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for Hydrogen Production with HTTR
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Karl Verfondern, Tetsuo Nishihara*

*Department of Advanced Nuclear Heat Technology, JAERI, Oarai, Ibaraki-ken, JAPAN

Abstract

The High-Temperature Engineering Test Reactor (HTTR) in Oarai, Japan, will be worldwide
the first plant to demonstrate the production of hydrogen by applying the steam reforming
process and using nuclear process heat as primary energy. Particular safety aspects for such a
combined nuclear/chemical complex have to be investigated to further detail. One of these
special aspects is the fire and explosion hazard associated with the presence of flammable gases
including a large LNG storage tank in close vicinity to the reactor building. A special focus is
laid upon the conceivable development of a detonation pressure wave and its damaging effect
on the reactor building. A literature study has shown that methane is a comparatively slow
reacting gas and that a methane vapor cloud in the open atmosphere or partially obstructed areas
is highly unlikely to result in a detonation if inadvertently released and ignited. Various
theoretical assessments and experimental studies, which have been conducted in the past and
which are of significance for the HTTR-steam reforming system, include the spreading and
combustion behavior of cryogenic liquids and flammable gas mixtures providing the basis of a
comprehensive safety analysis of the combined nuclear/chemical facility.
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Bewertung des Sicherheitskonzepts
fur die kombinierte nuklear/chemische Anlage
zur Wasserstoffproduktion mit dem HTTR

von

Karl Verfondern, Tetsuo Nishihara*

*Department of Advanced Nuclear Heat Technology, JAERI, Oarai, Ibaraki-ken, JAPAN

Kurzfassung

Der “High-Temperature Engineering Test Reactor” (HTTR) in Oarai, Japan, soll die weltweit
erste Anlage zur Produktion von Wasserstoff werden, bei der auf der Basis des Wasserdampf-
Reformierungsprozesses nukleare Prozesswiarme als Primédrenergie eingesetzt wird. Die sich
daraus ergebenden speziellen Sicherheitsaspekte filir eine solche kombinierte nuklear/
chemische Anlage miissen ndher untersucht werden. Einer dieser besonderen Aspekte ist die
Gefahr eines Feuers oder einer Explosion, die mit der Anwesenheit entziindbarer Gase sowie
des grolen LNG Speichertanks in unmittelbarer Ndhe des Reaktorgebiudes verbunden ist. Ein
besonderer Schwerpunkt bildet die denkbare Ausbildung einer Detonations-Druckwelle, die
das Reaktorgebdude beschiddigen konnte. Eine Literaturstudie hat gezeigt, dass Methan ein
vergleichsweise langsam reagierendes Gas ist und dass im Falle einer unfallbedingten
Freisetzung und Ziindung es duflerst unwahrscheinlich ist, dass eine Methan-Gaswolke in freier
Atmosphére oder in teilweise bebauter Umgebung sich zu einer Detonation entwickeln kann.
Verschiedene theoretische Abschitzungen sowie experimentelle Studien aus der Vergangenheit,
die von Bedeutung fiir den Komplex aus HTTR und Wasserdampf-Reformierung sind,
beinhalten das Ausbreitungs- und Verbrennungsverhalten kryogener Fliissigkeiten und
ziindfdhiger Gasgemische, die eine Basis fiir eine umfassende Sicherheitsanalyse einer
derartigen kombinierten nuklear/chemischen Anlage darstellen.
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1. INTRODUCTION

As a result of the worldwide increasing consumption of energy due to an increasing population
and rising life standards in the less industrialized countries, the world faces the problem of
depleting energy resources and the impairing impact of the present energy consumption pattern
on the global climate as well as on man and environment. At present, 90 % of the total primary
energy demand are covered by fossil fuels. Their combustion is connected with the release of
huge amounts of CO,, one of the most relevant greenhouse gases. A response to the global
warming issue are enhanced efforts to obtain a clean and sustainable, however, economic and
safe energy technology.

Measures that need to be taken now are

- the extension of lifetime of the fossil resources by saving energy and making its
consumption more efficient, and

- the gradual transition away from fossil energies to a CO, emission free energy
structure.

Hydrogen appears to be one of the promising candidates, which help achieving the goal of an
environmentally benign energy system. Hydrogen is clean, storable, and transportable. And
with the fuel cell, a device is available that, in combination with hydrogen, allows for an
efficient energy conversion at a time when energy is needed.

The production of hydrogen as a secondary energy carrier requires a substantial amount of
primary energy, which should definitely be non-fossil in the long term. Besides hydro power,
nuclear energy is the only significant non-fossil energy resource. It is able to provide heat
and/or electricity offering the advantages of a large resource base, the absence of most air
emissions, and a saving of the existing fossil resources.

Among the different types of nuclear power plants (NPP), the high-temperature gas-cooled
reactor (HTGR) may play an eminent role in future. Apart from its inherent safety features, the
coolant outlet temperature at a high level of around 1000 °C allows for an energy production
with a high efficiency. The unique potential of HTGRs is given in the Combined Heat and
Power (CHP) operation mode, where the hot helium coolant can directly be routed to
high-temperature (HT) process heat components to be combined with most H, production
methods such as steam reforming, oil recovery, coal gasification, electrolysis, thermo-chemical
cycles. Furthermore, the high-temperature high-pressure level on the secondary side allows a
whole variety of process steam applications. These features can be used for the production of
storable and transportable secondary energy carriers, thus being able of serving both heat
market and traffic sector.

Several countries such as China, Germany, Japan, Russia and the USA have carried out specific
HTGR design studies associated with the production of hydrogen and methanol, both of which
are considered key energy carriers of the future. Particular efforts have been done in Germany
and Japan by conducting or preparing a comprehensive research program including out-of-pile
tests and components tests to study nuclear process heat applications.

In Japan, the New Sunshine Program (R&D Program on Energy and Environmental
Technologies) was started in April 1993, with focus on the development of hydrogen
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production and utilization technologies supported by the Ministry of International Trade and
Industry, MITI, (now: Ministry of Economy, Trade and Industry, METI). Within this program,
the Japan Atomic Energy Research Institute (JAERI) has been investigating the HTGR system
for process heat production. A first important milestone has been achieved with the construction
and completion of the High Temperature Engineering Test Reactor (HTTR), in Oarai. JAERI is
now on the way to develop and realize in the second step a first-of-its-kind nuclear hydrogen
production system by combining the HTTR with a respective process heat utilization system.

The purpose of this report is three-fold:
- Description of the H, production system by steam reforming with the HTTR;
- Examination of the safety aspects of a combined nuclear/chemical system;
- Summary of the status of knowledge on vapor cloud explosions.

The report starts with a detailed presentation of the combined HTTR/steam reforming facility
(HTTR/SR) (chapter 2) and the identification of major items that may cause severe hazards
under accidental conditions (chapter 3). These two chapters try to touch the most important
items which will have to be elaborated in more detail in a safety report. Chapter 4 is devoted to
a description of the status of knowledge in the field of accidental release of flammable gases or
cryogenic liquids with a major focus on natural gas (methane). It is completed in chapter 5 with
a summary on the acquired knowledge and experience from accidents in the past and from both
experimental and theoretical studies whose results might be of interest to the HTTR and the
steam reforming process. The report ends with the conclusions in chapter 6.



2. DESCRIPTION OF THE HTTR/SR

2.1. General

2.1.1. PURPOSE AND MAIN ACTIVITIES

The combined system of HTTR and natural gas steam reforming facility, HTTR/SR, will be the
first establishment in the world, which is able to produce hydrogen in a steam reforming
process based on nuclear process heat as primary energy input. The system is designed to
generate hydrogen at a rate of approx. 4000 Nm>/h.

The combination of the HTTR with a heat utilization system represents a significant upgrading
of HTGR technologies by demonstrating one of its most pertinent features, which is the
provision of HT process heat. The consideration of HTGR heat utilization technologies is at the
same time connected with the research, development, and demonstration of innovative and
basic technologies, e.g., nuclear water splitting processes for hydrogen production.

The HTTR/SR system has two major goals:

- demonstration of nuclear hydrogen production at a high performance level,
- demonstration of the high safety level of this system during operation.

In order to achieve these goals, it needs to be demonstrated that particularly all components
which are unique to this system, work as expected. They include the intermediate heat
exchanger to decouple nuclear heat from the primary circuit, and the steam reformer, where the
heat is transferred to the process side. The nuclear hydrogen production process should have an
efficiency as to be in the range of competitiveness with conventional, fossil-fired facilities.

Furthermore it is necessary to prove that the selected safety concept of the whole system is
appropriate to ensure safety for man and environment under any normal or abnormal conditions
to the highest possible level. These activities will focus in particular on the prevention of the
transition of radioactivity from the nuclear to the process side and also on the hazard of an
accidental explosion or fire on the chemical side and its impact on the nuclear containment.

Prior to the first connection of the HTTR to the steam reforming system, a comprehensive
out-of-pile test program will be conducted to confirm controllability, safety, and performance of
the key components for both the operation of the nuclear reactor and the hydrogen production
system.

2.1.2. HISTORY AND DEVELOPMENT OF ACTIVITIES
2.1.2.1. High-Temperature Engineering Test Reactor

In 1987, the Japanese Atomic Energy Commission has initiated a “Long-Term Program for
Research Development and Utilization of Nuclear Energy”, which included the decision for the
construction of the High Temperature Engineering Test Reactor, HTTR. Its construction
eventually started in March 1991. All major components were completed and installed by the
end of 1994. Following to various functional tests, fuel loading started with the first criticality



being achieved in 1998. A program of commissioning tests was conducted afterwards
comprising the stepwise increase of the power, testing of the single and simultaneous operation
modes. The performance at a coolant outlet temperature of 850 °C at full rated power of 30 MW
was confirmed in 2001. With the successful conduction of all commissioning and safety
demonstration tests, the construction of the HTTR has been formally completed, the operation
permit for the HTTR was granted in March 2002. In April 2004, HTTR operation at a coolant
outlet temperature of 950 °C at full rated power was successfully demonstrated.

2.1.2.2. Development of Heat Utilization Activities

JAERI has been investigating since more than 30 years the potential of the HTGR as an
adequate system to provide nuclear process heat for a whole variety of applications in different
industries. With the construction of the HTTR at the Oarai Research Establishment, an
important milestone has been achieved.

2.1.2.3. R&D Work for the Hydrogen Production System

Parallel to the HTTR activities, JAERI has been studying the possibility of hydrogen and
methanol production technologies with the HTTR since 1990. Among different candidate
processes, particular focus was laid upon the methane steam reforming process, which has
several advantages:

(1) Steam reforming of natural gas (methane) or naphtha is a mature and widely applied
technology in the chemical industries and represents at present the most economical
production method for hydrogen.

(2) Technical solutions demonstrated by coupling the steam reforming system to the
HTTR will contribute to other nuclear-heated hydrogen production systems.

(3) The provision of nuclear process heat as a substitute for conventional firing means a
significant saving of fossil resources and thus a reduction in greenhouse gas
emissions. In this way, it facilitates the transition from fossil fuels to future hydrogen
energy systems.

(4) The key components of this system, such as the helium-heated steam reformer, have
been developed and tested under “nuclear conditions” already in several countries in
the past.

JAERI developed the framework of the HTTR steam reforming system in a preliminary phase
between 1990 and 1995. The conceptual design of this system has been carried out
subsequently. In 1997, the Ministry of Education, Culture, Sports, Science and Technology
(MEXT) of Japan entrusted JAERI with the development of the HTTR hydrogen production
system comprising design and safety studies, construction of an out-of-pile test stand,
component tests and materials investigation. The mock-up facility was constructed in 2001 and
is being operated since.

Another H, production method selected for further consideration to be coupled to a nuclear heat
source is a water-splitting process based on the sulfur-iodine (S/I) thermo-chemical cycle, for
which JAERI has initiated basic studies. A third candidate process, H, production by HT
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electrolysis was abandoned for a while, but seems to be revived as a candidate process for the
VHTR project since recently.

An HTTR Utilization Research Committee was founded in 1993 to promote innovative basic
research. It has selected several projects in the fields of materials development, radiation
chemistry, fusion research, or high-temperature in-core instrumentation, which are checked at
present for their scientific and technical feasibility and effectiveness in future irradiation
experiments in the HTTR.

2.1.2.4. Future Activities for Process Heat Applications

Future activities at JAERI will concentrate on the final achievement of power operation of the
HTTR and the acquisition of operational data. With insertion of the 2™ fuel loading into the
HTTR core after nominal 660 efpd (or estimated four years of operation), the demonstration of
nuclear heat application systems will be starting focusing on the steam reforming process with
the completion and operation of the out-of-pile facility in connection with the component tests
(see chapters 4.5.1. and 4.5.2.). A parallel activity is the further investigation of the IS
thermo-chemical cycle with the erection of a bench-scale and later pilot-scale test facility. A
longer-term goal is the development of a conceptual design for a commercial H,-HTGR
connected with a hydrogen production system (time target: 2020) [Ogawa 2003].

2.1.3. MAIN HAZARDS FROM ACTIVITIES

Both the nuclear energy production process and the chemical process of steam reforming of
natural gas are, separately considered, since long widely applied technologies in the world.
Hazards associated with the processes have been dealt with in detail resulting in a
comprehensive system of codes and standards, which is directed towards a reduction of the risk
of hazards to a minimum.

There are, however, a few new aspects in the combined HTTR/SR system:

- There is not much experience with HTGR in the world compared with other types of
nuclear reactors. But the HTGR system is in general considered to be on a high safety
level.

- The development and testing of novel components is required to combine the nuclear
with the chemical system.

- Due to the immediate vicinity of the nuclear and chemical systems, a new category of
hazards evolves with potential effects from one system to the other.

In a nuclear hydrogen production system, the link between the chemical and nuclear system is
given via the secondary helium circuit, thus enabling, in case of respective pipeline ruptures,
feed/product gases to accumulate inside the nuclear containment jeopardizing the nuclear
primary circuit in case of an explosion. The product gas will be a mixture of H,, CO, CO,,
residual H,O, and still unreformed methane which may form flammable compositions under
certain conditions. The impact from outside to an HTGR for process heat applications is given
by the possible formation and explosion of a flammable gas cloud in the open atmosphere. The
accident conditions may arise from leakages in the chemical complex including the main
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components steam reformer and storage tanks for LNG or hydrogen.

2.2. Location

The Oarai Research Establishment is approximately 100 km north of the Tokyo metropolitan
area and located near the Pacific Ocean, about 5 km away from the center of Oarai, a town of
approximately 20,000 inhabitants. The site of the Research Establishment is about 1.7 km long
and 1.5 km wide. The HTTR plant is located on the Oarai Research Establishment site as is
shown in Fig. 2-1. The HTTR plant area is 200 m x 300 m in size. The shortest distance between
the HTTR reactor core and the site boundary is about 280 m in southwest direction.

Besides the HTTR, two more nuclear reactors have already been established on the site of the
Oarai Research Establishment. One is the Japan Materials Testing Reactor (JMTR), a 50
MW(th) light-water cooled and moderated reactor, located approximately 400 m north of the
HTTR. The other is an experimental liquid metal fast breeder reactor "JOYO" with 130
MW(th), approximately 650 m east of the HTTR.

Waste :
Treatment A N s
Facility ﬂ

”Meteoro|ogical

Route 51
The Pacific Ocean

@ Monitoring Post
© Monitoring Station
A Thermoluminescence Dosimeter

Fig. 2-1: Location of Oarai Research Establishment



The HTTR reactor has been erected on a sand layer (Ishizaki layer) formed during the
Quaternary era. Its adequacy was verified by drilling surveys and shallow reflection seismic
surveys that the supporting ground is horizontally formed with continuity of strength and
stiftness. It could be recognized from seismic surveys that the supporting ground at the site has
the seismic safety equivalent to base rock, which is usually required for important buildings and
structures according to the Japanese “Guidelines for Aseismic Design of Nuclear Power
Plants”.

2.3. Layout of the HTTR/SR

2.3.1. HTTR

The HTTR plant with a thermal power of 30 MW is composed of a reactor building, a spent fuel
storage building, a machinery building, cooling towers, an exhaust stack, warehouses, an HT
process heat utilization system and others (see Fig. 2-2). The reactor building is covering a
ground area of 48 m x 50 m; it is with two floors above ground and three under ground as shown
in Fig. 2-3. North of the reactor building, there is the exhaust stack of 80 m in height, through
which the air ventilated from the reactor building is released to the atmosphere. The heat
utilization system to be attached later will be constructed south of the reactor building.

Stack

Storage Spent fuel
~ Storage building

R
Laborator
building _

/ Heat utilization

<plan/tam

Fig. 2-2: Overall arrangement of the HTTR facility
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Nominal lifetime of the permanent structural components in the HTTR plant is based on 20
years with a load factor of 60 % of full power operation. The design of the HTTR is described in
full detail in [Saito 1994]. The major design specifications are summarized in Table 2-1.

Table 2-1: Main characteristics of the HTTR

Thermal power 30 MW

Fuel Low-enriched UO,
Fuel element type Prismatic block
Primary coolant Helium gas

Inlet / outlet temperature 395 /850 and 950 °C
Pressure 4 MPa

Pressure vessel Steel

Main cooling system
Cooling systems Auxiliary cooling system
Vessel cooling system

Pressurized water cooler

Heat removal system .
val sy Intermediate heat exchanger

Containment vessel Steel

Plant lifetime 20 yr




2.3.1.1. Reactor Components

Reactor Containment Vessel (CV)

A steel reactor containment vessel (CV) is installed in the center of the reactor building
enclosing the Reactor Pressure Vessel (RPV) and the Primary Cooling System (PCS). A
refueling hatch is attached to the CV above the RPV at the level of an operating floor of the first
floor as well as a maintenance hatch. With 2800 m® of free volume, the CV is comparatively
small. The main functions of the CV in the HTTR are:

(1) to contain all fission products in case of an accident and to withstand all temperature
and pressure transients;

(2) to limit the ingress of air, which reacts with the core graphite, in case of a primary
pipe rupture accident.

Major specifications of the CV design are given in Table 2-2.

Table 2-2: Design specifications of the reactor containment vessel

Material Carbon steel
Size
Inner diameter 18.5m
Height 30 m
Wall thickness 30 mm
Top head closure thickness 38 mm
Refueling hatch diameter 8.5m
Maintenance hatch diameter 24 m
Free volume 2800 m’
Pressure during reactor operation Atmospheric pressure
Maximum allowable pressure 0.49 MPa
Temperature during reactor operation | Room temperature
Maximum allowable temperature 150 °C
Leakage rate 0.1 % of free volume / day at room temperature
£ 0.25 % of free volume / day for depressurized reactor

The so-called Service Area is the space surrounding the CV. Under the condition of an accident,
the pressure inside of the service area is kept slightly below atmospheric pressure using an
emergency air purification system to remove any air-borne radioactivity. Filters in the
emergency air purification system remove iodine at an efficiency of > 95 % and metallic fission
products at an efficiency of > 99 % for 0.7 um particles.




Reactor Pressure Vessel (RPV)

The RPV contains the core, the graphite reflector blocks, the core support structure, and the
core restraint mechanism (Fig. 2-4). It is composed of a vertical cylinder with hemispherical top
and bottom head closures, and 31 standpipes for control rods, irradiation devices, and
instrumentation. The top head closure is bolted to a flange of the vessel cylinder. The RPV is
supported by the vessel skirt outside the bottom head closure, stabilizers, and a standpipe
support beam.

The thermal shield consisting of layers of metallic, heat-reflecting plates, is attached to the
inner surface of the top head closure to prevent the closure from overheating during a
depressurization accident. Design specifications of the RPV are given in Table 2-3.

Table 2-3: Design specifications of the reactor pressure vessel

Material 2.25Cr-1Mo low alloy NT steel
Size
Inner diameter 55m
Height 13.2m
Wall thickness 120 mm
Top head closure thickness 160 mm
Operating pressure 4.0 MPa
Design pressure 4.81 MPa
Maximum operating temperature 400 °C
Design temperature 440 °C
Maximum accident temperature 530 °C

Reactor Internals

The reactor internals consist of graphitic and metallic core support structures and shielding
blocks as is also shown in Fig. 2-4. The graphitic core support structures are composed of
permanent reflector blocks, hot plenum blocks, support posts, and core bottom structures. The
metallic core support structures include the support plates, a support grid, the core restraint
mechanism supporting the active core, and replaceable reflector blocks.

The permanent reflector surrounding the replaceable reflector is composed of large polygonal
graphite blocks, which are fixed by key elements and the core restraint mechanism.

Through a primary helium piping system, the reactor coolant enters the RPV at the bottom from
the primary cooling system, and then flows up through an annulus between the RPV and reactor
internals.

The permanent reflector and the hot plenum blocks are fabricated from grade PGX graphite, a
medium-to-fine grained, molded structural graphite. In the hot plenum block assembly, the
reactor coolant is collected and flows into the hot gas duct inserted into a core bottom block. It
is connected to the primary helium piping system in the main cooling system.

10




| __—Stand pipe

Permanent
reflector block

[LA1]
ol ’,
A1 A
[ 2 i . AL

; ‘,,;._..j-;‘ __—Bottom block
=y Support plate
Core support grid

2\ | e Replaceable
‘._.. 5 _—.'-.'.%M reflector blqck
\\.. !ﬁi”i“’iiff‘-" <&7) Core restraint
ﬁ.w l|‘.gu}llaguiﬁlgl_§r.‘ mechanism
RH RS~ —Fuel element
.-""f“‘:'ll|1§u%§|;}|=;‘{~;3§igﬁlﬁ§‘
\ll!:}!ﬂ-,g,’[,.,'.:'.lﬁlg /‘§' __~Hot plenum block
| ﬁ‘Ill}E!lgllll!f'_ I Support post
é~||[g{;.‘?'ﬁ?i""§: Lower plenum block
lll];rllﬁ.s‘.:- |||\~ Carbon block

- ===

N\

 N—

i3

Auxiliary coolant
outlet pipe

Main coolant
outiet pipe

Fig. 2-4: Structure of reactor internals

Control System

Reactivity is controlled through control rods, which are inserted into the active core and the
replaceable reflector columns. A reserve shutdown system is provided as a backup shutdown
system in form of pellets inserted into the third channel in each control rod guide column.
Neutron absorber pellets are made of B4C/C, sheathed with a cylindrical clad of Alloy 800H.

During a scram, the temperature of the sheathing reaches approximately 900 °C. To prevent the
control rod sheathing from thermal damage, at first, nine pairs of control rods are inserted into
the replaceable reflector column holes. The remaining seven pairs are inserted into the active
core column holes after the core is cooled down and the coolant outlet temperature is decreased
below 750 °C.
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Helium Purification System

The purification system for the primary helium is located in the service area surrounding the
containment vessel. It is composed of a charcoal trap, two copper oxide fixed beds, two
molecular sieve beds, and two cold charcoal traps. The throughput of the system is 200 kg/h of
primary helium to keep impurity concentrations less than upper limits whose values are given
in Table 2-4. The system allows a cleansing of 10 % of the total primary helium inventory per
hour. In particular, it is designed to have the hydrogen concentration limited to < 3 ppm
(corresponding to < 12 Pa partial pressure), which is an important issue with respect to the
permeation effect of H, from the process gas side in the steam reformer to the primary circuit.

Table 2-4: Upper limits of impurities in the HT'TR primary circuit in [vol ppm]
H,O CO, H, CO CH4 N, 0O,

0.2 0.6 3.0 3.0 0.5 0.2 0.02

There is another purification system for the secondary helium which has a smaller capacity
because of the expected lower impurity level; it is designed to have a throughput of 10 kg/h.

2.3.1.2. Reactor Core

The reactor core itself is located within the pressure vessel of the HTTR. It is composed of in
total 61 columns of nine vertically stacked blocks each. The upper two and lower two layers
form the top and bottom graphite reflector.

Irradiation hole

g CR guide block
Core region

@«j\\\.\ oesegon

RSS pellet insertion hole

W

CR insertion hole Neutron detector insertion hole

Replaceable reflector block

Permanent reflector block

Fuel element

7
3\!59.,/, ;// //////@
\ \ ?"’@.{b./{@. ‘

RPV
Irradiation test column

j ieldi 1 3 .
Sitle shisding| Blook Core restraint mechanism

Fig. 2-5: Horizontal core structure

The active core dimensions are 2.9 m in height and 2.3 m in equivalent diameter. It is composed
of 150 pin-in-block type fuel assemblies (hexagonal graphite blocks) which are arranged in 30
columns of five vertically stacked blocks each. Seven columns to guide control rods also
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located in the active core. The dimensions of the active core are 2.9 m of total height and 2.3 m
of equivalent diameter. The active core is surrounded by additional nine control rod guide
columns, 12 replaceable reflector columns plus three columns for irradiation testing. Permanent
side reflector blocks are tightened by the core restraint mechanism. In Fig. 2-5, the arrangement
of the HTTR core structure is presented exhibiting the different kinds of core columns
employed. The radial zoning of the active core columns into four categories is distinguished by
the degree of U-235 enrichment of the fuel.

