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ABSTRACT

The term “Cryogenic” is used in general for study on the fluids whose boiling point falls below the -150°C. Liquefied gases
such as Nitrogen, Oxygen, Hydrogen and Helium having the plenty of applications in its liquid state. Storage and handling
of these cryogenic fluids in its liquid state always possess the greatest challenges in terms of maintainability of low
temperatures, transportation, and safety aspects. Maintainability of these low temperatures (i.e -195.8°C, -183.0°C,
-252.7°C& -269.9°C) will be attained by keeping these fluids in a multi layer insulated vacuum jacketed pressure vessels,
however the required heat influx for these pressure vessels to be maintained at minimum level for longer storage of these
fluids in its liquid state. Cryogenic liquids having the spectrum of applications in food processing industry, medical
treatment, metal processing, pharmaceutical industry and aerospace industry. Aero space industry needs to handle and store
these fluids in the order of 50 to 100 tons for its propulsion and testing requirements. In view of the enhanced space
experiments, the requirement of cryogenic fluids by the aerospace industry may be doubled in the nearby future. Hence, it is
necessary to produce and maintain a huge pile of liquid cryogens to meet the present and future demand. To cater the
demands of aerospace industry, huge quantities of liquid cryogenics are essential for storage and handling. Aerospace
industry predominantly uses liquid hydrogen as fuel and liquid oxygen as oxidizer in its propulsion stages. Liquid hydrogen
offers the twin folded task to the aerospace engineers in terms of its temperature maintainability, flammability and fire
hazard aspects. This paper describes the taming methodologies like HAZop studies and FMECA analysis, for handling and
storage of the cryogenic propellants by aerospace industry. HAZop study is conducted on an typical facility to identify the
possible potential hazards to reduce the risk and set of HAZop work sheets generated by using the guide words. Based on
the HAZop work sheets, Failure Mode Effect and Critical Analysis (FMECA) is carried out satisfactorily.
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INTRODUCTION

Cryogenic liquids are liquefied gases that are kept in their liquid state at very low temperatures. In general, these
liquids have boiling points below -150°C (123°K, -238°F) and are gases at normal temperatures and pressures.
Different cryogens become liquids under different conditions of temperature and pressure, but all have two
common properties, i.e. extremely cold & small amounts of the liquid can expand into very large volumes of
gas.

The most commonly used industrial gases that are transported, handled, and stored in the liquid state at
cryogenic temperatures are helium, hydrogen, oxygen, nitrogen, methane, solid carbon dioxide (dry ice), and
argon. These cryogens will be as liquids at different conditions of pressures and temperatures. Most of the
cryogenic liquids are non toxic in nature however the hazards associated with cryogenic fluids include personnel
exposure (cold burns, frostbite), material and construction compatibility, high pressure gases, explosions,
implosions, and asphyxiation. Hence it is indispensable to the personnel who are responsible for handling and
storage of any cryogenic fluid facility must conduct a safety review prior to the commencement of operations
pertaining to the facility. Supplementary safety reviews must follow any system modification to ensure that no
potentially hazardous condition is ruled out. Each cryogenic liquid has its own specific properties but most
cryogenic liquids can be sited into one of three groups:

o Inert Gases: Inert gases do not react chemically to any great extent. They do not burn or support
combustion. Examples of this group are  nitrogen, helium, neon, argon and krypton.

e Flammable Gases: Some cryogenic liquids produce a gas that can burn in air. The most common
examples are hydrogen, methane and liquefied natural gas.
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e Oxygen: Many materials considered as non combustible can burn in the presence of liquid oxygen.
Organic materials can react explosively with liquid oxygen. The hazards and handling precautions of
liquid oxygen must therefore be considered separately from other cryogenic liquids.

