shall have low chloride and iron content (each
< 10 ppm). The water should be analyzed for chloride concentration. If found to be >10 ppm, a water
purification unit should be used to reduce the chloride concentration to an acceptable level.
Excessive chloride concentration is known to affect the stability of the reaction;

e Use of a strainer to remove unwanted solids should be considered;

e When the melter is shut down for a period long enough to start solidification or during maintenance,
the melter and piping system shall be cleaned with water or steam; and

9
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e Care shall be taken when applying heat to a closed LAN line since uncontrolled heat addition can
lead to formation of nitrous oxide in the piping and possible line burst due to overpressure.

5.3.2 Reactor
The reactor shall be operated such that the risks to personnel are minimized.

5.3.21 Reaction start-up
The ammonium nitrate is decomposed in the reactor according to the formula:
NH4sNO3 > N20 + 2 H20 + 56 Btu/mol (59 kJ/mol)

This decomposition of ammonium nitrate in water can start at temperatures around 210 °C (410 °F)
depending on reactor design, concentration of ammonium nitrate, purity of ammonium nitrate catalysts
and stabilizer concentration (see 5.1.1.3). It takes a relatively long time to naturally reach the thermal
equilibrium set point (generally between 250 °C and 255 °C [482 °F and 491 °F]). To accelerate the
starting process the ammonium nitrate solution is heated in the reactor to approximately 240 °C (464
°F).

5.3.2.2 Process thermal equilibrium

Since the reaction is exothermic, the temperature in the reaction mass has to be strictly controlled. The
optimum temperature for decomposition is approximately 250 °C (482 °F) at a pressure slightly higher
than atmospheric pressure. The reactor is thermally balanced between an exothermic reaction, and the
sum of the cooling effects coming from:

e water vaporization;
¢ heat capacity of fresh LAN feed; and

e heat losses through the reactor walls.

Reactors are designed for a nominal temperature and pressure, and for a range of reactant level and
water content of the ammonium nitrate feed. Any significant deviation from the original design operating
conditions shall not be permitted, unless the new operating conditions have been validated.

The control of the reaction by injection of LAN is regulated by the static pressure in the reactor or the
temperature, which depend on the quantity of gas produced by the reaction.

A properly designed system should allow for this natural thermal balance to be in close equilibrium. The
final thermal balance and reactor control is achieved by moderate additional heating and cooling.

Reactors are designed to operate close to 250 °C (482 °F); it is generally agreed that this temperature
optimizes both the kinetics of decomposition (not too fast, not too slow), and a minimum of side
reactions.

Ideally, temperature and level should be controlled and stable. In this process, mass and thermal
balances are linked. Addition of fresh ammonium nitrate not only varies the level, but also acts as a
cooling agent. Due to this coupled effect, it is difficult to obtain and maintain stable conditions exactly at
the nominal level and the nominal temperature. More likely, the reactor can be stabilized at a number
of set points with temperatures and levels close to the nominal. This stability point can fluctuate slightly
with time, subject to external temperature and the concentration or temperature of fresh LAN.

5.3.2.3 Heating and cooling equipment

Heating equipment can be either indirect electrical or direct or indirect flame burners. The heating
system shall be designed for both the high thermal load required during start-up and for the low thermal
load required for modulated control during steady state operations. Process heaters shall be designed
to fail into a safe state when power is resumed after a power outage.

10
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Depending on the reactor design there may be a gap present between the reactor and the heating
elements through which a LAN leak can contact the heater elements. This gap can be sealed with
material (such as high temperature aluminum tape) to prevent the LAN from leaking into the heater
elements.

Cooling power is required for both modulated control of reactor temperature during production, for
stopping the production and for emergency situations. Cooling can be provided either by internal heat
exchanger (internal coils) or external spray of fresh water on the reactor’s wall.

A second cooling device shall be provided for emergency cooling. Should an abnormally high
temperature be detected the cooling device shall automatically quench the reaction. This water supply
shall be designed and frequently checked to ensure that in the event of a breakdown of the supply of
water, instrument air and/or power, the emergency cooling water is still operational.