2.3.1.3. Cooling Systems

The reactor cooling system is composed of a main cooling system (MCS), an auxiliary cooling
system (ACS) and two reactor vessel cooling systems (VCS). The flow sheet of the reactor
cooling system in the HTTR is shown in Fig. 2-6.

I'HX : Intermediate heat exchanger
PPWC : Primary pressurized
waler cooler
PG C : Primary gas circulator
SPWC : Secondary pressurized
water cooler
C S GC : Secondary gas circulator
r PGC . A X : Auxiliary heat exchanger
AGC : Auxiliary gas circulator

Ccntainme;:t vessel ‘ SP wCe

Vessel cooling panel

Pressurized
Auxiliary water |4 g ¢ AHX

waler pump
air cooler Mo PPWC

|
i
; ]
~ L o ; "‘Q_@' Pressurized water
E . — = 1] | ~N— air cooler
@ Reactor I PGC
|

Auxiliary waler _——_—

pump

Auxiliary Cooling System Main Cooling System

Fig. 2-6: Flow sheet of the reactor cooling system

Main Cooling System

The MCS removes the heat energy from the reactor core during the normal operation. Its major
components are the intermediate heat exchanger (IHX), the primary pressurized water cooler
(PWC), the secondary PWC and the pressurized water air cooler. The primary coolant circuit
contains the primary helium gas and has four high-speed primary gas circulators (PGC). It
consists of two parallel circuits outside the reactor pressure vessel. One circuit has the IHX and
one PGC; the other circuit has the primary PWC and three PGC. After a reactor scram, the gas
circulators of the MCS stop to prevent core and heat exchanger tubes from over-cooling. The
major design specifications of the PWC are summarized in Table 2-5.

The MCS can thus be operated in two modes: (1) "single load operation" and (ii) "simultaneous
load operation". During the single load operation, the primary PWC is operated to remove the
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total reactor heat of 30 MW. In the simultaneous load operation, the primary PWC removes 20
MW and the THX removes 10 MW; the secondary PWC removes the heat from the THX.
Switching between these two loop modes is done manually in the shut-down state of the reactor.
The heat is discharged from the primary PWC, which is a vertical U-tube heat exchanger, via air
coolers into the atmosphere as the final heat sink. In the IHX, the heat is transferred to the
secondary helium circuit, before it is discharged by the secondary PWC via the same air coolers
into the atmosphere as well.

Table 2-5: Design specifications of the primary PWC

Material
Shell 2.25Cr-1Mo steel
Tube SUS 321 TB
Size
Outer shell diameter 2.1m
Shell height 7.1 m
Outer tube diameter 254 m
Tube wall thickness 2.6 mm
Number of tubes 136
Heat capacity
single mode 30 MW
simultaneous mode 20 MW

Primary helium

inlet temperature 850 °C (950 °C at HT operation)
outlet temperature 395 °C
flow rate single mode 45 t/h (37 t/h at HT operation)
flow rate simultaneous mode 30 t/h (24 t/h at HT operation)
Pressurized water
inlet temperature 150 °C
outlet temperature 190 °C
flow rate
single mode 640 t/h (630 t/h at HT operation)
simultaneous mode 420 t/h

During normal operation, the pressure of the secondary helium is controlled to be always 0.1
MPa higher than that of the primary helium at the IHX heat transfer tubes. Reasons are to
reduce the pressure load on the tubes and to protect in case of an accidental leak the transition of
radioactivity into the secondary helium. The pressure on the water side is always fixed at 3.5
MPa, meaning that a large amount of water would not penetrate into the core in case of a
primary PWC tube rupture accident.

A major problem to be solved was the possible burnout effect of the PWC due to the large
temperature difference of approximately 850 °C between the primary helium and the
pressurized water. Using Hastelloy XR as baffle plate material and reducing the helium flow in
the high-temperature region to keep the heat flux at the heat exchanging tubes less than 1.2x107
W/(m? K) are expected to prevent a burnout.
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Hot Gas Duct

The primary concentric hot gas duct is used to transfer helium at high temperature (850/950 °C)
from the core to the IHX and/or the primary PWC, and helium at low temperature (400 °C) back
to the core. It consists of the outer pressure tube (outer diameter: 860 mm; wall thickness: 42
mm) and the inner tube (outer diameter: 660 mm; wall thickness: 15 mm), which contains on its
inside a 90 mm insulation and a Hastelloy XR liner. The liner forms a boundary for the hot
helium gas and reinforces the ceramic fiber insulation, which minimizes heat loss to the outside
and keeps the inner tube temperature lower than its specified limit.

Air Cooler

The air cooler consists of heat transfer tubes which have fins and fans transferring heat from the
primary and secondary PWC to the atmosphere. It has a cooling capacity of 30 MW with an air
flow rate of 2600 t/h.

Auxiliary Cooling System

The ACS consists of the auxiliary heat exchanger (AHX), two auxiliary helium circulators and
the air cooler. During normal operation, a small helium flow rate of 200 kg/h passes through the
AHX to the primary helium purification system for the purpose of removing impurities
contained in the reactor coolant. In case of an emergency shutdown with the reactor coolant
pressure boundary remaining intact, the ACS is automatically operated by the two auxiliary
PGC to cool down the core, where the decay heat is transferred via an auxiliary heat exchanger
to an auxiliary water system. The ACS has a heat transfer capacity of approximately 3.5 MW. It
is backed up by an emergency power supply.

Vessel Cooling System

The VCS is part of the HTTR safety equipment. Therefore it consists of two independent
complete sets, which are backed up by emergency power supply. The VCS is employed to
remove the decay heat in the case of accidents with a loss of forced convection, i.e., when the
ACS is not available. It is, however, also operated during normal operation removing heat of
less than 0.6 MW to keep the temperature of the biological concrete shield of the reactor at a
temperature below 50 °C.

The VCS consists of water-cooled panels surrounding the RPV and two cooling water systems
with each being capable alone of controlling the temperatures of core and RPV within safe
limits. The heat removal rate from the RPV to the VCS is designed to be 0.6 MW or less during
the normal operation so as to effectively transfer the reactor heat to the MCS. Also under
accident conditions, it is 0.3 MW or more for decay heat removal from the core.

Intermediate heat exchanger

The IHX is a vertical helically coiled counter flow type heat exchanger as shown in Fig. 2-7.
The primary helium enters the IHX through the inner pipe of the primary concentric hot gas
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duct attached to the bottom of the IHX. It flows upwards outside the tubes transferring the
nuclear heat of 10 MW to the secondary helium cooling system and flows back through the
annular space between the inner and outer shells. The secondary helium flows downwards
inside the heat transfer tubes and flows upwards in the central hot gas pipe through the hot

header.

Secondary helium (to PGC)

o

Primary helium <2 \ )\ : ﬂ

(to PGC)

Tube support assembly -

Secondary helium (from SPWC)

Cold header

Primary helium

Ny (from PGC)

_——— Inner shell
1 —— Outer shell

Central hot gas duct
L—"" (Center pipe)

Thermal insulation

i__— Helically~coiled
heat transfer tube

Mot header

il
¢ Primary helium (to reactor)

Primary helium

(from reactor)

Fig. 2-7: He-He intermediate heat exchanger

A double-walled shell with a thermal insulation attached on the inside surface of the inner shell
provides reliable separation of heat-resisting and pressure-retaining functions. Cold helium
flowing through the annulus brings uniform temperature distribution throughout the outer shell,
which has a pressure-retaining function. Insulation inside and outside the central hot gas pipe



keeps the heat transfer low to obtain a high efficiency.

To minimize constraints of axial and radial thermal expansions of the helically coiled heat
transfer tubes, a floating hot header combined with the central hot gas duct and passing through
the central space inside the helix bundle, is adopted. A tube support allows free thermal
expansion of a helix in radial direction. Table 2-6 shows the major design specifications of the
[HX.

Table 2-6: Design specifications of the He-He Intermediate Heat Exchanger

Type Counter-current and helically wound tube type
of shell-and-tube heat exchanger
Heat capacity 9.94 MW
Material
Shell 2.25Cr-1Mo steel
Tube Hastelloy XR
Thermal insulation Kaowool 1400SHA
Size
Inner / outer shell diameter 1.35/2.0m
Shell height [m] 1l m
Outer tube diameter 31.8 mm
Tube wall thickness 3.5 mm
Number of tubes 96
Heat capacity 10 MW
Maximum temperature
Shell 430 °C
Tube 955 °C
Maximum pressure
Shell 4.81 MPa
Tube (differential pressure) 0.29 MPa
Primary helium
inlet temperature 950 °C
outlet temperature 389 °C
design pressure drop 9.2 kPa
flow rate 12.2 t/h
Secondary helium
inlet temperature 158 °C
outlet temperature 905 °C
design pressure drop 50.2 kPa
flow rate 9.07 t/h
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2.3.2. STEAM REFORMING SYSTEM
2.3.2.1. Layout

A flow diagram of the hydrogen production system and its connection to the HTTR is given in
Fig. 2-8. A layout of how the whole system might look like in future is shown in Fig. 2-9. The
picture does not include the LNG storage tank, which will be located in a safe distance away
from the nuclear and chemical plants.
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Fig. 2-8: HTTR plant with heat utilization system
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The requirements for a system with safe operation and high hydrogen production efficiency has
initiated engineering design work on key components for the nuclear steam reforming process:

(1) Anew concept steam reformer heated by helium gas from the nuclear reactor has been
designed to achieve high hydrogen production performance and competitiveness to
an economical, fossil-fired hydrogen production plant.

(2) A natural convection type of steam generator has been selected to achieve sufficient
system controllability accommodating a large difference in thermal dynamics
between the nuclear reactor and the steam reformer.

(3) An air-cooled radiator is connected to the steam generator to operate as a final heat
sink during normal and anticipated operational occurrence condition.

The HTTR steam reforming system can provide about 4200 Nm’/h of hydrogen production
using a Ni-based catalyst with 10 MW of thermal energy. A heat utilization ratio (defined as the
ratio of output hydrogen energy to total input thermal energy) of 73 % is expected. This value is
competitive to the conventional system, where the heat utilization ratio is about 80 %.

2.3.2.2. Steam Reformer

In comparison to a conventional steam reformer, the employment of a nuclear steam reformer
requires certain changes, since operational conditions of a nuclear reactor are not that flexible
as a fossil-fueled furnace. Also safety requirements are much more stringent than for a
fossil-fueled system. It is therefore desired to achieve highest effectiveness in utilizing the
nuclear process heat in the whole production process system.

Design

A large H, production rate is achieved, if the process feed gas rate and the conversion rate are
high. The feed gas rate depends on the amount of heat input into process gas and the
temperature of process gas. The conversion rate depends on temperature and pressure of the
process gas.

In the HTTR, the thermal energy of 10 MW is transferred via the IHX to the secondary helium
gas which is pressurized up to 4.2 MPa in order to prevent the accidental release of fission
products from the core to the environment and to assure the structural integrity of the IHX heat
exchanger tubes against creep damage. The HTTR can provide high-temperature helium gas of
905 °C at the outlet of the IHX and of 880 °C at the inlet of the steam reformer.

Helium flows outside the catalyst tubes transferring heat by forced convection flow (in contrast
to heat radiation in the conventional design). The catalyst tubes contain packings of Ni/Al,O3
reforming catalysts, through which the process feed gases (natural gas, steam) are routed. The
catalyst tube wall thickness is 13 mm meeting the requirements on design limits for
pressure-retaining components.

The design specifications of the steam reformer are summarized in Table 2-7.
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Table 2-7: Design specifications of the steam reformer

Nuclear heat input

3.6 MW (plus 1.3 MW from product gases)

Material
Tubes Hastelloy XR
Catalyst Ni/AlL,O3
Size
Shell diameter 1.19m
Shell height 14 m
Catalyst tube Bayonet type, concentric double-walled tube
Outer tube diameter 153.8 mm
wall thickness 13 mm
length 7.9 m
Inner tube diameter 60.5 mm
wall thickness 3.9 mm
length not decided yet
Number of tubes 37
Secondary helium
inlet temperature 880 °C
outlet temperature 585°C
pressure 4.1 MPa
flow rate 9070 kg/h
Heat transfer rate at outer surface 1700 W/(m” K)
Process feed gas
inlet temperature 450 °C

outlet temperature
pressure

580 °C (max.: 800 °C at catalyst zone outlet)
4.5 MPa

raw gas flow rate 1400 kg/h

raw gas conversion 64.2 %
Steam-methane ratio 3.5
Hydrogen production rate 4240 Nm’/h

Furthermore the reforming process requires a thermal heat input of 4.8 MW. In order to
generate feed steam by the thermal energy of secondary helium gas, the helium gas temperature
at the outlet of the steam reformer is required to be about 600 °C, so that only thermal energy of
3.6 MW is supplied to the steam reformer from helium gas. This high-pressure and

low-temperature condition is a disadvantage for the steam reforming reactions.

21




Improved Concept

A new heat exchanger type concept of steam reformer is required to enhance the hydrogen

production rate. It should allow

(1) an increased heat input into the process gas by employment of orifice baffles;

(2) an increased reaction temperature of the process gas at the outlet of the catalyst zone;

(3) an optimizing reforming gas composition to enhance the reforming rate.

Table 2-8: Comparison between nuclear and conventional design

Parameter Steam reformer
Fossil-heated Helium-heated | Helium-heated
for HTTR/SR improved
design
Process gas pressure [MPa] 1-3 >4 4.5
Maximum temperature of process 850 - 950 <750 800
gas [°C]
Maximum heat flux to catalyst zone 50-80 10-20 40
[kW/m’]
Heat transfer radiation forced convection
Efficiency [%] 80 - 85 50 78
CO; emission [t/h] (Basis: 10 MW) 3 0

The aim of reaching a heat flux density closer to that of the conventional method (see Table 2-8)
can be achieved by employing a helium-heated counter flow heat exchanger. Helium under
pressure shows excellent heat transfer properties.

JAERI has adopted a bayonet type of catalyst tube, a concentric, double-walled tube which can
use both the outside and inside gas flow for heating up the process gas. The thermal energy
input into the process gas increases from 3.6 to 4.9 MW.

Assuming an infinitely long catalyst tube, the process gas temperature approaches that of the
helium gas. But in general, a catalyst tube length limit of approximately 10 m is mandated from
the viewpoint of seismic design. It is necessary to enhance the heat transfer rate in order to
design for an adequate steam reformer size. There are several means for enhancement of the
heat transfer such as baffles, double tubes, fins, and others. JAERI has performed an analytical
comparison of the heat transfer rate and selected a double tube with a radially finned catalyst
tube, for which the thermal radiation rate is more than 1800 W/(m? K).

Excessive steam is supplied to the steam reformer so as to react sufficiently and to prevent
carbon deposition. In the HTTR steam reforming system, a steam to carbon ratio of 3.5 has been
selected. Ifahigh performance catalyst can be used at low cost, the steam-carbon ratio could be
decreased to utilize steam for electric generation.

The proposed steam reformer is shown in Figure 2-10. These improvements are applicable not
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only to HTGR steam reforming system but also to other HTGR hydrogen production systems.
This is because a heat exchanger type of endothermic chemical reactor is an essential
technology for the production of hydrogen through the use of nuclear heat.

The effective consumption of the nuclear process heat input of 10 MW can be seen from the
following Table 2-9 [Hada 1994]:

Table 2-9: Consumption of 10 MW nuclear heat input

Heat loss 0.5 MW
Air cooler 0.7 MW
Feed water preheater 0.8 MW
Reboiler 2.7 MW
LNG preheater 0.2 MW
Superheater 1.0 MW
Process gas heater 0.5 MW
Steam reformer 3.8 MW

)y 10.2 MW

Reforming gas 450°C. 4.5Mpa

Improvements of hydrogen -Thermal energy
production performance ‘:D utilization of 78%

+Compact seamless
catalyst tubes

Increasing heat input to
<) = Reformed gas reforming gas
oy 600°C
i _ 1. Eifective utilization of hot reformed gas
‘=:> Helium gas Bayopet typp of catalyst tubes
S 600C 2. Increasing helium temperature drop through reformer

/ Reformer outlet helium temperature : 600°C
/ From helium :12.3—+3.6MW

't From reformed gas: 0 —+1.2MW } 4.8MWiin total

AR

9m

Increasing reaction
temperature

Helium side heat transfer enhancement
Orifice baffle-+wirenet
- Maximum reformed gas temperature : 800°C
o Catalyst tube @’{ Maximum heat flux : 40kW/m2

[ Catalyst Optimization of reforming

gas composition

800°C 1. Steam/Carbon=3.5
2. Excessive methane supply
(resulted in residual methane of 0.3MPa at outlet)

4P Helium gas 880°C. 4.1Mpa

Fig. 2-10: New concept of He-heated steam reformer
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2.3.2.3. Steam Generator

As shown in the figure of the HTTR steam reforming system layout, the steam generator is
installed downstream of the reformer and has the task to produce steam for the steam reforming
reaction according to the desired steam-methane ratio of > 3.5. A schematic of the steam
generator is shown in Fig. 2-11; design specifications are listed in Table 2-10.

Table 2-10: Design specifications of the steam generator

Heat capacity 8.12 MW
Maximum temperature
Shell 300 °C
Tube 400 °C
Maximum pressure
Shell 5.5 MPa
Tube 5.0 MPa
Primary helium (tube)
inlet temperature 555°C
outlet temperature 275 °C
flow rate 9070 kg/h
Secondary water/steam (shell)
inlet temperature 190 °C
outlet temperature 265 °C
flow rate 6677 kg/h

Steam outlet

He gas outlet _

1 Water from air cooler

Water supply

Fig. 2-11: HTTR steam generator
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The second major feature of the HTTR steam generator is its potential property to stabilize the
temperature of the contained water returning to the IHX under constant pressure conditions. A
passive cooling system using the steam generator with radiator is proposed to enable
continuous normal operation.

If thermal disturbances occur due to some malfunction in the steam reforming system, the
steam generator acts as a thermal absorber. Helium temperature at the steam generator outlet
can be kept constant at the saturation temperature of steam by controlling the pressure in the
steam generator.

The advantage of the steam generator is utilized to prevent a reactor scram due to a malfunction
or accident within the steam reforming system. Consequently, the secondary helium loop with
steam generator can function as a mitigation system as mentioned above.

2.3.2.4. HT Isolation Valve

Fig. 2-12 shows a design of the high temperature isolation valve, which is still under
development with focus on mitigation of thermal deformations. Testing in a mock-up facility is
planned.
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Fig. 2-12: High temperature isolation valve
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2.3.2.5. Methane Gas Supply System

The area containing the pressurized methane gas supply system will be located approximately
300 - 500 m away from the nuclear reactor building. The supply system includes, apart from the
underground LNG storage tank with a capacity of 400 m’, the main components LNG vaporizer,
surge tanks, desulphurizer, and transport lines to the steam reformer. The steam reformer itself
will be erected in a distance of approximately 30 m away from the reactor building.

The figure for the feed gas flow of 1290 kg/h of natural gas translates into a volume flow for
LNG of about 3 m’/h. This would correspond — under steady-state conditions — to the
consumption of a tank truck load (assumed: 30 m’) every 10 hours or the emptying of the LNG
storage tank (with 400 m®) within 5.5 days.

2.4. Operation

2.4.1. HTTR
2.4.1.1. Basic Features of Operation

The HTTR generates a thermal power of 30 MW at an average power density of 2.5 MW/m’.
Two operational modes are possible, the single load operation and the simultaneous load
operation, using either the cooling circuit with the PWC only or the cooling circuit with the IHX
and PWC components. The nominal irradiation period of the first core fuel of the HTTR is 660
equivalent full power days (efpd). Although the final HTTR operation plan has not decided yet,
one way of operation has been investigated in detail based on the so-called “standard HTTR
operation plan” [Saito 1994]. In this option, the reactor is in the “rated operation” mode during
the periods of 0 - 220 efpd and 330 - 660 efpd, and in the “high-temperature operation” mode
during the period of 220 - 330 efpd. With respect to process heat utilization, i.e., the
simultaneous load, HT test operation is the relevant operational mode.

2.4.1.2. Operating Conditions

Primary Helium Cooling System

During the normal operation of the HTTR, the helium coolant enters the core from the top with
a nominal temperature of 395 °C and flows downward through the annular gap (3.5 mm)
between fuel rods and bore holes of the fuel assemblies. The average outlet coolant temperature
is 850 °C at rated operation and 950 °C at HT test operation. The minimum effective coolant
mass flow rate is 88 % of the total flow rate which is 12.4 kg/s at rated operation and 10.2 kg/s
at HT test operation. Adequate mass flow is maintained by controlling the speed of the PGC.
The helium temperature is primarily controlled by the reactor power output, not by the coolant
flow rate. Thus the gas outlet temperature generally goes linear with the power output. In the
simultaneous load operation, two thirds of the primary helium enter the primary PWC, while
the remaining part of the coolant passes through the IHX. The primary helium pressure is kept
at 4.04 MPa at the inlet of the RPV and it is 3.9 MPa at the reactor outlet. The design limit is
fixed at 4.7 MPa.
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The nominal maximum fuel temperature during normal operation with a coolant outlet
temperature of 950 °C is 1290 °C. The respective figure during the “rated operation”, i.e., for
the lower coolant outlet temperature, is 1150 °C. Taking an uncertainty range (hot spot factor)
into account, the result is a maximum fuel temperature of 1360 °C at rated operation and
1492 °C at HT test operation. The average core fuel burnup at the end of its lifetime is 22
GWd/t; the maximum value is 31.5 GWd/t remaining below the design limit of 33 GWd/t. The
maximum burnup will be expected in the 2™ layer of the active core. The averaged fast neutron
fluence at the end of its lifetime to which the fuel is exposed, is 1.3%10%° m™. Maximum fast
neutron fluence will also appear in the 2™ layer of the active core.

Secondary Helium Cooling System

The secondary helium temperature is strongly dependent upon the operating conditions of the
pressurized water cooling system. Under nominal conditions, the secondary helium is heated up
to 870 °C. The heated helium is cooled to 237 °C by the secondary PWC. If the heat utilization
system is connected to the HTTR, the flow rate of secondary helium is reduced to increase the
outlet helium temperature at the THX to 905 °C.

During normal operating, the helium pressure in the secondary circuit is always kept at a
pressure 0.074 MPa higher than the primary helium pressure. The pressure control is achieved
by the secondary helium storage and supply system via the secondary helium purification
system.

Pressurized Water Cooling System

At rated power operation, the pressurized water temperature increases to 40 °C by passing
through the primary and secondary PWC. After mixing, the water enters the air cooler which is
mounted on the roof of the reactor building. As the atmospheric temperature varies, the water
flow rate through the air cooler is adjusted to maintain a heat-transferring rate of 30 MW with a
flow rate control valve at the inlet of the air cooler. The atmospheric temperature may range
between around 30 °C in summer time and around -15 °C in winter time. Since the total flow
rate is required to be maintained at 618 t/h, a bypass line is provided to the remainder at the air
cooler. The water pressure is kept at constant 3.5 MPa. The water pressure control is achieved
by a supply or discharge of nitrogen gas to the pressurizer.

2.4.1.3. Procedures for Safe Operation

An essential feature of HTGRs is the role of the coated fuel particle acting as a tiny containment
serving the principal barrier against radionuclide release under operational and accident
condition. For a safe operation of the HTTR, among other measures, the continuous and reliable
measurement of the coolant activity is required to allow for an evaluation of the fuel
performance and for the radiological assessment of the plant during normal operation
conditions. It is at the same time a judgment on the quality of the fuel in the core including a
check against the specification limits guaranteed by the manufacturer. In addition, the
(stationary) coolant activity represents the starting release level during any abnormal event with
a total loss of coolant.
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Apart from the fuel coating, further barriers against fission product release into the environment
are the RPV and the CV representing a double containment concept, and finally the reactor
building.

The service area is maintained at a slightly negative pressure to the atmosphere by an air
conditioning system during both normal operation and accident condition. The barriers of the
CV and the service area in the reactor building drastically reduce the off-site radiation dose in
such an accident as a primary pipe rupture accident.

Safety Requirements

Strict operational limits and conditions are specified to ensure the safe operation of the plant
during normal operation as well as during anticipated operational occurrences (AOO) or
accidents. The most essential and important safety design criteria for the HTTR are listed in
Table 2-11.