Cryogen Boili:tglr[:,ojgt at1 Liquid density, g/LL eylzligl;is(ilotlf f;io Type of gas

Hydrogen -253 71 826 Flammable
Oxygen -183 1410 843 Oxidizer

Nitrogen -196 808 710 Inert

Methane -161 425 650 Flammable
Helium -269 125 780 Inert
Argon -186 1402 860 Inert

Table. 1 Critical parameters of liquid cryogenics
1.1 Applications of cryogenic liquids generosity is very little

The applications of cryogenic liquids are but not limited to magnetic resonance imaging (MRI) is an application
of nuclear magnetic resonance that uses liquid helium, Cryogenic freezing of food is used to transport or store
large quantities of food. Freezing materials using cryogens can make them brittle enough to be  broken into
small pieces for recycling. Cryogenic temperatures are used to store tissue and blood specimens and to preserve
experimental samples. Liquid

2 Cryogenics in aerospace industry

Liquid Hydrogen and Liquid Oxygen in combination are being used worldwide in rocketry applications as fuel
and strong oxidizer. Specific energy is the most important criteria in selecting as an appropriate fuel to power
the space craft  engine. In general in the space, the thrust requirement will be less than the specific impulse.
Liquid Hydrogen is lighter in density and provides required thrust with respect to burn rate of the fuel, which
will supports for the space craft to travel more distance in the non atmospheric regions. The advantage of
cryogenics here is the significant volume reduction found in transforming these materials into liquids, allowing
a sufficient mass of the fuel to be carried within a rocket’s limited available volume.

Oxidizer Fuel Specific Impulse
Liquid Hydrogen (LH2) 454
Liquid Oxygen (LOX) Liquid Methane (LCH4) 369
Kerosene 358

Table.2 General Combinations of Oxidizer and fuel in the aerospace industries

From the above table 2, it is evident that the among the available combinations of oxidiser and fuel highest
specific impulse will be produced by Oxygen and Hydrogen combination only. Due to which, the combination
is being used worldwide in the aerospace industries. Among these two cyrogen liquids, liquid hydrogen offers
the twin folded task to the aerospace engineers in terms of its temperature maintainability, flammability and fire
hazard aspects.
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Parameter Description Parameter Value
Molecular Weight 2.016
Boiling Point at atmospheric pressure -253°C (20 °K)
Density at Boiling Point 70.9 kg/m3
Flamable Limitts at atmospherec pressure in air 4-74.2 % (by Vol)
Auto ignition Temperature at atmospheric pressure 571 °C
Flash point temperature -253 °C
Liquid to gas expansion ratio 1 to 848

Table. 3 Typical properties of liquid hydrogen

2.1 Major Hazards of Liquid Hydrogen
There are certain major health & fire hazards associated with cryogenic liquids
Extreme Cold Hazard

Liquid hydrogen and their associated cold vapours and gases can produce effects on the skin similar to a thermal
burn. Brief exposures that would not affect skin on the face or hands can damage delicate tissues such as the
eyes. Prolonged exposure of the skin or contact with cold surfaces can cause frostbite. Prolonged breathing of
extremely cold air may damage the lungs.

Asphyxiation Hazard

Small amounts of liquid can evaporate into very large volumes of gas. For example, one liter of liquid hydrogen
vaporizes to 826 liters of gas when warmed to room temperature. Even though this is non-toxic, it displaces air
quickly. When there is not enough air or oxygen, asphyxiation and death can occur. Oxygen deficiency is a
serious hazard in enclosed or confined spaces.

Concentration Symptoms of Exposure
Breathing and pulse rate increased, muscular
- 0, 4
12-16% Oxygen coordination slightly disturbed.

10-14% Oxygen Emotional upset, abnormal fatigue, disturbed

respiration.

6-10% Oxygen Nause.a and vomiting, collapse or loss of
consciousness.

Below 6% Convulsive movements, possible respiratory collapse,
and death.

In addition, inhalation of very high levels of this gas may result in mild depression of the central nervous
system. Symptoms can include headache, nausea, dizziness, drowsiness, in coordination, and confusion.
Symptoms should be relieved upon removal to fresh air.

Oxygen-Enriched Air

Liquid hydrogen and liquid helium are both so cold that they can liquefy the air they contact. For example,
liquid air can condense on a surface cooled by liquid hydrogen or helium. Nitrogen evaporates more rapidly
than oxygen from the liquid air. This action leaves behind a liquid air mixture which, when evaporated, gives
a high concentration of oxygen. This oxygen-enriched air now presents all of the same hazards as oxygen.