Design elements of the emergency cooling water system should include:

a cooling water supply separate from the main water supply (for example, gravity fed tank);

e backup pressure by nitrogen or instrument air;

e |locked open valves if equipped with isolation valves;

e interlock or administrative control to ensure that there is adequate water in the tank before starting
the reactor; and

e |If the tank is pressurized by nitrogen or instrument air, an interlock or administrative control to
ensure that there is adequate pressure to feed the tank before starting the reactor.

Following maintenance, care shall be taken to return any isolation valves to their locked open state
before reactor operation.

5.3.2.4 Temperature measurements

Temperature indicators are located on the control board and indicate the temperature in the ammonium
nitrate mass in the reactor. At least two independent sensors shall be provided to increase reliability
and to avoid common mode failure. The corresponding temperature sensors should be immersed in the
bulk LAN and connected to the temperature control system.

Sensors are selected according to how they are used. Accuracy, reliability, and sensitivity are important,
if the signal is to be used for the process regulation. The temperature control system shall be reliable
and protected from electrical power fluctuation.

5.3.2.5 Pressure control and release

Reactors shall be designed to be operated slightly above atmospheric pressure. In upset conditions the
reactor can have a runaway reaction which could lead to catastrophic failure. Consequently, reactors
shall be equipped with appropriate pressure relief devices (PRDs) designed for the process conditions,
including a bursting disk and/or a hydraulic overpressure safety device.

The minimum relief system area shall be 0.0527 in?/lbm (75 mm?Xkq). For new reactors, an area of at
least 0.1055 in?/lbm (150 mm?kg) should be used. This area can be split between hydraulic
overpressure safety device and bursting disc.

NOTE Experimental data suggests that with a relief system cross sectional area of less than 0.0352 in%/lbm (50
mm?/kg) ammonium nitrate capacity in the reactor, a reactor rupture is likely in the event of a runaway reaction.

For reactors equipped with a hydraulic overpressure safety device without continuous flow and overflow,
the level and density of the water should be monitored to maintain the proper relief pressure.

Process monitoring based on pressure can also be used instead of temperature monitoring. In this case
pressure fluctuations are measured and these can be correlated with reactor thermal evolution.
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Reactor PRDs can vent significant quantities of hot steam and liquid ammonium nitrate and shall be
designed to vent to a safe location. Attention shall be given to the length of the vent pipe to ensure that
the pressure drop does not limit the mass relieved from the reactor.

5.3.2.6 Reaction interruption

The reaction may need to be interrupted for the following reasons:
e temporarily for stand-by mode (for example, week-end or at night);
e complete shutdown for maintenance or cleaning; or

e immediately for an emergency.

The normal procedure in discontinuous operations is to stop the reaction temporarily by decreasing the
temperature of ammonium nitrate in the reactor to a level under which the reaction cannot
spontaneously restart. This operation shall be carried out with caution. Since the reaction kinetics are
roughly doubling with each 10 °C (50 °F) temperature increment, a reaction seemingly stopped, can
restart after 45-60 minutes. It is consequently very important that during this procedure, the operations
are under constant surveillance until confirmation of the definite interruption of the reaction has been
ascertained (below 180 °C [356 °F]). To avoid crystallization of ammonium nitrate, the temperature in
the reactor should not decrease below 160 °C (320 °F).

During this operation as well as during the standby period, all the safety systems shall remain
operational.

Restart of the reactor after stand by is a higher risk activity for reactor operation. It is particularly
important that the procedure addresses these higher risks to prevent an out of control reaction.

When the reactor is in a standby mode for less than approximately 48 hours, the temperature within the
reactor shall be kept below 180 °C (356 °F). Any increase in reactor temperature during stand by,
e.q., at 190 °C (374 °F), should trigger an alarm and quench the reaction.

When the reactor remains in a stand-by position for a longer period, water and ammonia evaporate and
ammonium nitrate concentration increases. There shall be procedures for controlling reactor
temperature, level and melter concentration during stand-by and before restarting the reactor. A low
level in the reactor can cause an erroneous temperature reading if the thermocouples are no longer
immersed in the ammonium nitrate, which can lead to overheating.

When the reactor is completely stopped, for example for maintenance, the reactor and piping system
shall be cleaned with water or steam.