Table 2-11: Safety design criteria for normal operation and accidents in the HTTR

Maximum values Normal operation Accidents
Fuel temperature [°C] 1495 1600
Temperature of reactor vessel [°C] 395 550
Pressure of reactor coolant [MPa] 4.05 5.75
Temperature of IHX heat transfer tube [°C] 955 1000

The maximum fuel temperature of 1495 °C in normal operation condition is set to meet the
allowable design fuel temperature of 1600 °C at severest AOO of quasi-steady overpower
operation.

Dimensions of the reactor coolant pressure boundary structures have been specified primarily
based on design temperature, design pressure and other associated mechanical loads. These
design parameter values include allowances of control system error, system configuration
effects and measurement inaccuracies. Service pressure limits stipulated can meet the design
requirements in AOO and accidents as follows.

(1) In case of an AOQ, the pressure shall be less than 1.1 times the design pressure or the
maximum pressure in service.

(2) In case of accidents, the pressure shall be less than 1.2 times the design pressure
except for the IHX heat transfer tubes and central hot gas duct.

The THX structure forming the boundary between primary and secondary helium shall
withstand a creep buckling load as the result of an accidental pipe rupture within the secondary
helium piping system. This accident is considered the severest to these structures.

Maximum allowable change rates for the reactor coolant temperature under normal operation
depend upon the temperatures of the reactor coolant and the metal structures in contact with the
coolant. An acceptable stress is limited to the lower level at higher temperatures due to creep
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damage on the structures. Based on a parametric analysis on the structural integrity of the IHX
hot header and reducer, the maximum allowable change rate for the coolant temperature is
limited to 15 °C/h at temperatures > 650 °C.

2.4.2. STEAM REFORMING SYSTEM
2.4.2.1. Basic Features of Steam Reforming Operation

Steam Reforming Process

Steam reforming is the endothermal catalytic conversion of lighter hydrocarbons, e.g., methane
or naphtha, by means of steam. This process on a larger scale is usually operated at
temperatures of 750 - 900 °C and pressures of 2 - 3 MPa according to the relations

CuHpm + n H,O = (n+m/2) H, + n CO (endothermal)
CH4+H,O=3H,+ CO -206kJ/mol
CH4+2H,O=4H,+CO; -165kJ/mol

In order to increase the output of hydrogen and to avoid carbon deposition due to the
Boudouard reaction, the carbon monoxide is catalytically converted in the exothermal
water-gas shift reaction with steam according to

CO+H,O=H,+CO, +41kJ/mol

For this reaction, excess steam of generally around 300 % is injected to shift the equilibrium
towards more CO,. The yield is a reformer gas composed of H,, CO, CO; plus residual steam
and unreformed methane. The quantitative composition is depending on the operating
conditions which are being chosen according to the desired synthesis gas applications, e.g., as
feedstock in the chemical industries.

A decreasing temperature or increasing pressure lowers the concentration of hydrogen in the
equilibrium mixture. Partial pressure conditions of the process gas components for the catalyst
zone inside the reformer tubes are given in Table 2-12 [Hada 1994].

Table 2-12: Partial pressure distribution for product gases in the catalyst zone

Gas component Partial Pressure [MPa] in catalyst zone
Inlet Outlet
CH4 0.82 0.28
H,O 342 1.95
H, 0.13 1.72
CO 0.03 0.27

The gas mixture is purified by passing through special adsorber beds to obtain pure hydrogen.
To use the residual methane in the product gas, it may be recycled as feedstock gas.
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2.4.2.2. Operating Conditions
Steam Reforming with the HTTR

The process parameters of the HTTR steam reforming system such as temperature, pressure,
and flow rate, were shown already in Table 2-7. Although the temperature of secondary helium
at outlet of the IHX is 905 °C, it becomes 880 °C at the inlet of steam reformer due to the heat
loss from hot gas duct between the IHX and the steam reformer.

The helium flows into the steam reformer at the bottom and then flows upwards outside the
catalyst tubes, squeezed by multiple plates of orifice baffles. Finally the helium, which is
cooled down to 585 °C, exits and flows to a superheater.

The process feed gas mixture of natural gas and steam, after preheated to 450 °C at a pressure of
4.5 MPa enters the steam reformer at the top and then flows downwards in an annular flow
between the walls of outer and inner tube through the catalyst bed, where the methane and other
lighter hydrocarbons together with steam are reformed. The reformed gas having reached a
maximum temperature of 830 °C, flows then upwards inside the inner tubes transferring at the
same time heat to the feed gas and eventually leaving the steam reformer at a temperature of
580 °C and a pressure of 4.1 MPa.

In the HTTR steam reforming system, a steam/methane ratio of 3.5 has been selected. The
required steam is about 5160 kg/h at rated conditions so that the thermal energy necessary to
generate steam is 3.1 MW. The thermal energy of the product gas at outlet of the steam reformer
is only 1.9 MW. Therefore, a steam generator is necessary on the secondary helium loop in
order to supply this large amount of thermal energy. The superheater and the steam generator
are installed downstream of the steam reformer to generate feed steam for the steam reformer.
The required helium temperature at the inlet of the IHX is 160 °C, requiring the addition of a
feed water preheater and a helium cooler. In the future HTGR heat application system, the
outlet helium gas of steam generator will be returned to the IHX directly.

Startup Operation

The heat demand is drastically increasing when the endothermal chemical reactions start the
reforming process. On the nuclear side, the helium temperature is “conventionally” increasing
linearly with power output. Because of this mismatch between heat demand and heat supply
during startup, an additional heat exchanger component, a so-called heat load controller, with a
capacity of 2.8 MW is integrated into the steam reforming system. The controlling is achieved
by adjusting the helium flow rate. Fig. 2-13 shows the relationship between nuclear power and
helium temperatures during the startup phase [Hada 1994].
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Fig. 2-13: Nuclear power and helium temperature during the startup phase

Safety Requirements

A safety-related issue is the operability of the production process system during a nuclear
reactor scram. According to the actual safety regulations, the ultimate heat sink of an NPP is
limited to water and/or air, and cannot be electricity or chemical energy as the result of a
conversion process. Therefore the production process system is not designed to take over safety
functions for the nuclear system; these are exclusively left to the reactor cooling system.

In case of a reactor scram, the power output falls immediately to such a low level that the
reactor safely shuts down and remains in a subcritical state. Concerning the steam reforming
system, the abrupt cut in heat input is usually followed by an instantaneous disconnection of the
feedstock supply and filling of the steam reforming loop with nitrogen to prevent carbon
deposition on the catalyst. Also the large heat capacity of the catalyst allows for a reduced rate
of temperature decrease [Hada 1994].

Feed Stock and Product Gas Quantities of the HTTR/SR

The flow rate of natural gas as a feed gas is 1290 kg/h and the flow rate of steam is 5160 kg/h at
the inlet of the steam reformer. The temperature of the product gas is about 600 °C. This gas is
cooled down by the water cooler and separated into steam and dry gas compositions including
hydrogen, carbon oxide, carbon dioxide and residual methane in the separator. The pressure
and maximum temperature of the process feed gas are 4.5 MPa and 830 °C so that the
conversion ratio from methane to hydrogen is expected to be 68 %. As a result, 32 % of
methane will remain in the product gas. In the conceptual design of the HTTR/SR, this residual
methane is burned in the flare stack together with the other combustible gases.
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Steam Generator for Stable Controllability

The operating procedures for startup and shutdown are similar, but reversed. Before startup,
nitrogen is supplied at a pressure of 2.2 MPa. The HTTR is then started. When the secondary
helium gas is heated to above 500 °C and the steam generator is controlled at the rated pressure
of 5.0 MPa, steam is gradually supplied to the system and nitrogen is released into the
environment with this steam by switching the flow line. With the steam flow rate constant at
rated conditions and the helium gas temperature at the inlet of the steam reformer increased to
700 °C, methane feed gas is supplied to the system. Even during low startup system operation, a
stepwise increase in the feed flow rate by 10 % (as it is difficult to control the feed gas at low
flow rate levels), results in a stable helium gas temperature level at the inlet of IHX due to the
influence of the steam generator. After 60 h, the helium gas temperature reaches 950 °C and the
entire system can be operated automatically.

2.5. Flammable Substances

2.5.1. METHANE
2.5.1.1. Physical Properties

Methane (CH,) is in its gaseous state colorless, odorless, non-toxic, non-acid, and in principle
physiologically not dangerous. If inadvertently released it can cause asphyxiation by displacing
oxygen in the workplace atmosphere. From the environmental point of view, methane is
considered after CO, the most relevant greenhouse gas; still it does not have a significant
impact to the local environment if accidentally discharged.

Methane gas under normal conditions is lighter than the ambient air and thus tends to rise upon
release and mixes with the air by diffusion. Because of its moderate buoyancy and its much
smaller diffusion velocity compared with hydrogen, methane is slower in being dispersed down
to non-flammable concentrations such that despite its low value for the upper flammability
limit the life time of a flammable methane gas cloud is comparatively long.

Liquid methane (LCH4) vaporizes at 112 K and forms a heavier-than-air vapor tending to layer
and settle near the ground. The methane gas temperature has then to increase by approx. 50
degrees, until it becomes positively buoyant in the ambient air. This means that after larger
spills of LCHy4, the cold methane gas can form flammable mixtures with air over considerable
distances, before it has risen, diffused, and dispersed to non-dangerous concentrations. LCHy4
also requires much more heat per unit volume from the ambient air than hydrogen to vaporize
(296 versus 32 MJ/m’ of liquid).

The vaporization of LCH4 and heating up to ambient temperatures results in an increase of
volume by a factor of 649 and thus in a significant change of the local atmosphere. The spillage
of LCHy carries an enhanced hazard of asphyxiation because of its rapid vaporization velocity.
Particularly in confined areas, it can lead to a reduction of the oxygen concentration down to
lethal values. Further physiological hazards are given by cryogenic burning of tissue upon
contact with the cold liquid directly or with respectively cold surfaces.

At cryogenic temperatures, changing strength characteristics of container materials are
observed; they may become brittle and may fracture under stress.
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The storage of methane at very high pressures requires strong storage tanks. The impact on
safety issues is given by the fact that in case of inadvertent opening of valves or loosening of
fittings, the high pressure gas may create a fire hazard and also metal parts or fragments may be
ejected at high speed.

Furthermore the rapid expansion of the methane gas from a high pressure container will result
in a significant cooling effect resulting in a vapor cloud of very cold and dense gas.
Conventional practice has been to assume that any leak of CNG will rise immediately due to the
fact that methane at normal temperatures is lighter than air. Consequently, safety design
practices have been focused on ceiling ventilation and detection of methane vapors. In fact, it is
highly likely that any significant leakage from storage tanks and transfer lines will migrate
down and fill in low lying areas as it is moved about by any wind or circulatory effects.
Ultimately, the methane will warm up and rise (assuming a flammable mixture has not come
into contact with an ignition source),but it is extremely difficult to estimate the time involved
and the configuration of the flammable methane/air mixture during that time period.

2.5.1.2. Chemical Properties

Methane is a highly flammable gas and is violently reactive with oxidizers or halogens. In
mixtures with air, it is explosive within the concentration range 4.4 - 16.5 vol% (or 29 - 110
g/m’, respectively) with the maximum released energy at the stoichiometric mixture of 9.4
vol%. The lower flammability limit, which is the more relevant figure in most accident
scenarios (small leakage rates), is in the same range as for hydrogen. The LFL is a function of
temperature. It is 7.7 % at the boiling point (112 K) and 2.3 % at 723 K. For methane, the
following expression (Burgess-Wheeler law) applies for the temperature range of -155 °C to
+25 °C [Zabetakis 1967]:

LFL [%] = 5.0 —0.0039 (T [°C] - 25)

The LFL of methane is also increased with lowering the initial mixture temperature. It is
approximately 20 %, if the temperature is reduced from ambient by 150 K.

The upper flammability limit is raised to 60 vol% in mixtures with oxygen. A flammability
diagram for the system methane-oxygen-nitrogen at atmospheric pressure and 26 °C is given in
Fig. 3-18 [Zabetakis 1967]. The range of flammable mixtures is enveloped with the thick lines.
Mixture compositions are shifted along the straight lines. Also the special case of air is given in
the diagram in Fig. 2-14 indicating the portion of flammable mixtures with methane where it is
intersecting the flammability range.

Certain effects are also given with change of the pressure or the addition of an inert gas.
Increasing pressure widens the flammability range. The addition of, e.g., CO, or N, narrows the
range until a suppression of flammability is reached at added fractions of 38 % of N, or 24 % of
CO; in the methane-air mixture.

CH,4 burns in a bluish flame to carbon dioxide and water:

CHs; + 20, 2> CO; + 2H,0 - 979.6 kJ/mol
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Fig. 2-14: Flammability diagram for methane-oxygen-nitrogen mixtures

The autoignition temperature is 8§13 K. The minimum energy required to ignite a methane-air
mixture is with 0.29 mJ very low and most easily reached by common sources of ignition (spark,
open flame, static electricity from human body). Furthermore, the minimum ignition energy
will decrease with increasing temperatures, pressures, or higher oxygen contents. No flash
point (the temperature at which the vapor pressure is such as to reach the LFL concentration in
air) nor a fire point (lowest temperature, at which a substance in the open air would continue
burning once ignited) are given for methane.

If a free methane gas cloud is evolving after an inadvertent release, the fraction of its thermal
energy contents is expected to be not higher than 10 %.

Methane is thermally decomposed at temperatures above 1373 K. At least a fraction of 12 vol%
of oxygen is required in a mixture with methane to keep a flame spreading going. The
maximum burning velocity in a methane-air mixture at ambient conditions is 0.36 m/s, being
about a factor of 9 smaller than for hydrogen; it increases in pure oxygen to 3.9 m/s. The
transition from a deflagration to a detonation is thus less easily obtained. Also with respect to
the smaller detonation range, the expected probability of a methane detonation is less than for
the detonation of a hydrogen-air mixture. Flame speeds in stoichiometric mixtures exhibit
strong fluctuations in the range between 400 - 800 m/s.

The quenching distance, i.e., the largest diameter of a tube, through which flame propagation is
still suppressed, is 2.16 mm for methane in air compared to only 0.5 mm for hydrogen.
Quenching distances are reduced with increasing oxygen contents. Another parameter
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experimentally determined is the maximum experimental safe gap (MESG), i.e., the maximum
width of a (25 mm long) gap, through which (in ten tries) the flame of an explosion inside a
container does not pass to a fluid mixture outside. This value is smaller than the quenching
distance because of the increased pressure inside the container due to the ongoing combustion
process.

The methane flame at a temperature as high as 2148 K (stoichiometric mixture) causes a much
stronger thermal radiation compared with hydrogen due to a less effective absorption by the
water vapor in the ambient air and due to the contributions by soot and CO, to the emission.
This means in principle the demand for larger safety distances compared to hydrogen. The
overpressures resulting from deflagrations of equivalent quantities are significantly weaker for
methane than for hydrogen.

With respect to gas mixtures, it was shown experimentally that a hydrogen-methane mixture
with 10 % H; is as reactive as propane, and 40 % of H, are needed to make the mixture as
reactive as ethylene [Puttock 1995].

In Table 2-13, the safety-relevant characteristic data of methane are listed.

2.5.1.3. Natural Gas

Natural gas is a mixture of gases comprising primarily methane with small amounts of heavier
hydrocarbons (ethane, propane, butane, etc.) plus marginal amounts of N,, O,, CO,, H,S, He, or
H,O with varying shares. The typical range of methane fractions in pipeline natural gas is from
80 to 95 % resulting in considerable variation in its general physical properties. The higher
hydrocarbons are in practice the most dangerous substances for a given quantity, because they
are able to explode violently in the unconfined condition. The marginal constituents CO, and
H,S in connection with the water can have a corrosive effect on the tank material which is
increased with pressure.

Natural gas is colorless, tasteless, and relatively non-toxic. The autoignition temperature varies
with fuel composition, 450 - 500 °C, and is always lower than for pure methane. The range of
flammability for natural gas mixtures with air is somewhat narrowed to 5 - 15 %. The energy
required to ignite a natural gas/air mixture is in the range of 0.15 - 0.30 mJ

2.5.14. LNG

Liquefied natural gas (LNG) is usually purified during the production process to a desired
methane content of > 95 % including the removal of all corrosive constituents. LNG suppliers
are even able to provide a highly purified form of LNG known as Refrigerated Liquid Methane
(RLM) with a 99 % fraction of methane. The advantages of LNG are the smaller volume and its
storability at lower pressures compared to the compressed form. A drawback is its handling at
cryogenic temperatures. Another drawback is that LNG cannot be odorized and thus is not
detectable in case of small leakages. Therefore it requires intensive monitoring and control.
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Table 2-13: Physical and chemical parameters of methane, hydrogen, and carbon monoxide with
relevance to safety (from various sources)

Parameter Methane Hydrogen Carbon
Monoxide

Molecular weight [g/mol] 16.043 2.01594 28.01

Stoichiometric fraction in air [vol%] 9.48 29.53 29.53

Boiling point [K] 111.632 20.268 81.7

Melting point [K] 90.7 13.8 74.2

Density of liquid @ boiling point [kg/m"] 422.5 70.78 788.6

Density of gas @ boiling point [kg/m’] 1.82 1.338 4.355

Density @ STP " [kg/m’] 0.71740 0.08990 1.25

Expansion ratio liquid/ambient 649 845 700

Diffusion coefficient @ STP"[m%/s] 0.16*10™ 0.61*10™

Diffusion velocity [m/s] <0.0051 <0.02

Buoyant velocity [m/s] 0.8-6 1.2-9

Heat of vaporization [kJ/kg] 509.9 445.6 215.2

Vaporization index [K cm’/J] 7 0.87 8.9

Flammability limits in air [vol%)] 53-15.079 | 4.0-75.09 | 12.5-74.2

Detonability limits in air [vol%] 6.3-13.5 18.3-59.07 -

Minimum ignition energy [mJ] 0.29 0.019

Auto-ignition temperature in air [K] 903 - 1493 793 - 1023 878
(810) (833)

Flash point [K] - - -

Gross heat of combustion [kJ/mol] @ 15 °C 891.5 286.1 282.9

Net heat of combustion [kJ/mol] @ 15 °C 803.3 241.7 282.9

Laminar burning velocity in air [m/s] 0.37-0.45 2.65 - 3.25 0.33

Flame front velocity [m/s] 3.2 18.6 0.52

Quenching distance [mm] 2.03 0.64 -

Maximum experimental safe gap [mm] 1.2 0.08

Adiabatic flame temperature [K] 2148 2318 2370

Detonation velocity [m/s] 1390 - 1640 1480 - 2150 -

ClJ velocity [m/s] 1801 1968 -

CJ detonation pressure ratio 17.2 15.6 -

Energy release [MJ/kg mixture] 231 2.82

Detonation cell size [mm] 250 -310 15 -

Critical tube diameter [m] - 0.2

Detonation initiation energy 22,000 ” 1.1 -

[g tetryl]

Critical explosion diameter [m] 4.0 0.16

TNT equivalent [g TNT/g] 11.1 26.5

1) STP (Standard temperature and pressure): 273 K, 101325 Pa.

2) Indicates the relative ease of a substance to vaporize.
3) Other authors give a range of 4.4 - 16.5 vol%. It is 5 - 61 vol% in oxygen.

4) Valid for weak ignition. For a high-energy igniter, a range of 11.6 - 74.9 is given in [Stamps 1991].
5) According to prediction in [Bull 1976] (see also chapter 5.2.2.)

6) LFL are valid for upward propagation of flame. For downward propagation, LFL values are 5.9 vol% for

methane and 5.3 vol% for hydrogen.




Constant vaporization of LNG results in a so-called ‘ageing’ or ‘weathering’ effect. The
methane in the fuel will boil off before some of the other hydrocarbon components such as
propane and butane. Therefore, if LNG is stored over an extensive period of time without
withdrawal and replenishment, the methane content will continuously decrease and the actual
physical characteristics of the fuel will change to some extent. If the methane fraction drops
below 40 %, it turns into an explosive mixture leading to a vapor explosion upon contact with
water. This hazard, however, can be almost excluded, since more than 90 % of the initial
volume would have to be boiled off until the explosive condition is reached.

Even with highly insulated tanks, there will always be a continuous build up of internal pressure
and a need to eventually use the fuel vapor or safely vent it to the atmosphere. When
transferring LNG, considerable care has to be taken to cool down the transfer lines in order to
avoid excessive amounts of vapor from being formed.

Another consideration is that under low temperatures, many materials undergo changes in their
strength characteristics making them potentially unsafe for their intended use. Materials such as
carbon steel lose ductility at low temperature, and materials such as rubber and some plastics
have a drastically reduced ductility and impact strength.

An explosion of an LNG container is a highly unlikely event that is possible only if the pressure
relief equipment or system fails completely or if there is some combination of an unusually high
vaporization rate (due to loss of insulation) and some obstruction of the venting and pressure
relief system preventing adequate vapor flow from the inner pressure vessel with a resultant
pressure build up. If the pressure builds up to the point where the vessel bursts, the resulting
explosion is known as a BLEVE (boiling liquid expanding vapor explosion) with the container
pieces propelled outward at a very high velocity. This is a highly unlikely event due to the
extensive requirements for pressure relief including pressure relief valves and burst discs that
are built into the design codes. No report in the literature is known of any BLEVE occurring
with LNG.

In the event that the LNG vessel is ruptured in a transport accident and the LNG is spilled, there
will be a high probability of a fire because a flammable natural gas vapor/air mixture will be
formed immediately in the vicinity of the LNG pool. In an accident situation, there is a high
likelihood of ignition sources due to either electrical sparking, hot surface, or possibly a fuel
fire created from the tanker truck engine fuel or other vehicles involved in the accident. The
vapor cloud from an LNG pool will be denser than the ambient air; therefore, it will tend to flow
along the ground surface, dispersed by any prevailing winds.

When spilled along the ground or any other warm surface, LNG boils quickly and vaporizes. A
high volume spill will cause a pool of LNG to accumulate and the boiling rate will decrease
from an initial high value to a low value as the ground under the pool cools. The heat release
rate from an LNG pool fire will be approximately 60% greater than that of a gasoline pool fire
of equivalent size.

A safety hazard connected with LNG is the potential exposure of personnel to cryogenic
temperatures. Workers can receive cryogenic burns from direct body contact with cryogenic
liquids, metals, and cold gas. Exposure to LNG or direct contact with metal at cryogenic
temperatures can damage skin tissue more rapidly than when exposed to vapor. It is also
possible for personnel to move away from the cold gas before injury.
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The risk of cryogenic burns through accidental exposure can be reduced by the use of
appropriate protective clothing. Depending upon the risk of exposure, this protection can range
from loose fitting fire resistant gloves and full face shields to special extra protection
multi-layer clothing.

Another unusual hazard associated with aged LNG will arise in the unlikely event that there is a
large spill of LNG onto a body of water. This could occur in an accident situation involving an
LNG transport vehicle container rupture and spill into an adjacent water body. The hazard is
known as a rapid-phase transition (RPT) — in this case a rapid transformation from the liquid
phase to vapor. If significant vaporization occurs in a short time period, the process can, and
usually does, resemble an explosion.

The RPT "explosion" phenomenon for LNG on water has been observed in a number of
situations and has been studied extensively in both laboratory and large scale tests. The
temperature of the water and the actual composition of the LNG are important factors in
determining whether an RPT will take place. It should also be noted that RPTs have been
obtained for pure liquefied propane with water temperature in the range of 55 °C.

2.5.1.5. Gas Mixtures

With respect to gas mixtures, it was shown experimentally that a hydrogen-methane mixture
with 10 % H; is as reactive as propane, and 40 % of H, are needed to make the mixture as
reactive as ethylene [Puttock 1995].

2.5.1.6. Methane in the HTTR/SR System

The 400 m® of LNG or 169 t of methane (to make it simple) take in its gaseous state under
normal conditions of temperature and pressure a volume of 2.5%10° m’ or in a stoichiometric
mixture with air a volume of 2.7#10° m’. This volume is equivalent to a spherical gas cloud
with 170 m diameter or a hemispherical gas cloud with 212 m diameter. The total quantity of
methane carries the explosion potential of 1859 tons of TNT.

2.5.2. HYDROGEN

Hydrogen (H;) has been applied since long time in the chemical industries in various kinds of
processes. Comprehensive operating experience in handling hydrogen has been gathered, also
with respect to safety aspects.

2.5.2.1. Physical Properties

Hydrogen in its gaseous state is colorless, odorless, tasteless, non-toxic, non-acid, and in
principle physiologically not dangerous. The energy density of hydrogen is very high so that 1
kg of hydrogen contains approximately 2.5 times more energy than 1 kg of natural gas. One of
its most important characteristics is its low density, which makes it necessary for any practical
applications to either compress the hydrogen or liquefy it. It is positively buoyant above a
temperature of 22 K, i.e., over (almost) the whole temperature range of its gaseous state. Due to
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its high diffusivity, it rapidly mixes with the ambient air upon release. Corresponding diffusion
rates of H, in air are larger by about a factor of 4 compared to those of air in air. This is a
positive safety effect in unconfined areas, but can cause a hazardous situation in (partially)
confined spaces, where the H, can accumulate, e.g., underneath a roof.