Fire Hazard

Flammable gases such as hydrogen, methane and liquefied natural gas can burn or explode. Hydrogen is
particularly hazardous. It forms flammable mixtures with air over a wide range of concentration (4 percent to 75
percent by volume). It is also very easily ignited and very small energy is sufficient to ignite.
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Explosion Hazard

LH, will eventually warm to the surroundings giving a significant pressure rise if it is confined, as in a pipe
between two valves. Considering GH, as an ideal gas, the pressure resulting from a trapped volume of LH,
vaporizing and being heated to 294K is 85 MPa and when hydrogen compressibility is considered, the pressure
is110 MPa. Without adequate venting or pressure-relief devices on the containers, enormous pressures can build
up. The pressure can cause an explosion called a "boiling liquid expanding vapour explosion" (BLEVE).
Accidental conditions such as an external fire, or a break in the vacuum which provides thermal
insulation, may cause a very rapid pressure rise. The pressure relief valve may not be able to handle this
increased pressure. Therefore, the containers must also have another backup device such as a frangible
(bursting) disc.

Minimum Ignition Energy

Spark ignition energies may be used as a measure of sensitivity to ignition by localized sources. The minimum
spark energies of hydrogen in air are 0.017mJ at 0.1 MPa. In practice, this is borne out by the fact that the
venting or leaking  hydrogen ignites very easily. Dust in vent, for example, is almost certain to cause ignition
by electrostatic discharge when hydrogen blowing out from the vent enters the atmosphere. Even a weak
spark caused by the discharge of static electricity from human body may be sufficient to ignite hydrogen in
air.

3 Safe handling and storage of liquid hydrogen
3.1 Production of Liquid Hydrogen Fuel

The liquid hydrogen fuel is commercially being produced mainly through four sources, like natural gas, oil,
coal, and electrolysis; which amounts for 48%, 30%, 18% and 4% of the world’s hydrogen production
respectively. The primary method of hydrogen production or bulk quantity of liquid hydrogen production is by
stream forming of natural gas. Steam - methane reforming is an advanced production process in which around
1,000 °C high temperature steam will be used for producing hydrogen from natural gas. In this method Methane
will react with steam at a pressure of around 25 bars in the presence of a catalyst to produce H,, CO, and CO..
In general one ton of hydrogen production will release 9 to 12 tons of CO..

Stage - 1 of hydrogen production

CH; + H,O ——» CO + 3H, (ataround 1,000 °C)

Stage - 2 of hydrogen production

CO + H,0O ——» C(CO, + H, (ataround 360 °C)
To maintain as pure liquid for longer time without boiling at normal atmosphere conditions, it needs to be
cooled to 20.28 K (-252.87 °C). The liquid density is very low compared to other fuels.
3.2 Detection

Hydrogen gas is colourless, odourless and not detectable in any concentration by human senses. Hydrogen is not
toxic but can result in asphyxiation by diluting the oxygen required in breathing air. Means shall be provided to
detect the presence of hydrogen in all areas where leaks, spills, or hazardous accumulations may occur. Reliable
hydrogen detection and alarm system shall give warning when the permitted allowable condition has been
exceeded. This allowable condition must still be in the safe range and the warning should indicate that a
problem exists. Visual alarms should be designed into the system to indicate hazardous concentrations.

e Catalytic combustion sensors: The sensors work well for detection of hydrogen in the 0 to 4 percent
by volume (0 to 100 percent LEL) in air but do not operate in inert environment or 100 percent by
volume of hydrogen.
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e Electrochemical sensors: typically utilize a liquid electrolyte and require a gas permeable membrane
for the hydrogen to reach the electrolyte. The sensors are low power and can operate from 0.02 to 100
percent by volume of hydrogen.

e Lack of Flame Colour: A hydrogen-air and hydrogen -oxygen flames are colourless (visibility if any
is caused by impurities). Colourless hydrogen flames can cause severe burn

e  Auto-ignition: Temperature of about 571° C is usually required for mixtures of hyd rogen with air or
oxygen to auto ignite at 10 bar

33 Selection of storage vessels & piping system

e Storage tanks shall be designed, fabricated and tested in accordance with the provisions of GOST,
ASME or any other applicable international code for pressure vessels.