When the reactor is restarted after a complete shutdown, the ammonium nitrate level has to be re-
established. Then the reactor has to be slowly warmed-up in order to avoid hot points inside the reactor
and other equipment. In case of crystallized ammonium nitrate in the reactor a very slow heating shall
be required according to documented procedures.

5.3.3 Condenser

The gas leaving the reactor is saturated_with water and passes through a condenser for removal of the
water.

The condensed water contains ammonium nitrate and nitric acid and can be reused. It should be purified
before discharge, according to local regulations.

5.3.4 Purification towers
The gas leaving the condenser contains impurities produced by decomposition of the ammonium nitrate.

The purification is carried out in absorption towers by washing the gas with chemical solutions re-
circulated by pumps in a closed circuit.

The purification towers should be fitted with shutdown to stop the reaction, if there is;
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¢ no flow of purification liquid in any tower; or

¢ no nitrous oxide gas flow through and / or pressure in the purification towers.

The handling of both bulk chemicals and their solutions shall be carried out following a procedure. Due
to the fact that these are chemical substances, which can cause severe burns, the preparation of the
solutions shall only be performed by trained personnel. Personnel handling chemicals shall wear
specified personal protective equipment (PPE).

The storage of the bulk chemicals and solutions shall be provided with secondary containment to
prevent spillage or leakage from entering open drain systems. They shall be stored in a defined,
covered, dry, and ventilated area away from any open drains and away from ammonium nitrate.

Typical chemicals used in the purification include:
o sulfuric acid;

e sodium hydroxide (solid or liquid);

e potassium permanganate; and

e potable water to prepare solutions.
5.3.5 Gasholder

The gasholder, if used, can be either a gasometer (water sealed bell) or a gas bag (balloon). It acts as
a compensator for the variations between the gas production from the reactor and the consumption by
the compressor in order to ensure a constant gas flow to the compressor.

The gasholder should be compatible with nitrous oxide at the design pressure. See 5.2 of EIGA Doc
176 [6].

The gasholder should have:
e low level sensor and/or low pressure sensor to stop or by-pass to the compressor; and

e high level sensor and/or high pressure line sensor to allow the operator to take appropriate action
to prevent excess gas from venting.

5.3.6 Compressor

Product is fed to the compressor either directly or from the gas holder, (if any).

The requirements for the compressors are:

o Filtration (strainer type, demister pad, mesh, etc.) at the inlet side of the compressor for removal of
particles;

e For parts in the compressor where contact with nitrous oxide is not possible, conventional oil may
be used for lubrication; for parts where contact is possible, dry running or water lubrication shall be
used to avoid explosion or contamination for medical grade nitrous oxide. All compressor
components in contact with nitrous oxide, either internal or external, shall not be at the temperature
exceeding the values recommended in 4.2.3.1 of EIGA Doc 176 [6];

e Any contact between nitrous oxide and hydrocarbon lubricants shall be avoided;

e Pressure relief devices shall discharge to a ventilated outdoor environment and shall be set to
appropriate pressure and flow capacity as specified in the design;

e Each discharge stage of the compressor should be equipped with a temperature sensor;

e Compressor controls shall be designed to prevent a vacuum in the gasholder or compressor inlet;
and
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e Qil lubricated compressor systems shall be designed such that oil cannot reach the drying unit
(because of high explosion risk).

Compressors should be designed according to EIGA Doc 10, Reciprocating Compressors for Oxygen
Service, considering the differences in properties, material compatibility and risks between oxygen and
nitrous oxide [10].

5.3.7 Drying unit

The drying unit removes water vapor from the compressed gas by adsorption. The unit contains two or
more adsorbers filled with alumina, silica-gel or molecular sieve for continuous operations or a single
unit if run in a batch mode. The adsorbers are connected in a parallel arrangement allowing continuous
operation, with one line in adsorption mode and the other in regeneration mode.

For regeneration the adsorber shall be depressurized; the gas is returned to the gasholder or should be
used. Regeneration is accomplished by means of hot hydrocarbon-free gas.