Because of its small molecular weight and its low viscosity, H, can cause a problem with
respect to leakages. Diffusion in small amount is even possible through intact materials, in
particular organic materials. This holds for both gaseous and liquid state. Leakage rates are by a
factor of 50 higher than for water and by a factor of 10 compared to nitrogen. At elevated
temperatures and pressures, hydrogen attacks mild steels severely, causing decarburization and
embrittlement. This is a serious concern in any situation involving storage or transfer of
hydrogen gas under pressure. Proper material selection, e.g., special alloy steels, and
technology is available to prevent embrittlement.

Hydrogen coexists in two different forms, ortho and para hydrogen, whose partition is
dependent on the temperature. Normal hydrogen at room temperature is 75 % ortho and 25 %
para. In the lower temperature range < 80 K, para H; is the more stable form. At 20 K, the
thermal equilibrium concentrations are 99.825 % para and 0.175 % ortho. The rate of
equilibrium between ortho and para states is slow in the gas phase. The proton spin state has to
flip from 1 to 0, which is intrinsically triggered by the collision between two ortho molecules.
The intrinsic rate of conversion is 0.0114 h'. The transition takes place over a longer period
(about 3 - 4 days), until a new equilibrium state is reached. However, magnetic impurities and
also small oxygen concentrations are able to catalyze ortho-para conversions raising the rate by
several orders of magnitude (very good: Fe(OH);) to the order of hours. The presence of a
radiation field results in the generation of free hydrogen atoms and ions, which act as catalysts
also before recombining. The recombination on the other hand produces excess ortho hydrogen.
There will be therefore a balance between recombination and all catalytic processes with the
latter assumed to be dominant.

The heat liberated during the ortho-para conversion at 20 K is huge with 670 kJ/kg compared to
a figure of 446 kJ/kg for the latent heat of vaporization at the same temperature. This represents
a safety issue requiring a design of the hydrogen loop which is able to remove the heat of
conversion in a safe manner.

Hydrogen also exhibits a positive Thompson-Joule effect at temperatures > 200 K. It means that
the temperature increases upon a decrease in the pressure which may lead to ignition. For
example, the temperature change is 6 degrees, if a sudden depressurization from 20 MPa to
ambient pressure takes place. The chance of a spontaneous ignition just by that effect is small,
however, an explosion is likely to occur because of electrostatic charging of dust particles
during the depressurization.

2.5.2.2. Chemical Properties

In connection with oxygen, hydrogen is highly flammable over a wide range of concentrations.
As a fuel it represents a clean, environmentally benign energy source with a high energy content.
It burns in a non-luminous hot flame to water vapor liberating the chemically bound energy as
heat. A stoichiometric H,-air mixture contains 29.5 vol% of hydrogen. The flammability range
is between 4 and 75 vol% of concentration in air and up to 95 vol% in oxygen. The LFL
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decreases with higher temperatures, e.g., 7.7 % at the boiling point and 2.3 vol% at 723 K. In
most accident situations, the LFL is the pertinent parameter.

The potential for an explosion or detonation of a flammable hydrogen-air mixture is very high.
The auto-ignition temperature of 858 K is relatively high, but can be lowered by catalytic
surfaces. The minimum ignition energy is with 0.02 mJ very low, much lower than for
hydrocarbon-air mixtures. A weak spark or the electrostatic discharge by a person would suffice
for an ignition; this is, however, no different from other burnable gases. The minimum ignition
energy is even decreasing with increasing temperature, pressure, or oxygen contents.

The thermal radiation emitted from a H; flame is very low due to absorption by ambient water
vapor (¢ = 0.1) unlike other gases. Therefore, despite its high flame temperature (max. 2403 K),
the burning hazard is comparatively small. The major problem is given in the non-visibility
even in a dark room (unless impurities in the air are present), and therefore difficult to recognize
and localize. Hydrogen has no flash point.

The combustion product of hydrogen is water vapor:
H2 + 0.5 02 > Hzo - 292.5 kJ/mol

It is known from the experience that a hydrogen-air gas cloud evolving from the inadvertent
release of H, upon the failure of a storage tank or a pipeline liberates only a small portion of its
thermal energy contents in case of an explosion, which is in the range between 0.1 and 10 %, in
most cases < 1 %.

The explosion of an H,-air mixture cloud results in the formation of a pressure wave, which is
different dependent on the combustion mode. In the deflagration of a free H-air gas cloud, the
maximum overpressure is in the order of 10 kPa. An overpressure of 7 kPa is still deemed not
dangerous; at 7 kPa, people would fall down to the ground; at 35 kPa, damage of ear drums is
expected; 240 kPa is considered a threshold value above which fatalities must be taken into
account.

The maximum burning velocity of H; in air at ambient conditions is 3.2 m/s, which increases to
11.75 m/s in pure oxygen. Compared to other hydrocarbon fuel-air mixtures, it is highest for
hydrogen because of its fast chemical kinetics and high diffusivity. This comparatively high
value results in a greater chance for a transition from deflagration to detonation (DDT). The
detonability range is usually given to be 18 - 59 vol% of H, concentration, however, the range
was found to be depending on the system size. In the Russian detonation test facility RUT, the
largest of its kind, a lower detonability limit of as low as 12.5 vol% has been observed. The

detonation velocity reaches values in the range of 2000 m/s; in pure oxygen, it is up to 3500
m/s.

The critical tube diameter is the minimum diameter required for a detonation wave to emerge
from a tube and become a detonation in an unconfined cloud. It is a measure of minimum
dimensions of an unconfined detonable cloud and is usually in the range of 10 - 30 detonation
cell widths. The detonation initiation energy is the minimum energy necessary to initiate a
spherical detonation wave; the energy content of tetryl corresponds to 4.3 MJ/kg.

The safety-relevant characteristic data of hydrogen are also summarized in Table 2-13.
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2.5.2.3. Basic Considerations on Hydrogen Systems Safety

Primary goal is the safe use of hydrogen and the control of the risks associated with its use.
Inherent in all hydrogen designs are:

1. Considerations for the conditions in which the system is operated;
2. Failsafe operation, that accounts for the potential modes of failure;
3. Long-term plans which cover the operational life of the system.

Primary hazards associated with hydrogen systems are combustion, pressure, low temperature,
hydrogen embrittlement, exposure.

Quantities greater than 7.500 m’ under standard conditions are usually located outside or in
specially designed structures. Storage vessels that contain liquid hydrogen use special
insulation or vacuum jacketing. Vacuum must be maintained with vacuum pumps.

The most common mechanical components for controlling the flow of hydrogen are valves,
check valves, and regulators. These may be manual or remotely controlled using electric or
pneumatic actuators, which must be ex-proof designed. Check valves are used to prevent
unwanted back flow. Regulators control the system pressure. Controls also include fluid sensors
such as pressure gauges, flow meters, liquid level indicators, and the control system.

Vessels and piping that confine or potentially may confine hydrogen should be protected
against over-pressurization with a pressure relief system. The relief system typically uses relief
valves and rupture disks to direct overly pressurized hydrogen to the vent system. Rupture disks
are usually used in parallel with relief valves as a failsafe path for over-pressurization. Outside
the hydrogen containing system, the control system may monitor for gas or fire. Hydrogen
detectors are typically placed above a likely leak point, where hydrogen may accumulate, and at
the intake of ventilation ducts. Infrared cameras can image heat over a wide field of view.
Ultraviolet detection is used to specifically detect hydrogen flame.

Hydrogen systems may use catalytic converters and getters to remove unwanted or excess
hydrogen. Filters may be used to remove impurities from hydrogen in the system

In arisk assessment, a systematic approach is made to identify risk factors and potential hazards,
to determine frequencies of abnormal event scenarios, to quantify consequences as well as to
evaluate mitigation measures to control or minimize the risk. Risk management measures are,

e.g.,

efficient leak / fire detection, isolation and shutdown systems;
- efficient natural ventilation;

- safety valves and ventilation to safe locations;

- grounding;

- safety distances, fire walls.
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2.5.3. PROCESS GASES
2.5.3.1. Carbon Monoxide

Carbon monoxide is a colorless, tasteless, odorless, but highly toxic and flammable gas and
requires special precautions in handling and storage. Its toxicity in humans and animals is
caused by the extraordinary affinity for haemoglobin (210-240 times greater than that of
oxygen), which is responsible for the O, transport in blood. If inhaled for a sufficient period of
time, it results in unconsciousness and death at higher levels. An atmosphere containing 0.2 %
of CO is lethal after about 2 hours. It is a chemical asphyxiant with a recommended threshold
limit of 0.01 % in air.

CO is not corrosive and not an irritant; it is rapidly oxidized to form CO,. CO is slightly lighter
than air at ambient conditions. CO is an unwanted byproduct of all oxygen-undersaturated
combustion processes involving carbon.

A pure (dry) CO-air mixture does not burn at STP, but at presence of small amounts of H,O or
H,, it can significantly enhance the rate of CO oxidation reactions. CO burns in air with a
non-luminous bluish flame. The flammability range is 12.5 - 74 vol% in air and 15 - 94 vol% in
oxygen; it widens with increasing temperatures. A CO mixture with air does not detonate. In a
mixture with oxygen, the detonation range is 38 - 90 vol%. The maximum detonation velocity
in oxygen is around 2800 m/s. At high pressures, CO reacts with steel to produce small
quantities of iron carbonyl.

In Table 2-13, the safety-relevant characteristic data of carbon monoxide are summarized.

2.5.3.2. Carbon Dioxide

Carbon dioxide is an inert, colorless, odorless gas. It is non-toxic at physiological
concentrations, turns to become narcotic above 5 %, results in unconsciousness at levels of 7 -
10 % after a few minutes; the recommended threshold limit for an 8-hour day is 0.5 %. CO; is
universally present in fires. It is also present at an approx. 5 % concentration in exhaled air. CO,
is heavier than air and therefore tends to flows into low-lying areas.

2.5.3.3. Process Gas Mixtures

Information on flammability ranges of mixtures of CO, water gas, inert gas (He, H, H,O) and
air as a function of pressure and temperature as well as the maximum allowable fuel content and
the maximum inert gas content has been gained from experiments within the PNP safety
program. Flame extinguishing effect was observed to be in the order H,O > He > N,. The
mixture relation according to the Le Chatelier Rule

1/ Lmixture = X (Y1/ Ll)
where y; is the volume fraction and L; the flammability limit of fuel i

was found to be in good agreement with experimental data and can therefore be used for
calculating flammability ranges of any mixture [Kumar 2000]. The effect of an addition of H,O
on the flammability limits has not been verified so far, but it will presumably not be
significantly different from CO; or N,. The influence of graphite dust on the flammability range
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still needs to be examined.

The addition of CO to an H,-air mixture increases the detonation sensitivity of the mixture. The
lean limit of H, decreases, if CO concentration increases. The addition of 1.2 vol% CO to an
H,-air mixture means a reduction of the LFL from 4 to 3.6 vol%; the addition of 6 % CO
requires only 2 % H» to become flammable. A mixture of CO and H; will have a flammability
limit lower than that of either fuel [Kumar 2000].

Not much information is available on the autoignition behavior of CO-H, mixtures. The
autoignition temperature of CO drastically decreases with the addition of small amounts of H,
or moisture. Also on burning velocities, only little data have been gained for both H,-CO and
H,-CO-steam mixtures in air [Kumar 2000].

Extensive measurements of laminar flame front velocities of H,-CH4 mixtures have been
conducted at the University of Erlangen [Uni.Erlangen 1981]. Some results for hydrogen,
methane and different mixtures of these fuels are summarized in Fig. 2-15. Flame spreading in
process gas mixtures considered was discovered to be depending on the location of ignition. For
homogeneous CO-air mixtures, flammability limits and maximum pressures were independent
of the location of ignition.
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Fig. 2-15: Flame front velocities for hydrogen-methane mixtures

In case of accidents, the process gases are mostly light and hot and tend to rise immediately and
do not form free explosive gas clouds. However, increase turbulence. Various inert components
in the gas mixture strongly reduce the chance of an ignition or reduce flame speed and
overpressure.
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Process gas mixtures of coal gasification plants are usually composed of the fuel components
CHy4, CO, H,, C,Hg, and the inert gas components CO,, N,, and water vapor under certain
pressure and temperature conditions.

An undesired reaction within the reforming process is the decomposition of carbon monoxide
with the formation of carbon

2CO = C + COy

which is enhanced with decreasing temperatures.

2.5.3.4. HTTR/SR System

The thermal equilibrium composition of the product gas mixture can be calculated from the
thermal dynamics. It is strongly dependent on the process parameters temperature, pressure,
and steam-methane ratio. An example composition is given in Fig. 2-16 as a function of the
process temperature for a H;O over CHy ratio of 2 and a typical process heat HTGR system
pressure of 4 MPa. The result shows a complete methane conversion with maximum hydrogen
output at process temperatures beyond 1150 °C [Boltendahl 1980].

300 600 900 °C 1200
Temperature —»

Fig. 2-16: Calculated equilibrium process gas as a function of the temperature
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3. STATUS OF KNOWLEDGE ON THE BEHAVIOR OF
LIQUEFIED GASES UNDER ACCIDENT CONDITIONS

Liquefied Natural Gas (LNG) has become one of the most important energy carriers that are
being commercially provided worldwide since several decades. With increasing transportation
of LNG to the customer countries, both in number of shipments and in quantity of cargo of a
ship, a major concern was seen in the increased probability of an accidental release representing
a significant societal risk. LNG is usually carried in ship tanks of 75,000 - 125,000 m’ capacity.
In the early 1970s, comprehensive efforts have started to investigate the safety and risk of
large-scale transportation of liquefied gases both in terms of experimental work and in terms of
simulation tools development.

3.1. Phenomenology of Flammable Gas Release and Combustion Behavior

Many different situations are conceivable, which can give rise to the emission of a flammable
substance and which have great influence on the evolution of a vapor cloud. It can be released
as a liquid or a gas or a two-phase mixture. The component, from which the substance is
released, may be a tank, a pump, a valve, pipe work or other equipment. The orifice, through
which it is leaking, can vary over different shapes and sizes. The leaking fluid can flow into
different geometries. And finally it is the thermodynamic conditions of the fluid, which
determine its release behavior.

3.1.1. SPILL OF LIQUEFIED GAS

Liquefied gases are characterized by a boiling point well below the ambient temperature. If
released from a pressure vessel, the pressure relief from system to atmospheric pressure results
in spontaneous (flash) vaporization of a certain fraction of the liquid. Depending on leak
location and thermodynamic state of the cryogen (pressure expelling the cryogen through the
leak is equal to the saturation vapor pressure), a two-phase flow will develop, significantly
reducing the mass released. It is connected with the formation of aerosols, which vaporize in the
air without touching the ground. Conditions and configuration of the source determine features
such as release height, initial plume distribution, dimensions of evolving vapor cloud, cloud
composition, or energy balance. A safety problem in connection with a cryogenic spill is the
development of a local atmosphere, which is depleted of oxygen.

3.1.1.1. Pool Spreading and Vaporization

The release as a liquefied gas usually results in the accumulation and formation of a liquid pool
on the ground, which expands, depending on the volume spilled and the release rate, radially
away from the releasing point. The pool also immediately starts to vaporize due to the heat
input from the ground, the ambient atmosphere (wind, insolation from the sun), and in case of a
burning pool, radiation heat from the flame. For gases liquefied at very low temperatures such
as LH; or LNG, heat transfer from the ground by conduction is dominant. Cooling of the ground
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results in a decrease of the heat input. For a constant spill rate, this will lead to a gradually
increasing pool size. A growing pool surface area implies an enhanced vaporization rate. After
an initial phase, a state is reached which is characterized by the incoming mass to equal the
vaporized mass. A cutoff of the mass input eventually results in a breakup of the pool from the
central release point creating an inner pool front. The ring-shaped pool then recedes from both
sides until it has completely died away.

An additional significant influence on the pool spreading and vaporization behavior is given, if
the pool propagation is limited due to obstruction or, e.g., the walls of an impoundment area.
The smaller surface area results in a reduced vapor production rate.

The respective shares of heat input from outside into the pool are depending on the cryogen
considered. Table 3-1 lists the data for the cryogens LH,, LN,, and LNG assuming a pool of 1
m” on a water surface and a wind speed of 5 m/s [Dienhart 1995].

Table 3-1: Sources of heat input into a vaporizing cryogenic liquid pool

Heat input by Heat source [kW/m?]

LH, LN, LNG
Atmospheric Convection 0.8 1.8 1.1
Radiation from flame 12 - 100 - 200
Radiation from ambient 1.6 1.6 1.6
Conduction from ground 100 25 9.2

As can be seen from the table, the most dominant heat source is heat transport from the ground.
For a burning pool, also the radiation heat from the flame provides a significant contribution.
This is particularly true for the burning LNG pool due to a much larger emissivity resulting
from the soot formation.

If the cryogen is spilled on a liquid ground, e.g., a water surface, additional phenomena can
occur such as a certain penetration of the ground by the cryogen reducing the effective pool
height or ice formation. Also so-called rapid phase transitions (RPT) could be observed, which
are “physical” vapor explosions resulting from a spontaneous and violent phase change of the
fragmented liquid gas at such a high rate that shock waves may be formed. Although the energy
release is small compared with a chemical explosion, it was observed for LNG that RPT were
able to cause some damage to test facilities.

The vaporization behavior is principally different for solid and liquid grounds. On liquid
grounds, the vaporization rate remains approximately constant due to natural convection
processes initiated in the liquid, whereas on solid grounds, the rate decreases due to cooling of
the ground. The general relationship between the mass vaporization rate per unit area of surface,
m, and the time from initial contact, t, is given by:

m = B AT * 12
where AT is the difference between initial temperature of the ground and the boiling point of the
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cryogen. B is a factor comprising the effective thermal properties of the surface, e.g., the
impoundment area of a storage tank. Some examples for B values are 0.6 [kg/(m* s"?K)] for
soil, 0.58 for standard concrete, 0.14 for light-weight concrete, 0.07 for super-insulating
concrete. The maximum vaporization rate on concrete is 0.5 kg/(m” s) which is reduced to about
3 % of its value after 20 min [Moorhouse 1988].

For a concrete ground, the following expressions for mass vaporization rates were suggested in
[Jenkins 1983]:

for dry concrete: m = 0.4 * t*°

for wet concrete: m=1.0* %%

showing also the approximate t* dependence. The different behavior on dry and wet concrete
can be traced back to different properties of ice and water, the reduced surface area due to
immediate sealing of the pores in the concrete by ice, and the release of the solidification
enthalpy.

3.1.1.2. Pool Burning

For a burning gas cloud above a ground pool or tank, heat transport from the burning cloud to
the pool is given by conduction, convection, and radiation, which enhances the vaporization
rate and the pool regression rate, respectively. The regression rate is depending on the pool
radius. For small radii, when heat transport by conduction is dominant, the regression rate
decreases with increasing radius. For large radii, heat radiation becomes dominant resulting in
increasing regression rates for increasing radius. The regression rate v of a pool burning in air
under wind-free conditions is given in [Zabetakis 1967]:

vV =V, * (1 — exp(-k*d))

where d is the pool diameter and v, is the regression rate for an indefinite pool, k the opacity
coefficient (0.6 - 0.9 ft"' (0.18 - 0.27 m™") for hydrocarbons) with v, = 0.0076 h/h, [cm/min] and
h, as the net heat of combustion and hy as the sensible heat of vaporization.

Empirical burning rates have been measured for various flammable liquids. Examples are:

LPG: 0.1 kg/(m2 s)
Gasoline: 0.06  kg/(m’s);
Methanol: 0.03 kg/(m2 S).

The burning rate can be controlled by using adequate dikes and insulation.

LNG pool fires, especially at presence of wind, were observed to be dynamic and
non-homogeneous with a somewhat cyclically changing flame height. Since methane is
preferably vaporized, the flame is increasingly getting “dirty”” (more soot), when more heavier
hydrocarbons are burnt. Effects of wind on the flame length are complex. Wind tilts the flame
expanding the flame base area and also changing the distribution of radiant heat flux hitting the
pool [Battelle 1973].

The extinction of pool fires can generally be done by cooling with water and/or by blanketing
with foam. For contained fires, foam is preferable means. Any fire fighting agent is good to
extinguish smaller LNG fires. Water was long been considered the prime agent suitable for
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controlling LNG; beyond a certain size, however, the quantities of water required turn out to be
impracticable. Here it is foam and dry chemicals that appear more appropriate.

3.1.2. EVOLUTION OF FLAMMABLE VAPOR CLOUD

The processes of release and subsequent distribution of a gas are strongly dependent on its
thermodynamic state during storage. Pressurized gases form a free jet or will be flash-released,
if there is a complete failure of the storage vessel. For cryogenic storage, the substance will be
released - depending on the leak location - as a liquid, which starts to vaporize immediately, or
as saturated vapor. Parameters of concern are the expansion of a flammable vapor cloud, the
height that it could attain, the time until it becomes sufficiently diluted, and the total quantity of
fuel in the cloud.

The spreading and dispersion behavior of a gas is strongly dependent on the density difference
to the ambient air. In case of the release of a heavier-than-air gas, there is only a poor and slow
mixing with air, such that only a part of the gas cloud is within the flammability range; the cloud
must be picked up by the ambient flow before it can be carried downstream and diluted. If the
source rate is larger than the removal rate, a vapor blanket can accumulate on the ground until a
certain size is reached with steady-state conditions.

The initial phase after release of a heavy gas is characterized by a slumping of the gas cloud
under gravitation with a behavior similar to a liquid. It shows a spreading behavior which is — at
least in the initial phase — independent of the wind direction. It forms a shallow pancake-shaped
plume with great resistance to vertical dispersion. The spreading of the heavy gas is further
influenced by factors such as surface area, type of ground, thermal effects from the interaction
with the ambient atmosphere, which can either enhance or dampen turbulence by buoyancy. Air
entrainment from the upper surface and the edges due to atmospheric turbulence eventually
results in dilution to effectively neutral density. Top entrainment for heavy gases is significantly
smaller than for neutral gases.

Methane at its boiling point (111 K) is heavier than air; small quantities of LNG released tend to
rise after a few pool diameters. In contrast, the release of a large amount of LNG within a short
period of time will be bound to the ground for a longer time because of only gradual air
entrainment from the outside into the vapor cloud. The cold natural gas is thus able to disturb
the wind and turbulence profiles in the lower atmospheric boundary layer particularly at low
wind speeds diverging around the cold cloud. Under strong wind conditions, the concentrations
on the ground are lower than in the air.

Cold gas causes the moisture in the air to condense and make the vapor cloud visible. The
presence of droplets, either liquefied gas resulting from the release process or water from the
moisture, result in vaporization and condensation processes with removal of heat from or
addition of heat to the gas. Low moisture content thus means a larger lifetime of a
heavier-than-air gas cloud. LNG clouds remain usually visible beyond the lower flammability
limit; the visible edge and the LFL coincide, if the humidity in the ambient air is 50 %.

At presence of obstruction or congestion, downwind distances have been observed to be much
reduced compared to open land due to turbulence generation, which leads to a faster dilution.
Barriers, however, are less effective at higher wind speeds and for very large spills.
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3.1.3. COMBUSTION OF FLAMMABLE VAPOR CLOUD

A fuel-air mixture with either fuel concentrations outside the flammability limits or no ignition
source present will dilute and eventually fade away. In an industrial environment, numerous
kinds of potential ignition sources are present such as flames, direct heat, hot surfaces, sparks,
or static electricity. The most dangerous constellation is the evolution of a premixed state and
central ignition. The flame front will propagate through the explosive region at various
velocities. The flame speed determines the release rate of combustion energy and the blast wave,
which transports the energy into the neighborhood. The combustion process is called an
explosion, if it takes place as a spontaneous, exothermal oxidation reaction connected with a
strong pressure and temperature increase. The temperature increase and, to a lesser extend, the
higher specific volumes of the combustion products generate expansion forces in addition to the
buoyancy.

3.1.3.1. Flash Fire

Heat addition to the stored liquid gas causes pressure increase in the storage container (tank,
pipe, pump, etc.). Continuous addition could lead to catastrophic failure (BLEVE). Expanding
rates are even higher, if the liquid is supersaturated in energy, a situation, which is generally
beyond the venting capabilities of relief valves.