e Materials used for pressure vessels containing liquid hydrogen should be impact-tested accordance
with paragraph UG -84 section VIII of the ASME boiler and pressure vessel code.

e The inner vessel of a multi shell LH2 storage vessel should have a relief device designed and
maintained in accordance with Section VIII of the ASME Code/equivalent. The outer vessel should
have relief protection to allow for leaks or failures of the inner shell.

e System configuration, line sizes and insulation should be designed to prevent excessive thermal stress,
geysering and water hammer effects.

e Relief valves should be mounted vertically and with sufficient standoff distance to prevent the valve
from icing over or failure to operate.

e Relief valves should relieve into vent systems or into areas where no harm will come to personnel or
equipment.

o Burst diaphragm should not be used as a replacement of safety relief valve in liquid hydrogen service.

e Manual valves should have extended stems, with the stems oriented vertically to prevent exposure of
the valve-packing material to cryogenic temperature.

e The vent design should provide protection from rain and ice build -up. To restrict the entry and
freezing of atmospheric water, outlets of small vent pipes should be turned downward.

34 Precautions to be taken in storage: Store and use with adequate ventilation. Store only where
temperatures will not exceed 323K.Do not store in a confined space. Cryogenic containers are equipped with
pressure relief devices to control internal pressure. Under normal conditions these containers will periodically
vent product. Donot plug, remove, or tamper with pressure relief device. All electrical equipment in storage
areas must be explosion-proof.

35 Precautions to be taken in handling: Never allow any unprotected part of the body to touch
uninsulated pipes or vessels, which contain cryogenic fluids. The extremely cold metal will cause the flesh to
stick fast and tear when one attempts to withdraw from it. To prevent cryogenic liquids or cold gas from being
trapped in piping between valves the piping shall be equipped with pressure relief devices. Only transfer lines
designed for cryogenic liquids shall be used. Some metals such as carbon steel may become brittle at low
temperatures, will easily fracture and should not be used with cryogenic liquids. It is recommended that all vents
be piped to the exterior of the building. All equipment and piping in hydrogen system must be grounded. Assign
at least two persons always to any operation involving handling or transfer. Flame retardant suits, goggles shall
be used. Avoid shock and friction and use only non-sparking tools.

4. Methodology

Risk assessment is that part of risk management which provides a structured process that identifies how
objectives may be affected and analyses the risk in term of consequences and their probabilities before deciding
on whether further treatment is required.
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Risk assessment attempts to answer the following fundamental questions:

What can happen and why (by risk identification)?

What are the consequences?

What is the probability of their future occurrence?

Are there any factors that mitigate the consequence of the risk or that reduce the probability of the risk?

4.1 Common methods-techniques for risk assessment

Following methods / techniques are most commonly applied in all the industrial palnt for assessing the risk and
take necessary steps to avoid possible eventualities.

a) Preliminary hazard analysis (PHA)

b) HAZard and OPerability study (HAZOP)

¢) Structured “What-if” Technique (SWIFT)

d) Root cause analysis (RCA)

e) Failure modes and effects and criticality analysis (FMECA)

f) Fault tree analysis (FTA)

g) Event tree analysis (ETA)

h) Cause-consequence analysis

i) Layers of protection analysis (LOPA)

j)  Human reliability assessment (HRA)

In this paper form the above studies, HAZOP and FMECA are selected for study.
4.2 Hazard and Opearabilty Study

HAZOP is the acronym for HAZard and OPerability study and is a structured and systematic examination of a
planned or existing product, process, procedure, or system. It is a technique to identify risks to people,
equipment, environment, and/or organisational objectives. The HAZOP process is a qualitative technique based
on use of guide words that question how the design intention or operating conditions might not be achieved at
each step in the design, process, procedure, or system. It is generally carried out by a multi-disciplinary team
during a set of meetings.

4.2.1 Objective of carrying out a HAZOP study

The basic concept of Hazop is to take a full description of the process and to question every part of it to discover
any deviation from intention of design that can occur and find out their causes and consequences. The
consequences of such deviations are analysed and any further remedial measures that need to be taken are
decided through discussion by team from design, operation, maintenance project, safety perspectives.