The requirements for the drying units are:

e When using a drying unit with a solid adsorbent, care shall be taken to avoid introducing nitrous
oxide at temperatures higher than 150 °C (302 °F). A temperature interlock and/or alarm system is
recommended in addition to a written procedure. Particular care should be taken with internal
heaters in the adsorbers;

e Never regenerate or cool the dryer with oil contaminated pressurized gas;
e Avoid any backflow of nitrous oxide into the hot heater;

e Pressure relief valves sized according to the maximum required flow rate;
o Filter at the outlet side; and

e Analyse the product after the drying unit for moisture.

Another method is to use a heat free drying unit which utilizes nitrous oxide as the regeneration gas.
The nitrous oxide is then returned to the gasholder or the inlet of the compressor(s).

5.3.8 Liquefaction and pressure storage

Nitrous oxide is cooled and condensed by water or other non-flammable refrigerant and then stored in
pressure tanks. In case of using a refrigerant, care shall be taken to avoid contamination of nitrous
oxide.

5.3.8.1 High pressure storage (ambient)

For high pressure storage, the nitrous oxide is liquefied by water cooling (10 °C to 15 °C
[50 °F to 59 °F]) and stored at ambient temperature and pressure between 45 bar and 55 bar
(652 psi to 797 psi). In most cases, this type of storage is an intermediate storage prior to transfer to a
low pressure tank.

The requirements for high pressure storage, (ambient) are:

e high pressure alarm and shut off alarm on intermediate storage tanks (if not installed at the
compressor) to shut down the compressor;

e pressure relief valves sized according to the compressor’s flow rate capacity; and
¢ method to measure product content by level or weight.
5.3.8.2 Low pressure storage (refrigerated)

Low pressure liquefaction and storage is a safer option than high pressure storage because of the
properties of nitrous oxide and the large volumes involved.
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For low pressure storage, the nitrous oxide is liquefied by a refrigerant to temperatures between
—20 °C and -30 °C (-4 °F and —-22 °F) and stored under pressure between 15 bar and 20 bar
(220 psi and 290 psi) in an insulated tank. For additional information, see EIGA Doc 176 [6].

An alternative process for transferring nitrous oxide to low pressure storage is to remove product from
the intermediate high pressure storage and pass it through an expansion valve.

The requirements for low pressure storage (refrigerated) are:

e For non-vacuum insulated tanks: Internal cooling coil operated with refrigerant to maintain nitrous
oxide as a liquefied gas;

¢ Avoid the refrigerant coming into contact with the product;

e Pressure relief valves sized according to the maximum compressor’s flow rate capacity loss of
insulation, or external fire; and

¢ Method to measure product content by level or weight.
6 Periodic inspection and maintenance
6.1 General

Periodic inspection and maintenance are required to ensure that the installation is well preserved and
kept in safe condition. The responsibility for the inspection, maintenance and repair shall be established
between the original equipment manufacturer, the user and if necessary, with the local authorities.
Routine inspection and maintenance of equipment should be carried out on a planned basis and be
recorded.

The production site shall be inspected regularly to ensure that it is maintained in a proper condition and
that safety distances originally specified are always maintained.

An installation dossier shall be kept on site. This dossier may include the following, in accordance with
local regulatory requirements:

e process and instrumentation diagrams;
e pressure vessel or tank dossiers; and

e operating and maintenance instructions.

Maintenance shall include, but not be limited to the following;

e checking the condition of the melter and reactor, with attention to potential corrosion. Both the
reactor and the melter have limited life spans due to corrosion;

e checking the condition of the compressor, pressure vessels, piping, and accessories;

e checking that all control loops and safety-instrumented functions, in particular for pumps, are tested
periodically for proper functionality;

e checking the operability of the valves;

e minor repairs, for example, changing of seals;

e cleaning; and

e checking of the reactor emergency cooling water system.

Inspection, maintenance, and repairs shall only be carried out by personnel trained for the tasks.

Equipment shall not be taken out of service for repair until all pressure has been released. Any leakage
shall be rectified promptly and in a safe manner. Only original spare parts should be used. If this is not
possible the suitability of the spare part shall be approved by a competent person.
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The maintenance and assembly of equipment shall be carried out in clean, oil-free conditions. All tools
and protective clothing (such as overalls, gloves and footwear) shall be clean and free of grease and
oil. All equipment in contact with nitrous oxide shall be suitable for oxygen service, be cleaned,
inspected, and labeled as cleaned for oxygen service.