If the ignition occurs at an early stage, the result will be a flash fire, where the vapor cloud burns,
but does not explode. A diffusive flame develops with a burning rate depending on the air
entrainment. Spherical spreading of the flame front takes place in small volumes without any
significant flame acceleration. In most cases, the accidental release and ignition of a
hydrocarbon-air mixture is expected to start with a slow laminar flame (3 - 4 m/s), concomitant
overpressures will be negligible. The fire hazard is then mainly given by thermal radiation or by
direct flame impingement damage. One significant hazard to humans is given by a sudden
depletion of oxygen.

The type of combustion mostly encountered for unconfined clouds is the fireball. It has been
observed to occur from BLEVEs or jet releases. BLEVE is a combination of fire and explosion,
exhibiting a sudden and violent release of energy almost exclusively as an intense radiant heat
emission. In a fire ball, there is hardly any mixing between fuel and air. The combustion takes
place in rich mixtures in a diffusion flame from outside to the inside, connected with the
formation of considerable quantities of carbon.

A BLEVE occurs when a pressure vessel with liquid is heated, until the wall loses its strength
and ruptures. If the tank contains a flammable material, this may form a vapor cloud upon
release and even give rise to a second explosion. In connection with a cryogenic liquid, a rising
burning cloud after release and ignition was seen only, when the cryogen was spilled on water,
where rapid phase transitions occurred resulting in a largely increased vaporization rate.
Although spectacular, BLEVEs do usually not coincide with the generation of a strong pressure
wave. Its primary hazard is the heat radiation from the fire ball; other hazards are vessel
fragments and overpressure.
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3.1.3.2. Unconfined Vapor Cloud Explosion

If the ignition is delayed, a large potentially flammable fuel-air cloud will develop, in which
mixing with air has already taken place. Any inhomogeneities in the cloud or disturbances of
the flame symmetry, which are always present, make significant flame acceleration possible.
This effect is enhanced by obstruction, which creates a higher level of turbulence in the cloud.
The combustion will be called an explosion, if the energy is released over a sufficiently short
time in a sufficiently small volume, in order to be able to generate a pressure wave.

Fires of combustible vapors will usually develop very quickly. The consequences of a vapor
cloud explosion are sensitive to a whole variety of parameters such as type of fuel, size and fuel
concentration of the vapor cloud, degree of initial turbulence, location and strength of the
ignition source, degree of obstruction, presence of explosion vent areas, mitigation schemes.
Depending on flame speed and degree of congestion, a more or less strong pressure wave is
generated, which can carry away an up to 60 % fraction of the total combustion energy of the
flammable part of the vapor cloud. Flame speed and overpressure tend to increase with
increasing scale of the configuration due to increased available time for the development of
instabilities and by the effect of self-confinement in larger volumes.

The burning velocity is also an important parameter in terms of flashback, i.e., the effect that a
flame travels back to the source, in particular, if the velocity of the leaking gas is small. The
travel distance of a cloud is unlikely to be very long in industrial or urban areas.

3.1.3.3. Deflagration

An unconfined vapor cloud explosion (UVCE) belongs to the most serious hazards in the
process industries. The most common mode of combustion of a vapor cloud is the deflagration
where the flame travels typically at subsonic speed < 1000 m/s. The propagation mechanism is
diffusion of the combustion products into the unburnt gas. Overpressures reach values between
0.1 and several 100 kPa. However, the cloud must be very large, if a damaging wave is to be
expected. In a very rough classification given in [Baker 1983], a lower limit of 100 kg of fuel
under weak ignition conditions is mentioned for methane.

In a deflagration, the combustion process is determined by the flame front velocity, which is
typical for the fuel considered. In a spherical flame spreading (see Fig. 3-1), the flame front is
pushed forward like a permeable spherical piston building up a stagnation pressure. The
increased pressure propagates at sonic speed into the unburnt mixture and further into the
neighborhood. When the flame front has reached the cloud boundary, the piston stops. The
pressure amplitude is determined by the flame front velocity. The total duration is dependent on
the cloud extension.

3.1.3.4. Detonation

In contrast, the detonation is a combustion flame traveling at supersonic speeds in the order of
2000 m/s. The flame front proceeds by shock wave compression of the unburnt gas. The
combustion process is completed without any expansion of the gas cloud. Peak overpressures in
the near field are typically in the range of 1.5 - 2 MPa.
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Fig. 3-1: Overpressure and flow velocity distribution for a spherical detonation wave

According to the Chapman-Jouguet (CJ) theory, detonation represents a discontinuity with
infinite reaction rate. Detonation velocity and pressure can be calculated from equilibrium
chemistry as a function of the gas mixture only. Respective data for hydrogen and methane are
given in chapter 2.5.

The direct initiation of a detonation by an explosive is also possible, but very unlikely in a
typical industrial area, because the large ignition energies required are usually not available.
Experimental results with different fuels including methane are depicted in Fig. 3-2 [Moen
1993].

The transfer of a detonation wave into adjacent mixtures is possible and has been observed for
planar clouds, whereas in spherical clouds, fast deflagrations are more likely to occur.

Although not a common occurrence for hydrocarbon-air mixtures under unconfined conditions,
detonations cannot be ignored in safety and risk analyses. Processes inside the detonation front
are extremely complex involving multi-dimensional shock interactions in an intensive turbulent
reacting medium. Still, the simple CJ model prediction of velocity and overpressure is quite
close to what is being observed. However, it is not capable of determining the dynamic
detonation parameters such as detonability limits, initial energy or critical tube diameter. No
theory exists so far that provides estimates of these parameters.

The size of the detonation cell is a measure of the reactivity; the smaller the cell, the more
reactive is the mixture (Fig. 3-3). It serves to some extent as an indicator for DDT and can be
measured experimentally. Methane with a cell size measured of approx. 330 mm is the least
sensitive of the common fuels.
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It was in the late 1970s, when the usefulness of measurements of the detonation cell size, A, was
well acknowledged. First step was the finding of a correlation between cell size and critical tube
diameter (d=13*)). This empirical law was the basis to develop a simple surface energy model
which allows the derivation of a critical initiation charge weight for various hydrocarbon-air
mixtures in pretty good agreement with experimental data.

3.1.3.5. Deflagration-to-Detonation Transition

In partially confined areas which are more typical for a chemical plant, the potential for a
transition from deflagration to detonation (DDT) is less than in heavily confined areas. DDT
critically depends on the degree of confinement, obstacle configuration, ignition source, initial
turbulence and fuel-air mixture [Boni 1977]. In an industrial area with process equipment
providing some sort of obstruction, the flame speed may accelerate to several 100 m/s. Flame
acceleration is caused by the turbulent flow field, which is generated ahead of the flame front
increasing the effective flame area and thus the burning rates (fast deflagration). Under certain
conditions, this positive feedback mechanism on flame acceleration can lead to the transition to
a detonation (DDT), causing blast damage at a considerable distance outside the vapor cloud.
Flame speeds at the onset of a detonation are found to be in the order of 800 m/s.

The DDT is initiated by a local explosion (hot spot) creating a shock wave which is then
amplified by some effective mechanism, until autoignition of the area in front of the reaction
zone occurs. SWACER, “Shock Wave Amplification by Coherent Energy Release”, appears to
be the most viable mechanism for DDT, based on the stimulated release of the chemical energy,
which goes synchronous with the shock wave [Chan 1991].

Acceleration Factors

Parameters known to be important for the possible transition to a detonation in an open-air
vapor cloud are the fuel gas concentration, atmospheric conditions, flame velocity in the cloud,
obstruction, strength of the ignition source. Turbulence plays a central role in all stages of the
transition from deflagration to detonation. Flame acceleration results from an increased level of
turbulence ahead of the flame. For a complete description of the turbulent flow behavior,
important factors are the intensity of turbulence and the scale of turbulence with the intensity to
have the more significant influence on flame propagation.

There is a number of more or less turbulent enhancing mechanisms, which might have an effect
on the combustion process in a vapor cloud in an industrial area, such as:

- Atmospheric turbulence has a certain influence on the flame speed, but is unlikely to
reach levels, where pressure damage will occur.

- Heat radiation transport by dust results in a preheating in isolated dust pockets, which
may lead to auto-ignition due to the fact that heat radiation is much faster than the
flame speed. It would be a concern in large vapor clouds containing large dust pockets
with high dust concentration.

- Local explosions behind the flame front are, e.g., given by the delayed explosion of
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gas pockets which, however, must be strong and take place at the “right” moment.
They are thus not very likely.

- A flame front interacting with partial obstruction or repeated obstacles results in a
high degree of turbulence. Combined with the large temperature change in the
vicinity of the combustion front due to the liberated chemical energy, a displacement
flow in the ambient mixture is created, whose velocity is in the same order as the
propagating flame. Due to the resulting velocity gradients, the flame front will be
stretched and folded leading to increasing burning rates (positive feedback).

- A jet ignition seems to be the most effective acceleration mechanism for generating
high explosion pressures. A jet of hot products resulting from a confined combustion
and relieved through an opening represents a strong ignition source that can lead to
increased overpressures in an unconfined cloud and even may result in a detonation.

- Acceleration due to turbulent boundary layer along surface

- Raleigh-Taylor instabilities (pressure wave — flame interaction) result from
disturbances at the boundary layer between two fluids of different densities.

- Buoyancy acceleration of the flame may occur above some critical cloud size.
- Acceleration by re-entrant corners or dead ends
- Propagation into confined spaces

The time scale for acceleration must be small compared to the hydrodynamic processes, which
relieve the pressure increase. At flame speeds beyond 300 m/s, an additional contribution to the
acceleration process is given by a pre-compression of the unburnt gas by the front pressure
wave. Upper limit for the flame front velocity is given, when the counteracting effects of an
enhanced mixture process and the temperature decrease due to the mixing are in equilibrium.

In tubes, pipes, and confined channels, high flame speeds and pressures are reached within less
than four diameters, also for methane-air mixtures. This holds also for an area covered by a roof
serving possibly as strong ignition source for external clouds.

The qualitative process of flame acceleration is fairly well understood. On a quantitative basis,
however, a-priori predictions of turbulent flame speeds and overpressures are not possible.
Main problem is the prediction of the transient turbulent flow field structure ahead of the flame
front and of the combustion processes.

Turbulent Burning Velocity

In a free gas cloud, many mechanisms of supporting a detonation do not exist. No gas-oxygen
mixture, only mixtures with air can arise; no confinement will prevent outward flow of the
combustion products; and no detonative ignition source is usually available. The only possible
mechanism might exist in form of a flame front acceleration due to enhanced turbulence. The
turbulent flame speed can be described by the relation [Koch 1975]

Ugrh = € * fT * Ulam

where ¢ is a factor describing the expansion, € = T,/T; with T, as temperature of the reactants,
T, as the temperature of the combustion products, fr an empirical turbulence factor in the order
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of 2 - 7. An estimation of the flame speed in hydrocarbon-air mixtures results in a product of
ranges

U = (0.3100.8) * (5t0 8) * (2t0 7) = 3 to 44.8 m/s

At very high turbulence levels, quenching causes a decrease of the turbulent combustion
velocity.

Regimes of Combustion

The different regimes of premixed combustion, which are passed during the transition from
deflagration to a detonation, can be visualized in so-called Schlieren pictures. Fig. 3-4 shows
the respective Schlieren contours for the example of hydrogen-air mixtures demonstrating the
complicated interplay between hydrodynamics flow and chemistry.

Fig. 3-4: Schlieren pictures of a laminar deflagration (a), turbulent deflagration (b), and
quasi-detonation (c)

By varying the H, content in the gas mixture, also the combustion modes changes: (i) with lean
concentrations of 9 - 10 vol% H, in air, slow or laminar burning velocities < 200 m/s are
observed, where the unburnt and burnt gases are separated by a smooth thin flame front; (ii)
with H, concentrations around 12 %, fast turbulent flames can be seen characterized by pockets
of unburnt and burnt gas surrounding each other and increasing the flame front surface and thus
the burning rate; (iii) at H, concentrations > 15 % the combustion will take place as a
quasi-detonation which is an even faster turbulent combustion (> 2000 m/s, creating a pressure
wave that increases the temperature in the unburnt gas beyond its ignition point.

The dark areas in Fig. 3-4 indicate high density gradients. Fig. 3-4a depicts a laminar flame, in
which unburnt and burnt gas are separated by a smooth, very thin flame front. The flame
surface travels with a constant velocity up to the top. The continuity of the combustion is
maintained by diffusion of heat and radicals. Fig. 3-4b shows a typical fast turbulent flame.
Instead of a smooth flame surface, pockets of unburned and burned gas are surrounded by the
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respective other medium. The heat and mass transport are governed by turbulence, not by
molecular diffusion.

An even faster combustion form, a so-called quasi-detonation, can be seen in Fig. 3-4c. The
movement of the flame front is extremely fast, so that the associated shock wave causes a
temperature rise in the unburned gas in front of the flame beyond its ignition temperature within
microseconds. The pressure waves were created by the rapid expansion of the burnt and
compressed gas during the combustion.

The three combustion regimes described above can also be identified in a velocity-distance
diagram (see Fig. 3-5) [Breitung 2000]. Lean H, concentrations (9 - 10 vol% H; in air) lead to a
subsonic flame (v <200 m/s) with almost no flame acceleration. This regime can be regarded as
an intermediate state of the situations displayed in Figure 3-4a and b. An increase of the H»
concentration (12 % H, in air) entails, after an initial acceleration phase a fast turbulent
combustion, comparable to the one depicted in Fig. 3-4b. The maximum flame speed is close to
the sound velocity in the burned gas (shoked flow). By further increasing the H, concentration
(15 % H, in air), again after an acceleration phase, the flame speed reaches the level of a
quasi-detonation (comparable to Fig. 3-4c). Mixtures with even higher H, concentrations (>
20 % H; in air) develop into a stable detonation with a velocity close to the theoretical CJ speed.

Velocity(m/s)

Fig. 3-5: V-x diagram of FZK tube experiments with various H2-air mixtures (BR=45%)

3.1.3.6. Real Gas Cloud

Much more realistic is a gas cloud showing a non-premixed, inhomogeneous concentration
distribution, air entrainment at the boundaries, and if evolving from a liquefied gas, with
stratification. Deviations from the ideal situation are able to either enhance or to attenuate the
pressure buildup. Non-stoichiometry as well as ignition at the cloud edge will certainly have a
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damping effect on the pressure buildup. However, the flat long-stretched cloud may experience
multi-point ignition and more turbulence-generating terrain roughness or obstacles in the flow
path, both effects of which lead to an enhancement of the pressure buildup.

The ignition itself is essentially a stochastic process depending on the ignition source seeing a
flammable gas pocket. On the other hand, a high degree of initial turbulence in the gas cloud is
created under conditions of high-pressure leakage as is probable in chemical plants. If
pressurized gas is released, it is likely to burn in form of a rising and expanding fire ball. This
seems unlikely for a flat vapor cloud arising from an LNG spill.

The realistic shape of a heavy gas cloud would be of a pancake form (or even cigar-shaped)
covering an area, which is larger than that of a hemispherical cloud with the same explosive
inventory. The flame spreading in such a cloud is spherically until it reaches the upper cloud
edge; then it continues in horizontal direction. The pressure is decreasing immediately behind
the flame front because of the upward expansion of the combustion products. Peak
overpressures outside the cloud at a given distance from the center are somewhat higher for a
flat cloud, but the pulse duration of the blast wave would be shorter, such that the impulse in
approximately the same [Geiger 1980].

The Figs. 3-6 and 3-7 give a comparison of the detonation/deflagration of an ideal,
hemispherical and a real, pancake-shaped gas cloud. The detonation front moves until the edge
of the cloud without attenuation, whereby most of its combustion energy is consumed in
generating the blast wave; it decays rapidly beyond the cloud edge. The high-pressure area is
much longer in the real-cloud detonation; both overpressure and positive-phase impulse are
considerably higher than in spherical-cloud detonations. In case of a deflagration, the high
pressure will again cover a wider area compared with a hemispherical cloud, but outside the
cloud limits it will decay more rapidly due to the narrow zone, to which the pressure is
restricted when traveling with the flame front [Geiger 1982].
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Fig. 3-6: Deflagration pressure profile in a hemispherical and in a flat gas cloud
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A confined explosion usually occurs in a relatively small volume or small pockets of flammable
gases within larger volumes. The explosive effect is created, when a boundary fails under the
developing pressure.

The explosive combustion of an unconfined hydrogen-air mixture liberates only a fraction of
0.1 - 10 % of its thermal energy content, in most cases less than 1 %. Depending on the
combustion mode (deflagration/detonation), the explosion is connected with a more or less
destructive pressure shock wave. The overpressure to be expected in the deflagration of an
unconfined hydrogen-air vapor cloud is in the order of 10 kPa.

3.1.3.7. Heat Radiation

Most of the heat transfer from a fire is by convection and by thermal radiation. Typically 75 %
of the heat emanates by convection with the hot combustion products spreading upwards.
However, the principal hazard is represented by the radiation, which does not go preferentially
upwards and crosses open spaces. Fire potentially results in damaging nearby objects directly
or by the thermal radiation. Radiation preheating of materials may result in a rapid extension of
the burning along interior surfaces (“flash-over). Some examples of critical data are listed in
Table 3-2.

The fraction of the combustion energy, which is released as radiation, is being given as 17 -
25 % for hydrogen-air combustion and 23 - 33 % for methane-air flames.

The simplest method for calculating thermal radiation is the “Point Source Method”:
D = 0.28 = (F * W = Cv/K)"*

where D [m]: distance from flame center to point with radiation K;
F: fraction of heat radiated, e.g., 0.15 for H,, CO, NHj or
0.3 for hydrocarbons;
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K [kW m™]: allowable radiation level;
W [kg s burning rate;
Cv [kJ kg'l]: calorific value of the fuel.

Limitation of this method is given by the assumption that all radiation comes from the flame
center point.

Table 3-2: Critical heat radiation for human and goods [Boke 1995]

Object Time period Heat radiation
[s] [KW/m?]

Maximum radiation strength for skin any <1.7
Dolor tolerable <20 4

<13 5
Burn 1* grade > 8 6.4

>3 10.4
Burn 2™ grade >10 10.5

> 16 16
Blister formation 10-12 10.5
Lethal > 40 10
Sensitive buildings 1-2
Public roads 4.5
Factory building 8-12.6
Uncooled storage tank 10
Instantaneous ignition of wood 16 - 25
Cooled storage tank 37.8
Autoignition of wood fiber sheets 52

3.1.3.8. Blast Wave

A great portion of the explosion energy is usually carried by the developing blast wave which is
uniformly distributed in all directions. This effect is strongest at ground level (hemispherical)
explosions where the respective yield ratio can be twice as high as for a spherical explosion.
The blast wave resulting from an UVCE usually consumes a fraction of 1 - 10 % of the heat of
combustion theoretically available.

In a deflagration, the volume expansion of the gas acts like a piston displacing the unburnt gas.
In contrast, the detonation generates a compression wave characterized by a distinct pressure
spike and a subsequent almost exponential decrease to values even lower than atmospheric
pressure (molecular collapse). In the long-distance range, the pressure wave for both
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deflagration and detonation is decaying with 1/r. The different pressure functions for the two
combustion modes are shown in Fig. 3-8.

Py (1)

Fig. 3-8: Characteristic shape of pressure-time function for a detonation shock wave (left) and a
deflagration pressure wave (right)

Deflagration and detonation differ in peak overpressure, in the duration of the impulse, in the
steepness of the wave front, and in the decrease of overpressure with propagation distance. The
deflagration pressure wave is characterized by a slow increase of pressure and fluid velocity in
the region preceding the flame front.

The pressure buildup depends on the flame propagation and the degree of confinement.
Particularly hazardous configurations are those, which are heavily confined like tubes, pipes, or
channels, where — if long enough — even in insensitive methane-air mixtures, high flame speeds
and pressures can be reached. The maximum possible value in a closed vessel for a
hydrocarbon-air mixture is 0.8 MPa, for a hydrocarbon-oxygen mixture 1.6 MPa. In pipes with
no obstacles, the transition distance increases with increasing diameter (example: 8 m for
propane-air mixture in a 50 mm diameter pipe) [Moen 1993]. There must be a high effective
burning velocity reaching the order of 100 m/s to produce significant blast overpressures of 10
kPa. Pressures are generally lower in a spherical propagation of the gas mixture (unconfined)
than in a planar propagation. The pressure behind the flame front is decaying away from the
flame, since wave energy dissipates.

A very simple way of modeling blast effects is the TNT Equivalent method derived from the
decay of shock waves from nuclear explosions in the atmosphere. It is deemed overestimating
near-field and underestimating far-field effects. A more suitable approach is the Multi-Energy
method developed by TNO. It suggests that damaging explosion can occur only, when flame
acceleration takes place within a plant structure. Special “blast charts” have been developed
from gas-air explosions (Fig. 3-9) showing the relationship between a “scaled blast
overpressure” (= ratio of blast overpressure over ambient overpressure) and a “scaled distance”
[Mercx 2000].
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Fig. 3-9: TNO for blast overpressure according to the Multi-Energy method

3.2. Structure Response to Explosions

3.2.1. INTERACTION OF BLAST WAVE WITH STRUCTURE

The effects from an explosion, which have an impact on structures, are pressure changes (blast
wave) and air movement (“explosion wind”’) as well as thermal radiation and flying missiles.
Pressure-time characteristics of an unconfined gas cloud deflagration are different from an
explosive, because it exhibits a finite rise time to the maximum overpressure, where the flame
front velocity as a decisive parameter leads to a decoupling of pressure wave and impact time
period.

The pressure load exerted upon a structure has to act for a certain period before damage can
occur. Pressure waves result from relatively slow explosions, e.g., a deflagration of unconfined
vapor clouds. In contrast, shock waves develop after very short explosion processes like
detonations. The blast parameters are dependent on the distance between structure and blast
center (see Fig. 3-10).
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In a partially obstructed area, an explosion will create a mixture of reflected pressure waves and
deflected air flows, which give a more or less complex load upon a building. The more complex
the structure, the more difficult is the prediction of the critical conditions for mechanical failure
for a given load history.

The dynamic interaction of a blast wave with the structure depends on the pressure-time history,
i.e., rise time and duration of positive phase and peak pressure or the impulse (which is the time
integral of the pressure). It is distinguished between the initial “diffraction loading” and the
subsequent “drag loading”. Diffraction loading is given by forces resulting from direct and
reflected pressures during the initial phase. The reflection of the pressure wave at the front side
determines the maximum load. The flow around the obstacle determines the further pressure
development at the front and at the back side. The net horizontal loading is that on the front
minus that on the back face. The reflection coefficient, i.e., the ratio between reflected and
incident overpressure, depends on the incident angle and the blast wave type (pressure or shock
wave). For a pressure wave, this coefficient can have a value up to about 3 depending on the
incident angle; for a shock wave, it can be 2 - 5 and under certain conditions up to 8 (and even
higher for explosives).

After the diffraction phase is completed, the structure is subjected to a “stagnation pressure”.
The distance of the incident wave when interacting with the structure, causes major pressure
differences developing from the edges of the structure. Resulting from this rarefaction wave,
pressures decrease. During this so-called drag phase, strong transient winds with flow velocities
of several 100 m/s are effective. Drag forces would particularly have an impact on smaller
structures such as pipe work. Loading duration during vapor cloud explosions may be long
enough to be comparable with the time required for the dynamic response time of the structure.
In case of large structures, the rarefaction from the edges is insignificant.

3.2.2. STRUCTURAL RESPONSE

Forces acting on a structure will lead to a deformation to an extend which depends on the
material properties and structure composition. For a static load, i.e., a constant or slowly
changing load, it will be in equilibrium with the internal forces resulting in a deformation of the
structure. For a dynamic load, i.e., a fast load transient, however, a “dynamic” contribution
from inertia forces will add to the equilibrium, which can show positive or negative
acceleration, i.e., mass and stiffness of the structure will play a major role. The load from a gas
explosion is considered a dynamic load due to its short overpressure duration, which is typically
in the range of 100 - 200 ms.

A structure can be schematically represented by a system of masses coupled with springs or
dampers. If linear-elastic or non-linear-elastic forces are acting, displacements of the masses
become zero again, when the load disappears. In case of plastic or elasto-plastic behavior,
displacement is zero or very small, until the maximum load is reached. Under a static load, the
structure will then fail; under dynamic load, it may retain a residual displacement. In general,
structures must be designed to react elastically under typical loads like wind; plastic
displacement must be limited to abnormal load conditions. The maximum displacement
depends on load duration, tp, and the natural frequency of the structure, T. For low tp/T ratios,
the displacement is smaller than for static loads. For large tp/T ratios, the displacement can be
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larger than under static load conditions. Other important parameters are the static strength and
the ductility. Load schemes are distinguished between a step function for a long-duration
pressure wave and an impulse load for a short-impact shock wave.