The following will be the objectives of this study:

1. Identify process hazards that could lead to safety related consequences

2.  Recommend ways to reduce risk of events associated with the identified hazards
4.2.2  Scope of HAZOP study

The scope includes evaluating routine phases of operation for potential equipment failures, human errors, and
process problems that could result in consequences of interest.

Following are not part of the HAZOP scope:

e  Occupational hazards
e Environmental
e Reliability & Failures analysis
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4.2.3  Assumptions
Following are the assumptions made during HAZOP analysis:

1. Failure in rupture mode is remote for piping, flow components & pressure equipment as safety of
these is achieved by application of design requirements as per standards.
2. All the materials used in the piping systems are compatible with the service fluids.

4.2.4  Flow chart followed for identifying hazards, their consequences and existing safeguards is given
below

| Select a node f——
!

| Define the node intention |

[ Selecta parameter  |e———

| Define the parameter intention |

[ Select a guide word Je—

| Develop deviation le—

| Identify credible causes |

Record significant consequences for each cause |

+

| Record existing safeguards |
+

| Estimate severity, likelihood and risk |
+

| Document recommendations, if any |

| Assign responsibility for recommendations |

YES

Other Deviations
NO

Y
Other Guidewords

NO

NO
Other Nodes

Fig.1 Typical flow chart of HAZOP study (Source: IEC 16882)

YES

YES

Study Complete
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Typical HAZOP works sheets
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As per the guide words generated, the HAZOP work sheets were prepared for the nodes and Recommendations
were provided for avoiding the risk of operations

Study Title: HAZOP study for liquid hydrogen operations

Facility: Liquid Hydrogen storage system

Revision No : 1

Drawing No.: Velt/LH2/2019/01

Node No: 1

Node Description: Transfer of LH2 from storage tank to storage tank

Design Intent: To transfer Liquid Hydrogen within storage tanks

Volumes and
level
discrepancies

same in each
tank

LH2 being low
density liquid,
over pressure
potential is less

Guide i Possible Existin Recomme
No. | Parameter u Deviation Consequences, x & . Status
word causes safeguards ndations
e Consistent
Generation of design
pressure in pressures
tank e Pressure relief
devices
Over Tank over
. ressurisation pressurisation
1 Pressure  |High |° .
& of storage leading to
e Levels are
tank rupture .
approximately

Fig. 4 Typical work sheet of HAZOP study (Source:

IEC 16882)

IJETRM (http://ijetrm.com/)

[27]




Vol-4 Issues 06, June-2020 ISSN: 2456-9348

Impact Factor: 4.520

International Journal of Engineering Technology Research & Management

5 Failure modes and effects and criticality analysis (FMECA)

Failure modes and effects analysis (FMEA) is a technique used to identify the ways in which components,
systems, or processes can fail to fulfil their design intent. FMEA identifies the following:

e All potential failure modes of the various parts of a system (a failure mode is what is observed to
fail or to perform incorrectly)

e  The effects these failures may have on the system

e The mechanisms of failure and

e How to avoid the failures, and/or mitigate the effects of the failures on the system.

FMECA extends an FMEA so that each fault mode identified is ranked according to its importance or criticality.
This critical analysis is usually qualitative or semi-quantitative but may be quantified using actual failure rates.

Initiate FMEA of an item |

I
L2
—H elect a component of the item to analyze |
I
—>
I
I
I

Identify failure modes of the selected component |

a3

Select the failure mode to analyze |

<

Identify effect of the failure mods |

<

Determine severify of the final effect |

a3

Identify potential causes of that failure mode |
Estimate frequency or probability of occurence for the failure
mode during the predetermined time period

| Complets FMEA |

Fig. 5 Typical flow chart of FMECA (Source: Internet)

6 Conclusion

Risk assessment for the typical hydrogen storage facility is carried out for safe and flawless performance of the
system. Towards this analysis, Hazard and Operability (HAZOP) study for different nodes were carried out with
the help of work sheets and subsequently Failure Mode and Effects Critical Analysis also carried out
satisfactorily to eliminate the risks in the system.
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