Critical safety control systems should be identified, managed, and maintained in proper working order
according to EIGA Doc 186, Guideline for Process Safety Management, “Element 16 — management of
safety critical devices” [11].

6.2 Pressure relief devices

Regular visual inspections of the pressure relief devices shall be carried out during normal operation.

A periodic test of each relief valve shall be carried out to demonstrate its fitness for a further period of
service. Pressure relief valves should be tested in accordance with EIGA Doc 24, Vacuum Insulated
Cryogenic Storage Tank Systems Pressure Protection Devices in Europe unless national regulations
dictate more stringent requirements [12]. The requirements of National Board of Inspection Code
(NBIC), U.S. Department of Transportation (DOT), and Transport Canada (TC) apply in North America
[13].

Bursting disc elements can deteriorate with time resulting in their relief pressure rating being reduced.
It can therefore be necessary to periodically replace disc elements per manufacturer guidance.

Where block valves are installed upstream of pressure relief devices to allow their inspection with the
system in operation, specific locking systems and operational procedures shall exist to assure that the
safety devices are not isolated after the testing. At least one safety device shall be kept in operation
during the testing of the second one.

6.3 Reaction emergency cooling water system testing

Cooling water system coils can become fouled by small volume leakage of water through the cooling
system. This mode of fouling can be mitigated by monitoring for main water valve leakage when the
main valve is in the closed state.

Examples of preventing or monitoring are:

e Using purified water;

e Flushing nitrogen after water intervention;

¢ |Installing a tee with a valve in the cooling supply line. The valve is opened when the system is not
in operation and monitored for leaks; and

e Monitoring for steam or water at the cooling water outlet.

An annual test of the reactor emergency water colling system is required to ensure gquenching of the
reaction when necessary. Local requlations may require more frequent testing.

A baseline test should be performed that measures the time it takes to reduce the reactor temperature
from 250 °C down to 200 °C (482 °F down to 392 °F) or to local requlatory requirements. This baseline
time can be compared to the time recorded during the periodic test. An increase in cooling time is
indicative of deterioration of the cooling system, requiring investigation.

For existing plants, it is recognized that the baseline time may already be degraded due to fouling of the
cooling line and there is more risk that the cooling performance may not be sufficient to control a
runaway reaction. It is therefore recommended that an internal visual inspection of the cooling coils is
performed before baseline testing to ensure that the cooling coils are free of fouling.

For systems equipped with multiple cooling coils it is recommended that each is tested.

When deterioration is identified, further investigation shall be carried out such as internal examination
by boroscope to check for fouling of the cooling coils.
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6.4 Ancillary equipment

Ancillary equipment other than previously detailed (including, but not limited to: level gauges and level
transmitter, pressure and temperature gauges and transmitters, pressure reducers) shall be maintained
in accordance with either original equipment manufacturers’ recommendations or national codes,
whichever is the more stringent.

6.5 Modifications and changes

No modification shall be made to a plant, equipment, control systems, process conditions and operating
procedures without authorization from a responsible manager or their delegate.

Any modifications shall be carried out in accordance with the applicable design code; some
modifications can require consultation with the original equipment manufacturer.

Proposed modifications shall be evaluated for safety, health, quality, and environmental impact and a
signed document should be available before the change can be implemented. The document should be
signed for a second time before the equipment is released to become operational. The EIGA Doc 51,
Management of Change gives guidance on how to implement such a procedure and should be referred
to in Europe [14]. Management of change is addressed by FDA and HC in North America.

7 Training and protection of personnel
7.1  Work permit

Before maintenance is carried out on the installation a written work permit for the particular type of work
for example, work on process piping, hot work, entry of vessels, electrical work, shall be issued by an
authorized person to the individual(s) carrying out the work.

Recommendations and prescriptions about work permits are described in EIGA Doc 40, Work Permit
Systems for Europe [15]. U.S. Occupational Safety and Health Administration (OSHA) and Federal and
provincial regulations in Canada address work permit requirements in North America.