The analytical procedure is usually simplified by introducing a so-called dynamic load factor
(DLF), which is defined as the ratio of maximum dynamic displacement over static
displacement. It transforms a dynamic peak load into a static load with the same effect on the
structure. The DLF is dependent on the dynamic load time and the natural frequencies of the
structure. For long explosion times and in case of an idealized triangle-shaped shock wave load,
the DLF approaches its boundary limit of 2.

Detonations tend to excite the high natural frequencies of a building, whereas deflagrations are
more effective for the lower frequencies. It appears to be technically more difficult to design a
building against both explosion modes rather than only one.

3.2.3. DAMAGE

An empirical and very global approach of determining the strength of structures is to relate
overpressures to the degree of observed damage. The relationship between pressure and
damage, which is derived from TNT explosions, cannot satisfactorily be transferred to vapor
cloud explosions. The pressure decay from a TNT explosion is much faster than from a vapor
cloud explosion. The high impulse and the suction effect due to the below-atmospheric pressure
phase will certainly result in a different damage pattern. Thus damage criteria such as those
derived by Schardin from TNT explosions are not directly applicable.

In the past, many pressure criteria have been defined related to various structures and specific
components, however, varying over a large uncertainty range. A rough classification is given in
Table 3-3.

Table 3-3: Damage classification

Zone Damage level Overpressure of incident blast wave
[kPa]
A Total destruction > 83
B Heavy damage > 35
C Moderate damage >17
D Minor damage > 35

Damage levels can also be visualized in pressure-impulse diagrams. An example is given in Fig.
3-11 showing the experimental results for the observed damage in per cent, after different types
of houses were exposed to a certain explosion (pressure/impulse) load [TNO 1992]. Important
for the damage effect of a short-term load (= shock wave) is only the impulse, whereas it is the
maximum overpressure for that of the longer-term load (= pressure wave). The solid lines in the
figure indicate the lower boundaries for light damages, for severe damages, and for collapsing
structures of the houses investigated. This will be different for other types of structures. Similar
PI diagrams have also been derived for impacts on humans.
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Fig. 3-11: Pressure-impulse diagram with experimental damage values for different types of
houses

For the assessment of the probability to obtain a certain level of damage, so-called probit
functions have been introduced and suitable damage criteria have been defined. For industrial
installations, [TNO 1992] provides the following limits to be met for the control building:

Pressure wave: walls: 30 kPa
roof: 20 kPa for 100 ms
Shock wave: walls: 300 kPa

roof: 200 kPa for 15 ms

A comparison between detonations of explosives and blast waves resulting from nuclear
weapon explosions, characterized by quasi-static pressure due to a longer impulse time shows
that, assuming the same damage, the detonation pressure or the pressure resistance of an object
is much higher than the resistance against a blast wave from the nuclear tests [Pfortner 1975].
The pressure resistance behavior of a building under detonative dynamic and quasi-static
loading derived from numerous detonative explosion studies can be summarized in an
empirical equation for the quasi-static reference overpressure of the building ps:

pst = 0.15 % p*°,

where p; is the perpendicularly reflected overpressure or the pressure resistance of the building
subjected to a detonation. If the TNT equivalent, as has been derived from the damage of some
of the severe accidents is interpreted as the incident pressure wave which appeared to be in the
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order of 70 kPa, is interpreted as a pressure wave resulting from a deflagration, the respective
quasi-static pressure would be much smaller:

pst = 22 kPa.

The figure given in the BMI guideline of 30 kPa corresponding to a flame velocity of 26 m/s,
thus translates into a pressure resistance of 283 kPa corresponding to an incident shock wave
overpressure of 0.1 MPa [Pfortner 1977].

Structural dynamic calculations have been conducted with a computer model developed at the
Battelle Institute in Frankfurt. Fig. 3-12 shows the results for a deflagrative pressure wave
intercepting a rectangular-shaped building. Static and dynamic loads are simulated by step
functions [PNP 1981].
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Fig. 3-12: Deflagrative pressure wave intercepting a rectangular structure

66



4. HAZARD IDENTIFICATION AND RISK ASSESSMENT

4.1. Experience

4.1.1. HIGH-TEMPERATURE GAS-COOLED REACTORS

Graphite-moderated, gas-cooled reactors (GCR) are in operation since 1956 with units sizes of
up to 670 MW(e). They have accumulated so far more than 600 operation years. The final stage
of the GCR development is represented by the high-temperature gas-cooled reactor, HTGR,
characterized by a high coolant outlet temperature in the range of 750 - 950 °C, which has the
potential for HT process heat applications. A comprehensive outline of the historical
development of GCR in the world is given in [[AEA 1984].

Direct experience with HTGR plants has been gathered in the countries United Kingdom,
Germany, the USA, Japan, and China. A total of seven units has been constructed as given in the
following Table 4-1. The HTGR, however, has not reached up to now a commercial state. South
Africa may become the next HTGR country being on the verge of starting to construct the first
in a series of 11 commercial units of the modular type, PBMR, for electricity production.

Table 4-1: High-temperature gas-cooled reactor experience in the world

HTGR Thermal power | First criticality Out of
[MW(th)] operation

Dragon (Winfrith, UK) 20 1964 1975
AVR (Jiilich, Germany) 46 1968 1989
Peach Bottom (USA) 115 1967 1974
THTR (Hamm, Germany) 756 1983 1988
Fort St. Vrain (USA) 842 1974 1988
HTTR (OARALI, Japan) 30 1999 -
HTR-10 (Beijing, PR China) 10 2000 -

4.1.2. STEAM REFORMING SYSTEMS

Steam reforming is a technically mature and worldwide well-established technology practiced
on an industrial scale. Today’s reformer plant capacities vary in size between typically 100
Nm’/h up to 140,000 Nm*/h. Although small-scale steam reformers are commercially available
today, only a few small units have been constructed. Suitability on a small scale makes them
beneficial for integration into a fuel cell power systems, in particular for mobile applications.
Large-scale reformers could be used for H; supply to stationary fuel cell applications at the 100
MW scale. Recent reformer improvement developments have focused on high efficiency, good
load-changing capability, and low cost by using cheaper materials and production methods.
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4.1.3. LNG REFERENCE PLANTS

The construction and operation of large-scale LNG facilities including liquefaction and storage
has become worldwide a well-established, economic, and safe technology. About 250 LNG
facilities are being operated at present comprising baseload liquefaction plants, peak-shaving
(liquefaction — storage — regasification) plants, receiving terminals and fuel stations. In addition,
approx. 130 LNG tank ships are traveling the oceans trading the energy carrier LNG as a major
commodity. Current safety standards are the result of the experience gathered over many
decades. Storage tanks for LNG of various kinds and over a wide range of sizes from vehicle
tanks of 0.2 m’ to stationary storage tanks up to 200,000 m® of liquid are now state-of-the-art
with a safe record over many years.

There is also experience in the construction of underground LNG storage tanks with Japan to
have completed the world’s first of this kind. The world largest LNG underground tank with a
capacity of 200,000 m’ is being constructed by Kawasaki Heavy Industries for Tokyo Gas
Company at Ogishima; it has a diameter of 72 m. The first underground tank in Japan was
constructed in 1970.

4.2. Identification of Hazard Sources and of Events Threatening Safe
Operation

Safety items can be categorized into several classes. The items associated with the accidental
release of a large amount of radioactive materials and core damage from thermal turbulence are
categorized into the class with the largest hazards. In relation to these items, the system must be
designed with high reliability and redundancy to avoid the loss of safety functions. On the other
hand, the items associated with continuous normal operation are categorized into the class with
lowest hazards, for which such a high level of reliability and redundancy is not required.

The steam reforming system connected to the HTTR will not be designed as a nuclear grade
system. Therefore, particular safety items others than the “conventional” safety features will
not be provided in the steam reforming system, as will be described below.

4.2.1. NUCLEAR STEAM REFORMING

There are three areas of concern associated with the connection of a steam reforming system to
the HTTR:

- Steam reforming system is the final cooling system of the HTTR;
- Large amounts of flammable substances are used in the steam reforming system;

- The products hydrogen (and methanol) will probably be handled outside the nuclear
plant in the future.

Potential hazardous events in connection with the steam reforming system are
- Tritium transportation from the core to the product hydrogen and methanol;
- Thermal turbulence induced by problems in the steam reforming system;

- Fire and explosion of flammable mixtures with the process gases.
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4.2.1.1. Tritium Transportation

Tritium is produced in the core during normal operation as a ternary fission product and by
activation reactions of lithium and boron in the graphite components and control rods. In
addition, the helium coolant is a significant trititum source in the HTGR. The tritium produced
in a fission process will be retained within the fuel particles, which have an intact coating; only
a small fraction originating from fuel particles with a broken coating or from uranium
contamination of the core graphite is expected to escape into the coolant. On the other hand,
tritium produced in the graphite can rapidly diffuse through the graphite components into the
coolant. Most impurities including tritium in the coolant are removed by the helium purification
systems provided in the primary (PHPS) and secondary (SHPS) cooling system. There is,
however, a small amount of tritium that can be transported to the process side by permeation
through the heat exchanger tubes into the products hydrogen or methanol. Flow pathes of the
tritium (“HT”’) and hydrogen (““H,”) are shown in Fig. 4-1.

Leak of H, and HT for air SR
QT.LE ﬁ‘ ﬁ QH.LE Permeation of HT

Qrpez =H
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Release of Permeation of HT Qrres D
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Tritium flow
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Fig. 4-1: Tritium ("HT”) and hydrogen balance in HTGR H, production system

In order to be usable as a normal commodity, the product gas of the nuclear steam reforming
process must have a tritium concentration below the allowable limits specified by the
legislation. Therefore, one safety requirement is to correspondingly reduce tritium penetration
into the products. In this case, the required safety items are not directly related to the reactor
safety and thus can be classified into the lowest safety level.

There are two approaches to reduce the tritium concentration in the products; one is removing
tritium from the coolant and the other one is protecting against permeation through the heat
exchanger tube walls. The first approach is only partially effective, since in the HTTR, the
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purification systems are installed in the bypass loop and their flow rates are selected based on
the concentrations of other impurities.

Tritium permeation rates depend on the tube surface conditions. The tritium permeability is
high for clean tube surfaces; it decreases, if an oxide layer or another effective coating covers
the surface. Under steam reforming conditions, an oxide layer will rapidly develop on the tube
surface. Preliminary calculations have been performed to determine tritium concentration at
steady state for the HTTR steam reforming system. Results are shown in Table 4-2.

Table 4-2: Tritium permeation for steady-state operation of the HTTR

Calculation condition Tritium
Tube surface ig:iﬁ{iat/il(:n Hydrogen :I?gizggftt?a?s
THX SR, SH, SG g/hl | release hydrogen
[Ba/g]
Clean Clean 200 No 89.5
Clean Oxidized 200 No 20.5
Coated Oxidized 200 No 8.9
Defect Oxidized 200 No 12.0
Coated Oxidized 400 No 53
Clean Oxidized 800 No 8.5
Coated Oxidized 200 Yes 6.8

In this calculation, the tritium permeability of the IHX is reduced to 1/10 and that of the
reformer to 1/100 of that under clean conditions due to the oxide layer on the tube surface
developed during operation. These results show that the combination of the self-grown oxide
layer effect and a reasonable flow rate through the helium purification systems are sufficiently
effective to restrict the tritium concentration in the product gas to an acceptable level.

JAERI tests on hydrogen isotopes permeation are described in more detail in chapter 4.5.2. The
treatment of the tritium problem in the German PNP project is explained in chapter 5.4.1.

4.2.1.2. Release of Radioactivity due to Leakage in Heat Exchanger

Another possible path for a transition of radionuclides into the product gas is by leakage in the
heat exchangers. A leakage of radioactivity from the primary to the secondary circuit requires a
pressure drop from the primary towards the secondary loop, in contrast to the plant’s condition
during normal operation. However, as long as the heat exchangers remain intact, even under
conservative assumptions, the expected radioactivity on the secondary side remains small
compared with the tritium concentration by permeation [PNP 1981].

A measure to prevent a major risk is the installation of gas supervising systems to trigger the
disconnection of the product gas lines from the grid.

70



4.2.1.3. Thermal Turbulence in the Steam Reforming System

A system with an endothermal chemical reactor connected to an HTGR exhibits thermal
dynamics, which differ significantly from those of the HTGR itself. In the HTGR core, the
nuclear heat is transferred to the cooling gas and as a result reactor power and helium
temperature have a linear relationship. On the other hand, in the chemical reactor, in which
endothermal reactions take place, the heat input necessary to cause the reaction tremendously
increases with increasing reaction temperature due to the Arrhenius type temperature
dependence of the reaction rate. The development of a new control technology is required in
order to balance the difference in the thermal dynamics between the nuclear and chemical
reactor. The selected design and arrangement of the steam generator is expected to fulfill this
control function (see chapter 2.3.2.).

A higher probability of malfunction or failure is expected on the process side rather than on the
power generation side. Safety measures are required to mitigate potential disturbances resulting
from a malfunction or failure in the hydrogen production system to allow for a continuous

reactor operation without reactor scram.
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Fig. 4-2: Innovative helium cooling system

If the methane supply system is shut down due to a loss of electric power or a malfunction of the
control system, the helium gas temperature at the steam reformer outlet will increase. The
steam generator installed downstream of the steam reformer in the secondary loop, can cool
down the hot helium gas to the saturation temperature of the steam, thus providing a stable
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controllability for any disturbance at the steam reformer due to the large heat sink capacity and
preventing a reactor scram. However, if the feed water supply is interrupted, the steam
generator cannot continue to operate. It is therefore proposed to re-use the generated steam as
feed water after condensation in the radiator. The conceptual geometry of this cooling system is
shown in Fig. 4-2.

In order to prevent a reactor scram due to a loss of feed water, the hot helium gas is cooled by
the steam generator and the generated steam from the steam generator flows into a natural
ventilation type radiator connected to the steam generator. The condensed water is then
supplied to the steam generator as feed water. The steam generator can keep its water contents
for normal operation. The total heat capacity is about 8.8 MW representing the heat capacity of
both the steam reformer, the super heater and the steam generator. Furthermore, if a pressure
drop is detected in the cooling system due to pipe failure or valve malfunction, and the water
level in the steam generator is low due to interruption of the feed water flow, the valve in the
steam line closes, while that in the radiator steam supply line opens passively through an
automatic air supply system. Generated steam is supplied to the natural convection type
radiator and is cooled down. Condensed water is recycled to the steam generator as feed water.
This system does not require electric power nor feed water.

The steam reforming system is a ternary cooling system. A change of the flow rate of either the
feed gas or the water to the steam reformer induces a thermal disturbance of the helium outlet
temperature on the reformer due to the change of the amount of heat input for the reforming
reaction. If the temperature of the helium returning to the IHX exceeds the allowable limit, the
reactor will scram.

Static calculations of the cooling ability of the steam generator have been carried out showing
that a reduction of the feed gas changes the outlet temperature of the reformer correspondingly.
But the steam generator mitigates the temperature variation within 5 °C. The continuous
cooling of the hot helium gas by the steam generator allows the HTTR steam reforming system
to continue at normal operation. The result of a transient analysis is shown in Fig. 4-3 for a
stepwise decrease in process gas flow rate by 20 %. It indicates that an increased heat input to
the steam generator due to increasing helium inlet temperature only results in an increase in
steam quality at saturation temperature due to boiling, but not in an increase of the steam
temperature.

The function of the ternary cooling system is to remove heat from the core during normal
operation. Since the reliability required for this system is not particularly high, problems may
occur more often during operation lifetime.

The safety design of the nuclear plant is based on the defense-in-depth concept. Therefore in
case of a reactor scram, the propagation of thermal turbulences should be stopped in the
secondary loop. The safety requirement for this event is to limit the secondary helium
temperature variation within 15 °C at the inlet of the IHX to prevent a reactor scram.
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Fig. 4-3: Transient analysis for variation in the process gas flow rate

4.2.2. EXPLOSION HAZARDS

Fire and explosion hazards resulting from the leakage of flammable materials such as methane
and hydrogen should be considered because they have the potential of causing significant
damage to safety components. Therefore these components should be designed against fire and
explosion according to the highest safety level.

General safety requirements against fire and explosion hazards have been established already in
the IAEA SAFETY SERIES, according to which the amount of flammable materials in the
plant and in the vicinity of the plant should be reduced to a minimum possible as a precaution
measure. This concept, however, cannot be applied to the HTTR steam reforming system.
Since the HTTR containment building does not have the capacity to withstand severe radiation
heat and blast overpressure, it is necessary to minimize the risk of a huge fire or explosion event.
One possibility is the separation between the accident source and the HTTR, which may be
given by a safety distance or a fire-proof separation wall.

4.2.2.1. Release of Flammable Gases into the Containment Building

Fire and explosion events inside the reactor building may cause severe damage to nuclear safety
systems. It is therefore required that the possibility of a flammable gas leak inside the reactor
building should be low enough to avoid any fire and/or explosion at this location. The potential
sequence of flammable gas ingress into the reactor building is the simultaneous failure of the
secondary helium pipe and the reformer tube (Fig. 4-4). The only cause of the simultaneous
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failure of these components is conceived to be an earthquake. Therefore they are designed for a
high seismic safety level.
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Fig. 4-4: Ingress of flammable gases into the reactor containment

Since the steam reforming system will be designed as a non-nuclear facility, it is basically not
equipped with additional safety systems. In case of an explosion event in the vicinity of the
reactor building, the thermal load and blast overpressure may be strong enough to cause some
damage to the containment. Therefore, it is required to prevent significant leakage of
flammable gases in the vicinity of the reactor building. A double tube has been adopted in the
HTTR steam reforming system to prevent leakage of flammable gas. Emergency shut-off
valves are also provided to isolate the failure location of the pipe and, thereby, limiting the
amount of leakage.

4.2.2.2. Release of Flammable Gases outside the Containment Building

The danger of possible detonations or deflagrations of explosive gas clouds, which were
released from tank ships or trucks or nearby chemical plants and which might travel towards a
reactor building, has been subject of substantial theoretical and experimental investigation (see
chapter 5.2). This kind of threat is strongly dependent on the local environment and the future
development plans for that area. Individual characteristics of the site and also the layout of
reactor buildings will be relevant. Considerable basic aspects would be to avoid large flat
surfaces, the surround the reactor building with auxiliary equipment buildings, to use
underground construction for important connecting conduits.

Storage Tank

In case of an event far from the reactor building (Fig. 4-5), a safety distance can be selected to
mitigate the effects of thermal load from fire and blast overpressure from explosion. Comparing
these effects, the explosion pressure wave causes a greater damage than the fire itself. The
explosion event is taken into account to estimate adequate safety distances.

74



[BDBE] Only small leak of Leak of liquefied ges
Hypothetical failure of pressurized gas |
both reformer tube and l Pool Fire
secondary helium pipe Detection of the smell Or
leak and termination Unconfined vapor
Leak of pressurized gas of the ovent cloud explosion
into the C/V
l
Confined vaporclowd. | prapaized Gas (majorpipes
i Liguefied G
(as detonation) we co:ﬁnod mkdm; - -, lt[l-lj\ a:
Steam Reformer and
other major components
Product Gas Surge Tank
LNG evaporator
HTTR
Reactor —
Syst
yaam Secondary 7
| Hepipe | Desulphulizer —
/ é =
30m J Y 3 (
ol e
Several hundred meters Underground LNG Tank
(to prevent BLEVE)

Fig. 4-5: Possible effects of fire/explosion accidents outside the reactor containment

Refueling by Truck

The frequency of accidents with involvement of trucks carrying hazardous substances is
approximately the same as for trucks with other usual cargo. However, their significant damage
potential is revealed in accidents with the release and spreading in the environment. According
to a conservative estimation valid for Germany, the event frequency is two tank truck accidents
per year with potential of a large damage (in the order of 100 million German Marks)
[Gwehenberger 1999].

4.3. Safety and Risk Assessment

4.3.1. RISK METHODS IN THE REGULATION OF NUCLEAR POWER

The original regulatory process in most countries appears to be largely based upon
deterministic criteria where the intent was to ensure safety with multiple layers of
defense-in-depth. Design basis accidents (DBA) were defined and safety systems incorporated
into the design to respond to these accidents.

As a result of the accidents at Three Mile Island and Chernobyl, most countries have taken
additional steps to control the risk from core damage accidents. In some countries, risk methods
have been incorporated into the regulatory process either by rules or by providing regulatory
guidance. In some cases, this has resulted in plant modifications or changes in procedures.
High-level quantitative safety goals, which define an acceptable level of safety have also been
established in some countries. All of these goals have a probabilistic basis and in some cases
involve deterministic considerations.
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Most countries adhere to the IJAEA Level-1 PSA guidelines. Many countries maintain their own
expertise to produce and review PSA, although there are common interests in particular areas
such as collaboration on data exchange, criteria and standards. Severe accident studies
(probabilistic and deterministic) are being performed in all countries even though they are not
required in most countries by the regulations. For most countries the studies are used to identify
potential design improvements and as a basis for developing severe accident management
(AM) strategies. Most countries also believe that external events and all operating modes
should be considered. Extended PSA models including external events and internal fires require
validation and refined physical modeling for key phenomena. Data bases for fire safety analysis
need to be improved.

For future reactors, most countries are requiring the consideration of severe accidents in the
design process and a PSA is usually required. Some countries also require design features to
address specific severe accident phenomena. Methodology is under development for the
quantification of the reliability and failure modes of programmed systems including the
problem of software reliability [INSC 1998, OECD-NEA 2001].

Several computer codes exist for the simulation of fire growth and spreading, dispersion, and
fire/water spray interaction. Further efforts are needed in refined modeling of certain
phenomena such as heat release or flame spreading in cables and equipment. Also fire data
bases need to be improved. An IAEA fire safety project assembles fire experience and produces
guidelines for fire hazard analysis and inspection of fire protection and fire fighting techniques
[OECD-NEA 2001].

4.3.2. SAFETY PRINCIPLES IN THE CHEMICAL INDUSTRIES

Since the first comprehensive risk study, WASH-1400, in the nuclear area in 1975, numerous
safety and risk assessments have been conducted, particularly in the chemical and
petrochemical industries, among them the classical studies on Canvey Island (UK) [Canvey
1978] and Rijnmond (near Rotterdam, The Netherlands) [Rijnmond 1982], in which for a
whole region all industrial establishments with relevant hazardous potential were included.

Despite the many lessons learned from fire and gas explosion accidents, additional measures
can be taken to further reduce the risk of severe consequences: safety management, safety and
risk analysis. The safety and risk analysis of a system includes hazard identification, accident
scenario development and frequency estimation within the probabilistic part as well as the
simulation of accident situations and the evaluation of the consequences within the
deterministic part.

4.3.2.1. Safety Principle against Hazards from Cryogenic Spills

Leakage and spillage are the most typical causes for a fire to occur in an industrial process plant
following the failure of a system component. The basic principle to avoid the spillage of a
cryogenic liquid is to pay proper attention to operating procedures and maintenance schedules.
A particularly important role plays the instrumentation. Gas detectors and temperature sensors
would be able to identify a release of LNG. Storage tanks would be normally equipped with
multi-level sensing devices to be maintained either regularly or permanently during any transfer
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operation. Multi-tier alarm systems would be linked to an automatic isolation of the tank fill
line. Exposed sections of pipe work could be protected physically by respective housings or by
use of double-integrity pipes.

Furthermore specific items need to be protected against contact with the cryogen to avoid rapid
cooling, shrinkage and transition to the brittle state at low temperatures. This could be given by
preparing preferred leak paths to channel the liquid from around potential leak locations to safe
areas. Other measures may be shields between source and target.

Condensation of an unwanted substance can present a hazard in work with cryogenic systems.
Mechanical hazards may arise from

- Plugging of pressure relief valves or pipes;
- embrittlement;
- stresses due to thermal contraction;

- erosion of valve or gasket material.

4.3.2.2. Defense-in-Depth Principle for Explosion Protection

Integrated explosion protection means that protection measures are taken in a graduated order:

(A) Primary Explosion Protection: Prevent formation of explosive atmospheres
- Substitution of burnable by unburnable substances;

- Inerting (Systems with LNG shutoff valves can be equipped such that in case of a
leakage through the valve, nitrogen would into the system rather than LNG out.);

- Different kinds of venting through flare stacks, technical venting;
- Purging;

- Gas detection devices;

- Protection against leakage by period retesting and recertification;
- Purging the substances from the system before cooling;

- Keeping system pressure above ambient pressure, if possible;

- Thermal insulation;

- Keeping all air out of the system or area;

- Storage of liquids in closed containers or systems.

(B) Secondary Explosion Protection: Exclude ignition sources

- Identify all ignition sources and define the requirements for either zone;
- Use inert gas in the atmosphere instead of air.

Fire protection extinguishing and suppression efforts include shutting fuel supplies to the
location.

77



(C) Tertiary Explosion Protection: Mitigate consequences of an explosion

- Design to sustain maximum overpressure;

- Relief into non-dangerous areas outside (rupture disk);

- Explosion suppression, introduction of extinguishing substances;
- Precluding air from entering the environment;

- Cooling the liquid to stop evaporation.

In environments prone to explosions, explosion suppression systems are installed instead of or
in complement with automatic sprinklers and explosion testing.

The need of explosion protection, in particular in the modern chemical industries, requires
adequate tools for a reliable assessment of the consequences of explosive hazards. A result of
this philosophy was, e.g., the design of a 30 kPa pressure-resistant central control station, which
is now standard installation in the chemical industries in most industrialized countries.

4.3.2.3. Safety Distances

A safety distance is the required distance between the location of a gas leakage and the object to
be protected which takes account of the evolving flammable atmosphere as well as of the
pressure and heat wave resulting from a possible ignition. The distance can be fixed according
to physically defined criteria, e.g., the dose of thermal radiation or the peak overpressure, to
have reach a certain threshold value. A minimum safety distance is desirable for economic
purposes.
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A basic prerequisite is the knowledge of the source term which is dependent on leak size and
thermal dynamic conditions of the leaking substance. A problem is given by non-quantifiable
leakages, e.g., from cracks in welding seams Quantity-distance relationships are usually
different for people and equipment and they are different for experimental and storage areas.
Industrial storage standards for hydrogen, LNG, and gasoline are given in Fig. 4-6 [Hord 1978].

Safety zones around storage tanks for liquefied gases according to the German law are shown in
Fig. 4-7 for both above-ground and underground tank arrangement [Westfalen-Gas 2001].

Gaseous phase
Liguid phase
(max 85 %) ,”

Gaseous phase

Liquid phase (max 85 %)
Sand bed on all sides 200 mm ——

AT 18 2220, ‘

Fig. 4-7: Schematic of safety zone arrangement for above-ground (top) and underground
(bottom) storage tanks for liquefied gas. No ignition sources are allowed in zones A and B.
Entering and passing through is prohibited in zone A during operation,
in zones A and B during the filling process. Rf =1 m; Rjy =3 m.
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A formula for the safety distance is generally acknowledged to have the form
R=k*M"

where R is the safety distance in m and M the mass of the flammable substance in kg. The
relation may be modified by damping parameters, if some sort of protective measure is applied,
e.g., wall or earth coverage. The k-factor depends on the building to be protected (from German
recommendations: 2.5 - 8 for working building, 22 for residential building, 200 for no damage)
and on the type of substance.

The detonation of a mass M results in a maximum overpressure of 30 kPa in a distance of r
according to the above equation for a k-factor of 8.

4.3.2.4. Fire Protection

Since a major fire in an NPP might result in an uncontrolled release of radioactive material or
threaten the safe shutdown and cooling of the reactor, a comprehensive fire protection program
must be planned in close cooperation with fire technical experts and the public fire authority.
The program should include:

- the assessment of the direct danger of fire damage and the consequences through
contamination of the environment or through damage by corrosion or smoke;

- the establishment of preventive measures with the aim of minimizing the fire loading,
preventing a fire outbreak, localizing the damage, limiting the fire spread;

- the preparation of fire fighting equipment and the measures to be taken upon an
outbreak of fire.

A fundamental principle in the field of fire protection is that of compartmentation, i.e., the
subdivision of the plant into single fire areas in order to avoid the spreading of the fire.
Respective floors, walls, ceilings should have a minimum fire resistance of three hours or more,
if required by national practice.

Furthermore plants should be designed such that the fire loading is insignificant, particularly in
areas containing reactor safety equipment, e.g., control room. This can be achieved by reducing
the amount of combustible materials and maintaining it at a minimum level, by a wise selection
of building materials, and by designing systems for storing, controlling and, in case of a leakage,
draining combustibles.

For early fire detection and effective fire fighting, each fire area should be covered with a fire
detection and alarm system specifically engineered for fire risks in that area. Fire water supply
systems should be designed to ensure an adequate supply of water in any conceivable situation.

4.3.3. PRINCIPAL HAZARDS ASSOCIATED WITH LNG STORAGE
4.3.3.1. LNG Storage Tank

Principal Design

A key component is the storage tank, since it usually contains the largest quantity of a
hazardous material separate from the process. A major part of losses in the industry is given by
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losses through fire in storage. Storage is pertinent to plant siting and layout. The segregation of
process plant and storage reduces the risk of losing both installations in case of an accident.

A typical LNG tank is designed (see Fig. 4-8) as a double-walled tank. The outer tank is in the
form of a prestressed concrete containment and serves as protection of the inner tank against
impacts from outside as well as of the neighborhood, if the inner tank fails. The inner tank is
made of steel, 8% Ni steel is appropriate for cryogens. The sheet thickness decreases reaching a
minimum at the top. A thermal insulation is between inner and outer tank to minimize heat
transfer. It consists of a perlite filling and a multilayer foam glass liner system attached to the
inner surface of the outer tank. Elastic matting serves to take up the tank movement caused by
thermal contraction. Heating in the base slab serves to avoid a freezing of the ground. Properly
designed base isolators, on which the tank is placed, allow for largely reduced stresses, e.g.,
those imposed following an earthquake.

_—

WSECA N

[~ -

-] LNG (-162°C)

Interior tank linex ] 71 |

LMG (-162°C)

—

Coolant Prestressed conerete wall |
| et — ? Heat

fence

Coolant S ‘i,oalﬁs i i

Exterior tank liner

d ::I. — :'.‘.- s ’:\_-
Basemmat slah \_,__3_.__;:. L -

i

[ 8=

Basemat slab .. + | Vater punping pit

S Contin i wrall
i Stea] pile ik ontirmons phragm

:-Lf———'_’{_'_”,

oo

i Ni INNEF: SECONDAR
TANE BOTTOM v poTTOl
FLATE

Fig. 4-8: LNG storage tank schematics

Pressurized LFG storage tanks > 100 m’ are designed to withstand outside temperatures of
40 °C of a hot summer day. The design pressure should be greater or equal 110 % of the
maximum operating pressure or 100 % plus 0.1 MPa. Maximum and minimum design
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temperatures are determined by the loss of strength of the storage walls at the higher end and by
loss of ductility (embrittlement) at the lower end. A relief valve should be designed as to handle
abnormal operating conditions such as overfilling; it should open at a pressure less or equal the
design pressure and allow a relief such that the pressure does not rise beyond 110 % of the
design pressure. The relief discharge should be preferably into a closed system.

Therefore a strong focus has been laid upon the proper design of a respective storage facility.
The tank to hold a cryogenic liquid requires an effective insulation to minimize the amount of
heat to penetrate the tank from outside and reduce unavoidable boil-off losses.

Underground LNG tanks

The utilization of small underground LNG tanks has some significant advantages, but also
raises some technical questions:

- Reduced installation time;

- Shorter piping meaning smaller risk of accident;

- Compactness, meaning smaller site area (smaller footprint);

- No impoundment system required;

- No risk to the tank from fire, protected against thermal radiation;
- Vapor dispersion and heat radiation zones can be reduced;

- Installation in more densely populated areas possible;

- Lower requirements to venting rate of safety relief valve;

- Corrosion from outside;

- Freezing of soil;

- Very long cool-down time and attendant high boiloff loss, if not internally insulated.

Comparing the risks between earth-covered and aboveground storage tanks, it is estimated that
the risk in accidents with aboveground storage tanks is significantly greater in larger ranges >
30 m, whereas in the near range, both risks are at about the same level.

Storage facilities constitute a much greater potential fire hazard than the process units.
Therefore, a sufficient separation should make sure that vapor escaping from the storage site is
not ignited at the process site.

Fig. 4-9 describes incidental/accidental situations typically considered for propane storage
tanks, certainly not significantly different from LNG storage tanks including temperature load
cases (upper row in the figure). The dynamic load cases (lower row) describe the conditions for
an earthquake, a gas cloud explosion, and the (vertical) zip effect of a tank rupture. In the latter
case, the liquid is expected to be released into the gap between inner and outer tank, developing
two waves creating locally a six times higher dynamic pressure pulse, when clashing together
on the opposite side of the crack, than the hydrostatic pressure. In total, as many as 70 single
effects on a storage tank have to be considered [Holzmann 1986].
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1 Leak, 2 Leak, 3 Burning tank 4 Fire in neighbor tank
Insulation effective Insulation not effective 7

5 Design earthquake 6 Safety earthquake 7 Vapor cloud explosion 8 Zip effect

Fig. 4-9: Safety concept for storage tanks, assumption of special load cases

4.3.3.2. LNG Tank Rollover

The so-called “rollover” is a well known phenomenon that may occur in an LNG storage tank
and be a concern because of increased vapor production rates. It describes the effect of
stratification due to heat input in the bottom portion of the tank contents, which rises to the
surface at a temperature that can be higher than its thermodynamic equilibrium point and
eventually liberating a larger quantity of vapor resulting in an abnormal pressure increase and
possibly a venting through the safety relief valves. A stratification of the LNG in the tank can
also occur, if LNG is loaded into a tank with some residual liquid, which may have different
densities, or if the refillings of LNG are from different sources with different compositions.
During long storage periods, the aging effect of LNG, by which the methane tends to boiloff
first compared to the heavier components of the natural gas, also results in stratification. The
more homogeneous the liquid, the lower is the probability of a rollover.

4.3.3.3. Release Behavior

If the pressure in an LNG tank is kept constant, i.e., the vapor boiloff being removed, the
temperature also remains constant (auto-refrigeration); if the boiloff is not removed, both
temperature and pressure will rise.

If there is heat input in a confined volume of a cryogen, the pressure will rise. The container will
eventually rupture, if no or not sufficient gas can be vented from the system. Therefore a safe
and reliable relief system must be provided. At closed valve, the heat input from the outside
initiates a thermal stratification, which makes the pressurization process somewhat faster than
in the case of thermal equilibrium. However, the relative heat transfer into the tank is lower, the
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larger the tank and the better the surface-to-volume ratio and the insulation. The speed of
pressurization also depends on the boiling temperature of the cryogen. The lower the boiling
point, the stronger is the driving force for heat input.

Thermal expansion of the cryogen also results in a pressure increase. Thermal expansion
coefficients are higher for cryogens with lower boiling point. Therefore overfilling must be
avoided.

Undesired events caused by either human error or component failure or external impact can
occur during steady-state operation or during the loading/unloading process such as

- Leakage or rupture of the pressure vessel;
- Leakage or rupture of transfer lines;

- Overfilling;

- Vessel failure due to impact from outside;
- BLEVE.

According to the type of event and according to the state, in which the fluid can be stored in
different states, it may exhibit a different physical release behavior, if accidentally released:

- Volatile liquid at ambient conditions showing slow evaporation;

- Flashing liquefied gas under pressure showing immediate large flashoff and slower
evaporation of any residue; considered as the most serious case;

- Semi-refrigerated liquefied gas under pressure and at low temperature showing initial
flash-off and violent evaporation);

- Refrigerated liquefied gas at low temperature and atmospheric pressure (initial
flash-off, relatively slow evaporation);

- Gas under pressure (large physical energy release).

Reasons could be the failure of pump packing, valve packing, gaskets or the rupture of liquid
gas transfer lines.

4.3.3.4. Accident Sequences

As a result of the different types of storage, several accident scenarios are conceivable for a
storage tank to release its contents into the environment:

- Formation of a pool on the ground and vaporization of the liquid;

- Release of a jet stream of liquid or gas or a mixture through a small opening in a
pressurized system;

- Catastrophic failure of the tank resulting from high internal pressure with the
explosive-like release of the whole content.

Line rupture may result in a jet fire or an UVCE. Fire protection of storage serves the purpose to
minimize hazards to personnel and loss as well as prevent a spreading of initial fire. For
atmospheric storage, stationary or mobile water or foam spray systems are employed. In
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refrigerated storage, it has to be considered that heating and vaporization is much more rapid.
Initial protection is given by fire proof insulation to obtain a fire resistance of at least two hours.

The scale of fire/explosion on a storage tank can be very large. Fires can occur in the vapor
phase of the tank or outside, when an escaping vapor cloud ignites. Causes for fires are often
given due to malfunctions in the operation procedure such as overfilling, failure of
instrumentation, or operator error.

Spillage into the impoundment area may form a vapor cloud that ignites and flashes back.
Subsequent failures can occur once a fire is established; for example, pipework fails within
approx. 15 min if exposed to fire.

4.3.3.5. Mitigation Measures

If liquefied gases are handled, plant layout should provide sufficient spacing for a vapor cloud
to disperse before it can reach ignition sources and a possible explosion of the storage contents
to pose a fire risk to the adjoining plant. Estimation of downwind distance as a function of
atmospheric conditions and source strength.

In general, storage tanks for refrigerated liquids require an impoundment area to retain the
liquid in case of a leakage, unlike substances stored in a pressurized or refrigerated state.

Separation distances for LFG are generally greater than for petroleum products. The ICI code
lists recommended distances distinguishing between Class A/B liquids and LFG. Alternative
approaches based on the heat (direct flame, radiation) from a burning liquid and the ignition of
a vapor escape are mentioned in the code, but they are not used for distance determination.

Main safety goal is the prevention of damage to the inner container. Mitigation measures to
reduce the risk of a tank loss are

- Generous spacing between tanks;

- Minimum pipework and ancillary equipment;

- Properly designed pressure relief;

- Pump installation outside bunds;

- Water spray system;

- Availability of sufficient quantity of water/foam;
- Separated bunds;

- Prevention of overfilling;

- Bachup instrumentation.

A well established LFG storage tank design comprises the assessment of the consequences of
potential accident scenarios. They should be based on estimated transient release rates or design
spill rates as a function of pressure, orifice, detection time, disconnection time including certain
safety margins.
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4.3.3.6. Safety Features

Safety in storage is a matter of both operation and maintenance and of design. Numerous codes
and standards are applicable to storage. Following the defense-in-depth principle, measures
should be taken in terms of

(A) Minimization of Spillage

- Reduction of storage quantity to a minimum;
- Reduction of number of connections below top liquid level to the lowest possible;

- Design of vessel and pipework according to appropriate calculation methods,
materials selection and fabrication processes;

- Employment of high-level measurement and control instrumentation;
- Selection of ground with good load-bearing characteristics;

- Protection against external damage.

(B) Control of Spillage

- Provision of gas detectors;
- Safe dilution of evolving vapor cloud,
- Selection of siting with regard to prevailing wind;

- Selection of ground contours such that collection of liquid or heavy gas in a
depression should not be possible;

- Employment of dispersion walls to divert large vapor flows to safer areas;

- Utilization of fire walls to provide protection against flame and heat radiation.

(C) Control of Fire

- Leakage to be drained away to an impoundment area where it can be safely burnt;
- Provision of fire-proof insulation and support;

- Provision of water cooling;

- Provision of appropriate fire fighting equipment;

- Siting of storage between process plant and terminals.
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4.3.4. PRINCIPAL HAZARDS ASSOCIATED WITH LNG TANK TRUCK OPERATION

The transfer of LNG from a tank truck to a storage tank is a complex procedure and involves
active participation of both truck driver and storage operator. After the truck is choked and the
engine is switched off, a grounding cable is attached to the truck to ground any electrostatic
discharge. A flexible liquid transfer hose is attached to the truck and purged with LNG to
remove all air. The storage vessel liquid fill line and then the trailer’s main liquid valve will be
opened. The pressure in the trailer tank is controlled via a pressure building line where LNG is
vaporized and returned to the tank to maintain a pressure differential of at least 100 kPa
between trailer tank and storage vessel.

Typical safety features are remote-controlled, redundant liquid valves, storage vessel alarms in
case of overfilling, long drain lines for safety-directing vented LNG vapor. Also the trailer
liquid valves are interlocked with the truck brake system to prevent transfer, before the truck is
properly secured. Another hazard is given by the continuous cycling of the fuel transfer
equipment between cryogenic and ambient temperatures causing additional thermal stresses on
equipment and sealing which could result in decreased reliability overtime.

A high potential of accidents is given during the refilling process from a tank truck to the
storage tank. Here flexible hoses can be fitted with automatic disconnecting and isolating
devices to protect against inadvertent movements of the truck (see Fig. 4-10).
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Fig. 4-10: Hose failure protection system for tank truck

Undesired occurrences during loading/unloading or operation of LNG tank trucks are:
- Wrong connection of loading arms;
- Wrong degassing of connection pieces;
- Leakage or rupture of filling line;
- Overfilling;
- Departure of tank truck during loading/unloading process;

- Crash of tank truck during transportation.
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4.3.5. ACCIDENT STATISTICS ON HANDLING LIQUEFIED GASES IN GERMANY

An evaluation of accident reports involving liquefied gases for the decade 1977 - 1986 has been
made by the Federal Institute for Materials Testing and Research (BAM) comprising 178
documented accidents. The analysis with respect to the type of facility shows a strong
accumulation of accidents on the consumer side, in particular for pressure bottles and small
storage tanks, but also not to be neglected accidents with tank trucks during transport or filling
processes. A distribution according to the accident causes and consequences reveals a
concentration on human and construction errors. In more than 90 % of the accidents, there was
a gas release with subsequent ignition and fire/explosion observed in 80 % of the cases. A
summary of this evaluation is given in Table 4-3 [Droste 1990].

Table 4-3: Causes and consequences of accidents with liquefied gas in Germany in the period

1977 - 1986
Cause of Accident Frequency [% of 178]
Mechanical impact 10.1
Thermal impact 8.4
Corrosion (metals) 5.6
Ageing (plastic) 2.2
Gasket failure 2.2
Technical (construction) error 9.5
Fabrication error 20.8
Mal-operation 30.3
Sabotage 2.2
Others 2.2
Unknown 20.8

Consequence of Accident

Frequency [% of 178]

None 5.1
Continuous gas release, no ignition 14.6
Continuous gas release, ignition, fire 24.7
Continuous gas release, ignition, explosion 42.1
Instantaneous gas release, no ignition -
BLEVE 6.2
Building collapse 13.5
Unknown 1.1
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4.4. Evaluation of Consequences of Major Accidents

4.4.1. ANALYTICAL STUDIES ON THE BEHAVIOR OF CRYOGENS
4.4.1.1. Calculation Model LAuV for Cryogenic Pool Spreading and Vaporization

The state-of-the-art calculation model, LAuV, has been developed at FZJ, which allows the
description of the transient behavior of the cryogenic pool and its vaporization. It addresses the
relevant physical phenomena in both instantaneous and continuous (at a constant or transient
rate) type releases onto either solid or liquid ground. A system of non-linear differential
equations that allows for description of pool height and velocity as a function of time and
location is given by the so-called “shallow-layer” equations based on the conservation of mass
and momentum. Heat conduction from the ground is deemed the dominant heat source for
vaporizing the cryogen, other heat fluxes are neglected. The friction force is chosen considering
distinct contributions from laminar and from turbulent flux.

The code was validated against cryogen (LNG, LH;) spill tests from the literature and against
own experiments with the release of liquid hydrogen. The post-calculations have shown a good
agreement between the computer simulations and the experimental data. These validation
calculations demonstrated the code’s ability to realistically simulate the initial phase of an
accidental release of a cryogenic liquid and to provide an adequate source term for the
subsequent analysis steps for dispersion and combustion of the flammable gas cloud.

4.4.1.2. Comparison of LNG Spill Experiment with Computer Models

One of the experiments conducted by British Gas with the release of LNG has been used in
[Dienhart 1995] to compare the measurements with the prediction by respective computer
models, which have been developed to simulate such accidental cryogen spill events, the
British code GASP and the German code LAuV [Dienhart 1995].
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Fig. 4-11: Comparison between LNG spill experiment on dry concrete and calculations with the

German LAuV code and the British GASP code
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The boundary conditions of the test considered were dry concrete as ground, a spill time of 300
s, and a released quantity of 2.5 m® of LNG corresponding to a gradually decreasing release rate
between 47 and 37 1/s. Measurements and calculational results given in Fig. 4-11 show the
maximum radius of the LNG pool develops to approx. 13 m. About 10 s after spill termination,
t =310 s, the pool is predicted to break up from the central spill point, forming a ring-shaped
pool, which recedes from both inside and outside, until at t =350 s, it has completely died away.
The measurements refer to the outer pool radius, no experimental information is available for
the inner radius. The experimental data are in pretty good agreement with the model
calculations.

4.4.1.3. Prediction of LNG Release Behavior from a Larger Storage Tank

Within the joint German/Russian “Cryoplane” project, the feasibility of a cryogenic propulsion
system with LH, and LNG as fuel for an aircraft is being investigated since 1990. The hydrogen
version of an Airbus A310-300 as the baseline aircraft is designed to be equipped with four
large fuel tanks containing a total quantity of 240 m® (2 x 80 plus 2 x 40 m®). The corresponding
LNG version would have a total storage capacity of 90.5 m® (30.2 m® for one large tank) of
LNG based on the assumption of identical energy content.

In a theoretical study on the accidental spillage of the LNG from the storage tanks, the pool
spreading and vaporization behavior was investigated [Dienhart 1995]. The predicted LNG
behavior is shown in Fig. 4-12 for the instantaneous release of 90.5 m® and 30.2 m’, compared
with the continuous release of 30.2 m® at a constant rate over 40 s.
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Fig. 4-12: Prediction of LNG accidental release from an aircraft tank
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In case of the instantaneous release, an early breakup of the pool at the central spill point takes
place after 7 s and 9 s, respectively. The outwards spreading LNG ring pool reaches a maximum
radius of 32 m after 40 s and 50 m after 60 s for the 90.5 m’ spill. The total life times of these
pools are 56 s and 82 s, respectively. The continuous release of LNG at a rate of 755 1/s
develops a slower growing pool, which breaks up 5 s after spill termination at t = 45 s and
reaches at t = 75 s a maximum pool radius of 28 m, only slightly smaller than in the
instantaneous case; however, its life time is expected to be 85 s and thus 30 s larger than for an
instantaneous spill.

4.4.1.4. Comparison of Cryogen Spills from a Tank Truck

Another predictive study with the FZJ code LAuV has been conducted, in which the behavior of
cryogenic liquids, LH,, LN, LOX, LNG, was compared to demonstrate the differences in the
spreading behavior. The case assumed is the complete release of a tank truck load of 40 m?,
either instantaneously or continuously at a rate of 1 m?s on solid ground (macadam). The
results of maximum pool radius, vaporization time, and maximum vaporization rates are
summarized in Table 4-4. The pool radius as a function of time elapsed after release of all four
liquefied gases is given in Fig. 4-13 and Table 4-4 for the case of a continuous release over 40 s
(top), and for the case of an instantaneous release (bottom).

Table 4-4: Predicted pool radius, vaporization time, and vaporization rate after a 40m?
instantaneous / continuous spill on solid ground

Cryogen LH, LN, LOX LNG

Instantaneous release of 40 m?

Maximum pool radius [m] 20 32 38 38
Vaporization time [s] 13 48 63 65
Maximum vaporization rate [m?/s] 4.0 1.2 0.9 0.8
Maximum vaporization rate [kg/s] 280 970 910 340

Continuous release of 40 m? at a constant rate, spill time 40 s

Maximum pool radius [m] 12 26 37 33
Vaporization time [s] 45 84 55 94
Maximum vaporization rate [m?/s] 1.0 0.6 1.0 0.5
Maximum vaporization rate [kg/s] 70 480 1140 220
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A remarkable difference is the small size and the short lifetime of the LH, pool compared to the
other cryogenic liquids due to their higher densities causing a larger gravitational force. With a
maximum radius of about 20 m after the instantaneous spill, the LH; pool covers a surface are
which is by a factor of 4 smaller than the respective LOX and LNG pools, and vaporizes within
13 s while the corresponding periods of time for LOX and LNG are larger by a factor of 5. LN,
takes a somewhat intermediate position corresponding to the lower latent heat of vaporization
per m? liquid compared to LNG and LOX. In the continuous case, LOX with the largest density
develops by far the largest pool and thus exhibits a maximum vaporization rate even similar to
LHo. The liquid pool with the largest lifetime is again LNG.

4.4.2. EXPERIMENTAL AND ANALYTICAL STUDIES ON EXPLOSION HAZARDS
WITH PROCESS GASES

4.4.2.1. Prediction of Combustion Behavior of H>-CO-He Mixtures in Hypothetical AVR Water

Ingress Accident Scenario

For the German small-size HTGR in Jiilich, AVR, the hazardous potential of a H,-CO-He-air
mixture, which might develop in a conceivable water ingress accident from the corrosive
reaction between steam and hot fuel element graphite, was analyzed [Wischnewski 1971].
Ignition experiments in a 120 1 combustion chamber with gas mixtures of different H,+CO
concentrations have shown that mixtures with up to 22 % fuel concentration were not
flammable at temperatures up to 120 °C. The fuel concentration estimated to occur during this
accident scenario was 8 vol%.