7.2 Entry into vessels

In addition to any confined space regulatory requirements, the following precautions, as applicable, shall
be observed before entering any vessel, such as a storage tank:

e Complete emptying and purging of the tank contents;
e Ensure inner tank is approximately at ambient temperature before entry is permitted;

e Complete isolation of the process lines from other equipment, which could still be in service, either
by blanking discs or physical disconnection;

e Analysis of the atmosphere in the vessel at several selected points with a suitable gas detector. It
could be necessary to measure the atmosphere regularly or continuously and to install forced
ventilation while work is in progress;

e Presence of standby person(s) outside or adjacent to the access manhole;

e Use of appropriate safety equipment including, but not limited to harnesses, protective clothing, fire
extinguishers; and

e Availability of rescue equipment (including, but not limited to harnesses, self-contained breathing
apparatus (SCBA), winches, radio links.)

Attempts to rescue affected persons from vessels or where oxygen-deficient atmosphere can be present
should be made only by persons who are wearing and trained in the use of breathing apparatus and
who are familiar with confined space entry procedures.

The victim is often not aware of asphyxia. Symptoms may include shortness of breath, hyperventilation,
loss of consciousness, coughing, inability to speak and face or lip discoloration. If any of these appear
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in situations where asphyxia is possible and breathing apparatus is not in use, move the affected person
immediately to fresh air, and if necessary follow up with artificial respiration if this can be done safely.

7.3 Training of personnel

All personnel directly involved in the commissioning, operation and maintenance of production systems
shall be fully informed regarding the hazards associated with nitrous oxide and ammonium nitrate and
trained as applicable to operate or maintain the equipment. Recommendations and prescriptions about
training of personnel are described in EIGA Doc 23, Safety training of employees for Europe [16].
Training is covered in a variety of CGA publications as appropriate for the topic covered.

Training shall be arranged to cover potential hazards that the particular operator is likely to encounter,
including ammonium nitrate storage decomposition and explosion, and reactor rupture from run-away
reaction.

Training shall cover, but not necessarily be confined to the following subjects for all personnel:
e potential hazards of the fluids;

e site safety regulations;

e emergency procedures;

e use of firefighting equipment;

e use of protective clothing/apparatus including self-contained breathing apparatus sets where
appropriate; and

e first aid treatment for cold temperature/thermal, and chemical burns.
In addition individuals shall receive specific training in the activities for which they are employed.

It is recommended that the training be carried out under a formalized system and that records be kept
of the training given and where possible, some indication of the results obtained, in order to show where
further training is required.

The training programme should provide for refresher courses on a periodic basis.

8 Procedures

8.1 Abnormal operation

It is recognized that during production, conditions can vary leading to an abnormal operational situation,
examples include excursions in temperature, level or pressure. Steps to recover from this abnormal
situation shall be included in the standard operating procedures (SOPs).

8.2 Emergency procedures

Emergency procedures shall be readily available to all personnel involved, regularly practiced and
checked periodically to ensure that they are up to date. Employees likely to be affected shall know the
actions required to minimise the adverse effects of an event. It is advisable that emergency procedures
are prepared in conjunction with the emergency services or fire brigade and that local conditions are
considered.

Situations that trigger the emergency procedure shall include, but not be limited to:

e fire in the ammonium nitrate storage; and

e run-away of the reaction.

The emergency procedure should include:

e properties of the chemical involved (for example, ammonium nitrate, liquefied nitrous oxide, and/or
scrubber solutions) and compressor oil;
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e quantities involved;

e local topography; and

¢ design and equipment of the storage system.

The following actions should be included when formulating emergency procedures:

e activating the alarm;
e summoning help and emergency services;
e notifying fire brigade immediately (if necessary); and

e evacuating all persons from the immediate danger area and quarantine the area.

In case of leakage/spillage;

e recognize that the leakage can have oxidising potential;

e tighten up leaks if this can be done without risk;
e allow liquid nitrous oxide to evaporate; and
e prevent liquid from entering sewers, pits, trenches.
In case of fire;
e Kkeep vessel cool by spraying it with water;
e do not spray water directly on valves or safety equipment; and
e alert public to possible dangers from vapor clouds and evacuate when necessary.
The emergency procedure shall include:
o listing of emergency equipment required

e assignment of back-up personnel/organization for managing emergencies and procedures for
contacting them both during and outside or normal working hours.
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