4.4.2.2. FZK Detonation Experiments with H>-CO Mixtures with Air

At the Research Center Karlsruhe (FZK), an experimental program has been started in the 12 m
Hydrogen Combustion Test Tube Facility to investigate the combustion behavior of H,-CO-air
mixtures and to quantify the influence of CO concentration on the combustion process of the
H,-CO-air mixtures under different conditions [Breitung 2000]. FZK experiments performed so
far concentrated on the turbulent combustion in fully confined, partially obstructed geometry.
To this end the tube was equipped with an array of obstacles of a blockage ratio (BR) 45 % and
a distance of 0.5 m. Mixture composition and initial pressure are the parameters the test series.

H,-CO-air mixture experiments have been performed with 11 % and 18 % fuel gas
concentration, the results are presented in the v-x diagrams as given in Fig. 4-14. Replacing half
of the H, by CO (5.5 % H; + 5.5 % CO = 11 % fuel gas) (Fig. 4-14 top) results in a subsonic
flame (< 200 m/s), without any acceleration, in contrast to the combustion of pure hydrogen in
air, which reaches after an acceleration phase the regime of a choked flame (500 - 700 m/s
flame speed). Some influence of the initial pressure can also be observed. An increase of the
initial pressure (0.05, 0.1, 0.2 MPa) leads to a decrease of the flame speed and finally results in
an unstable flame propagation due to local flame quenching near the end of the tube.

Analogous experiments with 18 % fuel gas concentration reveal a different picture in the v-x
diagram (Fig. 4-14 bottom). The combustion of pure H, causes a rapid flame acceleration up to
the quasi-detonation regime, while more moderate and longer lasting acceleration up to
detonation speed is the outcome of the experiments with 9 % H; and 9 % CO. The influence of
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a initial pressure rise (0.05, 0.1, 0.2 MPa) is noticeable only at the beginning of the experiment
through a faster acceleration of the flame front with increasing pressure.
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Fig. 4-14: Flame velocity vs. detonation tube length with 11 % (top) and 18 % (bottom)
fuel (H + CO) gas

The results obtained so far clearly demonstrate a damping effect of CO on the turbulent
combustion speed of H,-CO-air mixtures when compared to turbulent combustion in pure
Hj-air mixtures. This effect, is probably caused by the relatively long induction and reaction
time of the complicated oxidation mechanism of CO. This process requires as an initiating
component OH-radicals, which have to be provided in a sufficient amount by the H, oxidation.
The resulting time delay between hydrogen and CO oxidation could be detected in the
H,-CO-air experiments with the installed photodiodes, which showed two spatially separated
flame zones moving along the tube.
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With respect to safety analysis, the mitigation effect of CO additions on the observed flame
speed and the resulting pressure loads should be taken into account. Treating CO simply as H»
in the analysis would lead to more than conservative load estimates.

4.5. Hazard Prevention, Control, and Mitigation Measures for the
HTTR/SR System

4.5.1. OUT-OF-PILE TESTING
4.5.1.1. Design of Test Facility

Prior to the connection of the steam reforming system to the HTTR, the process will be tested in
out-of-pile experiments under simulated nuclear conditions [Miyamoto 1998]. The objective of
these tests is the verification of

- the performance of the HT components steam reformer, steam generator, and
isolation valves including the hydrogen productivity;

- the technology for operation and control;
- the absorbing effect of the steam generator for thermal disturbances;
- the durability and leak tightness of the HT isolation valve.

For this purpose, a 1:30 downscaled mock-up facility has been constructed. A flow scheme of
the out-of-pile test facility is shown in Fig. 4-15. A comparison of the design specifications of
this out-of-pile experiment with the HTTR steam reforming system is given in Table 4-5.
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Fig. 4-15: Out-of-pile steam reforming test facility

Table 4-5: Comparison of operation parameters of the steam reforming systems for the HTTR
and in the out-of-pile test facility [Ohashi 2004]

Steam reforming system

Parameter Out-of-pile facility HTTR
Heat source [MW] 0.42 10
Pressure
process gas [MPa] 4.5 4.5
secondary helium [MPa] 4.1 4.1
Inlet/outlet temperature of steam reformer
process gas [°C] 450/ 600 450/ 580
secondary helium [°C] 880 /650 880 /585
Secondary helium flow rate [kg/h] 327.6 9070
Natural gas input [kg/h] 43.2 1400
Steam-methane ratio 25-4 3.5
Hydrogen output [Nm>/h] 120 4240
Material of reaction tube Alloy 800 H Hastelloy XR
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The test facility simulates the process downstream from the IHX. It consists of a helium circuit
representing the secondary helium loop, and feed lines for steam and methane. In addition, a
nitrogen line is needed to control the pressure difference between helium and process gas. A
combustion line is used to flare the generated hydrogen.

The nuclear heat source is simulated by a 420 kW electrical heater to provide helium gas of
880 °C at the steam reformer inlet. The process gas pressure is controlled by a control valve
installed downstream the steam reformer, monitoring the pressure difference between helium
and process gases. The steam reformer consists of three bayonet-type reforming tubes made of
Alloy 800 H and containing the catalyst at a length of approx. 3.5 m. Disc-type fins with 2 mm
in height, 1 mm in width, and 3 mm in pitch are arranged around the catalyst tube in order to
enlarge the heat-transferring area by a factor of 2.3 compared to a smooth surface, and to
increase the heat transfer coefficient of the helium gas to a value of 2150 W/(m? K).

The steam generator of a kettle type is composed of 27 heat exchanger tubes allowing a thermal
power transfer from the helium to the water of 135 kW at rated condition and 251 kW under the
condition of a loss of chemical reaction. An HT isolation valve of an angle type is installed in
the HT section at the helium pipe work.

4.5.1.2. Out-of-Pile Test Program

The test program planned to run over four years has been starting in 2002. It comprises normal
startup/shutdown tests to investigate temperature and pressure fluctuations and its
controllability as a function of the steam-methane ratio, in order to optimize feed flow of
methane and steam according to temperature and pressure of the helium gas. In a system
controllability test, potential thermodynamic disturbances at the pressure boundary between
helium and methane are examined by the stepwise change of the methane and steam flow rates,
in order to optimize the control system for the pressure difference.

Furthermore safety-related tests to examine malfunctions and accidental sequences in the
process gas line including emergency shutdown. The goal is that in case of an accident in the
process line, the HTTR should be shutdown by the normal operation procedure rather than by a
reactor scram. In such a case, the heat of the helium is to be removed via the steam generator,
which limits the temperature fluctuations in the helium.

4.5.1.3. First Test Results

Performance tests have been conducted between October 2001 and February 2002 to check the
ability of hydrogen production and controllability of the experimental facility. The test of the
system controllability was made to investigate the transient behavior of the gas flows in case of
a loss of chemical reaction, i.e., the disconnection from the methane feed flow (see Fig. 4-16)
[Ohashi 2004].
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Fig. 4-16: Flow rates of methane, steam, nitrogen, and production rate of hydrogen
during the system controllability test

Nominal flow rates were 12 g/s of methane and 47 g/s of steam, when — at time 0 — methane
feed, and thus hydrogen production, was shut off. The helium temperature at the SR outlet
increased from 611 °C and stabilized at around 800 °C after 1.3 h. At the same time, the
temperature at the inlet was raised from 531 to 762 °C. Helium temperatures at the steam
generator outlet were observed to fluctuate not more than within the range of -5.5 to +4.0 K,
which is within the specified range of —10 to +10 K required for HTTR/SR operation (see Fig.
4-17).
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Fig. 4-17: Helium temperature (left) and steam pressure (right)
during the system controllability test
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4.5.2. COMPONENT TESTING

In the component tests, two major aspects, which are of safety relevance, will be investigated,
the hydrogen/tritium permeation and corrosion from process gases with the goals to establish
respective safety-related technology and to use acquired data for code validation. [Miyamoto
1998].

4.5.2.1. Hydrogen Isotopes Permeation Tests

The tritium produced, e.g., as fission product in the active core and flowing with the primary
helium is not completely removed from the circuit in the coolant purification system.
Remaining tritium can permeate through the tube walls of the IHX into the secondary helium
circuit, and from there eventually through the tube walls of the steam reformer into the product
gas causing a radiation hazard to the customer. In the opposite direction, hydrogen produced on
the process side can permeate through the tube walls into the primary circuit causing corrosion
reaction with the graphite structures.

The aim of the diffusion tests, in which the isotope deuterium is used instead of tritium, is the
derivation of permeation coefficients with focus on the low partial pressure range < 10 Pa and
the influence of oxide layers on the tube surfaces.

Results have been acquired in a small-scale apparatus using test pipes made of the HT alloys
Hastelloy-X and Hastelloy-XR, the designated materials for IHX heat exchanger tubes and SR
pipes. Test tube dimensions were 1000 mm in length, 31.8 mm outer diameter, and 3.5 mm wall
thickness. Test conditions were tube temperatures of 600-850 °C and H; partial pressures of
0.1-4 kPa (or vol%) in helium gas. Flow rate was 0.1 NI/min of the mixture gas. Some results
are shown in Fig. 4-18. The test series also confirmed the phenomenon of oxide layer formation,
which reduces the permeation rates [Takeda 1999].
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Fig. 4-18: Hydrogen permeability of Hastelloy-XR and Hastelloy-X
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In another experimental series, the effect of counter-permeation of deuterium (to simulate
trittum) and hydrogen was investigated. The test tube here consisted of Inconel 600 with an
inner diameter of 7 mm and a thickness of 1.2 mm. Mixtures of argon with hydrogen and
deuterium, respectively, were flown at constant rate and constant pressure through the test pipe
and the outer so-called measurement tube (inner diameter: 50 mm). With deuterium flowing
inside and hydrogen outside the test tube, it was found that for low partial pressures of
deuterium < 100 Pa, its permeation rate to the outside is decreasing, if the hydrogen partial
pressure is > 10 kPa. This is due to the fact that the amount of dissolved H atoms are saturated
on the surface. In the HTTR/SR, H, partial pressures will be about 2.3 MPa, therefore a
comparatively low amount of tritium is expected to be transferred from the primary circuit to
the hydrogen production system [Takeda 2004].

The reduction of permeability at the presence of an oxide film layer was again confirmed, the
observed factor of 100-1000 enhancing with time. The ratio of hydrogen over deuterium
permeability was measured to be 1.32 at 670 °C; it decreases with increasing temperatures.

4.5.2.2. Corrosion Tests

The main goal of these tests is the investigation of the corrosion effect of the process gases CHa,
CO, H,0, or H; on the tube material Hastelloy XR which is a nickel-base, helium corrosion and
heat resistant super alloy, under HTTR/SR typical operating conditions. In particular, the metal
dusting and oxidation as well as the strength reduction resulting from H, embrittlement will be
examined. Respective metallographic as well as strength and creep test methods for
temperatures up to 900 °C are presently under development. The corrosion resistance of
Hastelloy-XR in high temperature helium was found to be much better than that of Hastelloy-X.

4.5.3. SAFETY CONCEPT OF HTTR/SR AGAINST FIRE AND EXPLOSION

The proposed basic safety design concept is to provide some safety barriers between the HTTR
and the steam reforming system so as to prevent the anticipated operational occurrences for
anticipated design basis events related to the steam reforming system. Design basis events
related to the HTTR reactor system have already been considered. It is therefore important to
discuss additional anticipated design basis events that could originate due to the connection of
the steam reforming system with the HTTR. Additional safety design requirements and
corresponding countermeasures for the hydrogen production system are given in Table 4-6 for
the different operational conditions of the HTTR.

The hydrogen production plant is designed according to the same level of safety as requested in
the domestic regulations for conventional chemical plants without any additional safety
features. It obeys the defense-in-depth principle with its graduated steps of prevention of
occurrence, prevention of propagation, and mitigation of consequences (see also Fig. 4-19):

- Prevent leakage and ignition;
- Prevent inflow into nuclear building;
- Detect leakage and disconnect natural gas feed line;

- Define safe distance.
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Table 4-6: Safety design requirements for the HTTR hydrogen production system

Operational Event Safety requirement Countermeasure
condition
Normal Tritium transport Reduction of trittum Restriction of permeation

operation from core to radiation level in through tube walls
product gas Hy product gas Removal of tritium in the

coolant by purification system

Anticipated | Thermal turbulence |Prevention of thermal | Mitigation of vibration of

operational turbulence to propagate |secondary helium temperature

occurrence to primary He loop by steam generator installed
downstream

Accident Fire/explosion from |Prevention of leakage | Upgrade design category of

leakage of

flammable gases

inside and in the vicinity
of reactor building

helium piping and reforming
tubes

Double-walled tubes
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Fig. 4-19 Measures in HTTR/SR system against fire and explosion




Adequate measures for occurrence of an event or its propagation are provided: pressure
resistance design, combustible gas leak detection system, fire extinguishing system, emergency
shutoff system. Appears to represent no hazard to the nuclear system in cases of small or
medium incidents. In terms of mitigation, safety distance and alternatively an explosion- /
fire-proof wall to allow shorter distances are considered (Fig. 4-20).

Explosions inside the nuclear containment resulting from the ingress and ignition of
combustible gases may have a severe impact on safety-related systems of the reactor. To
minimize explosion hazard inside, helium piping and chemical reactor should be designed
according to the highest level of reliability and designed against extreme design earthquake.
Furthermore, a combination of the CV isolation valve installed in the helium piping and the
emergency shutoff valve in the process feed line is planned.
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Fig. 4-20: HTTR safety design concept against fire and explosion

Concerning the concrete of the building, it is expected to exhibit no significant change of its
mechanical properties over 24 hours at 175 °C, design to not exceed a wall-averaged limit of
175 °C from radiation heat, in order to maintain the structural strength of the concrete.

Overpressure of the incidental blast wave is limited to 10 kPa (USA: 7 kPa, Germany: 30 kPa)
to ensure no failure of the reinforced concrete and the steel frame components.

102



4.6. Safety Distance for the HTTR/SR System

4.6.1. FORMATION OF AMETHANE VAPOR CLOUD

Assuming a cylindrically shaped tank with a 10 m diameter basis, the full LNG load will have a
height of approximately 5 m. Furthermore assuming that the liquid cannot spill outside the tank,
a “spill” scenario would be represented by an open tank, i.e., pool size be equivalent to the tank
basis of 78.5 m”.

Because of the almost atmospheric pressure of the LNG tank, there will be in case of a tank
failure, no or hardly any explosion-like spreading of the tank contents. The LNG will mainly
vaporize according to the heat supply from the ambient. The amount of flash-vaporizing liquid
can be estimated according to the relation

M = (Cp * (Tl - Ts)) / hv * Mliquid

where c,: specific heat between T; and T
h,: vaporization heat
Ti: initial temperature before accident, equilibrium temperature at
bursting pressure
Ts: Boiling temperature at atmospheric pressure

According to the IAEA recommended cryogenic pool vaporization rates, 10 % of the liquid
flash-vaporizes, while for the remainder, the rates are set at 10 mm during the first minute and
0.5 mm/min afterwards [IAEA 1981]. This approach translates into a flash release of 40 m’,
followed by a continuous release of 0.8 m® of LNG to vaporize during the first minute or 5.5
kg/s of methane and half of this rate afterwards. The full LNG tank would be completely
vaporized after about 900 min or 15 hours. This is an extremely long time in terms of a
dispersion process in the open atmosphere, meaning that it appears impossible to have all
methane available involved in a vapor cloud explosion.

4.6.2. SAFETY DISTANCE ACCORDING TO THE GERMAN BMI GUIDELINE

The guideline on the “Protection of Nuclear Power Stations from Shock Waves Arising from
Chemical Explosions”, drafted by the German Federal Ministry of the Interior (BMI) in 1976
[BMI 1976] has defined for nuclear power plants a k-factor of 8 in the safety distance relation
(see chapter 4.3.2.), with the mass L released to be unsaturated hydrocarbons or compressed gas
assuming a premixed stoichiometric mixture of hemispherical shape and central ignition. If the
flammable mass is a pressurized liquid, k is reduced to 6.3 (or 50 % of the mass). For cryogenic
liquids or hydrocarbons under standard conditions, k is 3.7 m/kg"” (or 10 % of the mass).

Applying the k-factor 3.7 to the 400 m®> LNG tank of the HTTR/SR according to the German
BMI guideline, the result is a required safety distance of 205 m (see dashed line in Fig. 4-21).
Such a safety distance would actually be fulfilled, if the planned distance between reactor
building and the LNG tank of at least 300 m be realized.

What is not considered here is the flammable content of the steam reformer which is sited in the
immediate vicinity of the reactor building and, thus, not in compliance with the BMI guideline,
which requires a minimum safety distance of 100 m. This distance would be needed for an
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explosive mass (TNT) of 1953 kg or, related to a liquefied gas, of 19,530 kg of LNG which
corresponds to 46 m® of LNG. The guideline is valid for NPP of present design; it is explicitly
mentioned that “no statement can be given at present concerning its application to future
nuclear process heat plants”. It is supposed to be a concomitant effort with the development of
nuclear process heat plants to solve the problem of external vapor cloud explosions.
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Fig. 4-21: Safety distance as a function of the quantity of released liquefied gas according to the
BMI guideline and the US regulatory guide 1.91

4.6.3. SAFETY DISTANCE ACCORDING TO THE US REGULATORY GUIDE 1.91

In the USA, it is judged according to the US-AEC Regulatory Guide 1.91 that structures,
systems, and components important to safety and designed for high wind loads are also capable
of withstanding pressure peaks of at least 7 kPa resulting from explosions. No additional
measures need to be taken, if the equation

R =18*W"

is met, where R is the safety distance [m] from an exploding charge and W is the mass of TNT
(equivalent) [kg] of the exploding material (see solid line in Fig. 4-21).

For the LNG storage tank of the HTTR/SR system, the 400 m® of LNG correspond to a mass of
169 tons of LNG, and this to a TNT equivalent of 1859 tons which then translate into a safety
distance of as long as 2.2 km.

This approach appears to be unrealistic for the HTTR/SR system considering the fact that much
larger stationary LNG tanks up to 200,000 m® (= R ~ 18 km) have been established worldwide.
Aspects not taken into account here are the different explosive characters of a liquefied gas and
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a TNT explosive, the possibility of additional options offered by the 1.91 guideline, and finally
the extreme unlikeliness of the total tank content to “explode” rather than assuming less
conservative “design spills”.

4.6.4. APPLICATION OF THE TNO MULTI-ENERGY METHOD

Concerning the hazard of a methane vapor cloud explosion in the open atmosphere, JAERI has
conducted an assessment of a safety distance between the potential release point in the methane
gas supply area and the nuclear reactor building. The calculations were based upon the
procedures as recommended in the TNO Yellow Book [TNO 1980]. An atmospheric dispersion
model with the Pasquill equation was taken to estimate the distance, until the methane has
diluted below the LFL. The so-called Multi-Energy method was used to estimate the distance
required to decay the blast wave pressure down to a level that the reactor building is designed to
withstand (Fig. 4-22).
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Fig. 4-22: JAERI estimation methods of safety distance against explosion

For the dispersion calculations, pertinent parameters to influence the concentration distribution
are the release mode (continuous/instantaneous), the atmospheric stability class, and wind
velocity.

The vapor cloud contains an equivalent volume amount of explosive vapor over the low
explosion level in the spread fuel-air charge. It is assumed that the equivalent vapor cloud of
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fuel-air charge is a stoichiometric composition and heat of combustion is 3.5%10° J/m’. The
distance needed to meet the allowable overpressure is obtained by reading from the blast charts
(see Fig. 3-9 in chapter 3.1).

The preliminary estimation of safe distance is carried out against vapor cloud explosion in the
HTTR steam reforming system. With respect to release conditions, a continuous release and an
instantaneous release are both considered within this estimation. A wind velocity of 1m/s and a
stability condition of “most stable” are assumed as conservative estimations. If the amount of
leakage can be restricted to below 100 kg, the required safe distance is only 200 m.

4.6.5. APPLICATION OF THE P2A COPUTER CODE SYSTEM

The computer code system P2A has been developed at JAERI to analyze fire and explosion
accidents for the HTTR/SR system [Inaba 2002]. It consists of the commercially available
programs PHOENICS for leakage, pool fire, and atmospheric dispersion simulation,
AutoReaGas for deflagration and blast wave effects, and AUTODYN for detonation and impact
on structures. The three single codes are coupled by interface programs. Calculations have been
made considering a leakage of LNG from the storage tank or a pipeline with subsequent
large-scale pool fire changing the local atmospheric wind flow pattern, or the formation of a
methane vapor cloud, its ignition and explosion with a pressure wave hitting the HTTR
building.

Assuming a leak position at 200 m distance from the reactor building and a leakage rate of 34
kg/s over 44 s (corresponding to a total volume released of about 3.5 m® of LNG) did not show
a spreading of the vapor cloud towards the reactor building at significant concentrations. The
cloud volume within the flammability limits was estimated to be around 2300 m? after 69 s. The
ignition of the cloud near the leak position resulted in a maximum overpressure of 0.3 kPa,
which decayed to a level as low as 0.01 kPa in front of the reactor building [Inaba 2002].
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5. EXPERIENCE WITH COMBUSTION AND EXPLOSION OF
FLAMMABLE GAS CLOUDS

5.1. Accidental Occurrences

Numerous accidents have occurred in the past with the combustion or explosion of a flammable
vapor cloud, the majority in the chemical process industries. According to UNEP statistics,
about 180 severe industrial accidents occurred worldwide between 1970 and 1990. These
accidents were mainly caused by fires, explosions, or collision during transport, and killed
about 8000 people, injured more than 20,000, and led to evacuations involving hundreds of
thousands of people.

Among the largest losses in the hydrocarbon process industries, vapor cloud explosions
represent a significant portion and accounting for an even higher share in terms of the financial
loss they have caused. Fig. 5-1 summarizes the type of accident for the 100 largest losses in the
hydrocarbon process industries between 1957 and 1986.

[ Vapourcloud explosions
Fires

42% Explosions
B Wind

1%

22%

Fig. 5-1: Type of loss for the 100 largest losses in the hydrocarbon industry between 1957 and
1986

In the following, various accidental occurrences are listed to give an idea about the variety of
causes and consequences that one can encounter at the presence of flammable gas mixtures.
They all have more or less contributed to a subsequent modification, improvement, extension of
the existing set of codes and standards, which provides the basis for a safe handling of
flammable hazardous substances. A more extended list is given in [Gugan 1978].

1937 The spectacular disaster at Lakehurst with the ‘Hindenburg’, the largest airship ever
built has set a sudden end to this type of transportation system. The airship (Zeppelin)
filled with 200,000 Nm® of hydrogen caught fire during the docking procedure. The
cause for this fire accident, however, was not the hydrogen itself, it was the outside
protective paint, which was later found to be a highly flammable substance and in the
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case of the Hindenburg, caught fire during a thunderstorm.

An LNG liquefaction, storage and regasification plant at Cleveland was involved in a
severe accident, when a new larger storage tank of 4500 m’ capacity failed shortly
after the installation. Approx. 2000 m® of LNG were spilled. The LNG penetrated a
sewer system, where it eventually ignited. This accident claiming the life of 213
people, stopped virtually all LNG activities for a long time.

In a test for a rocket nozzle, the Los Alamos National Laboratory at Jackass Flat has
conducted an intentional venting of 1000 kg of hydrogen within 30 s, when
unintentionally a spontaneous ignition occurred. The burning gas cloud of approx. 9
m diameter and 45 m height contained about 9 kg of H,. The flame speed reached
about 35 m/s, the overpressure an estimated 3.5 kPa at buildings in a distance of about
60 m.

At the Escambia Chemical Corporation in Florida, USA, the failure of a valve has led
to the discharge of hydrogen and carbon monoxide through a 25 mm diameter
opening at a pressure of 35 MPa. The estimated quantity released of 70 - 140 kg
ignited after 10 - 20 s causing damage within a distance of 240 m.

In Raunheim, Germany, LNG was accidentally released from a vent at high level
forming a low lying dispersion which ignited, after about 500 kg had been released.
Blast damage was considered not particularly severe. Extensive glass breakage
occurred up to a distance of 400 m.

The explosion at Feyzin, France, was one of several accidents where a BLEVE has
occurred. A spherical propane tank with a 1200 m? capacity leaked; the leakage
ignited and engulfed the tank in a fire, which exploded after 1.5 h. No blast effects
were reported.

In the Port Hudson accident in the USA, the release and explosion of 15,000 m® or 29
t of propane occurred after rupture of an underground pipeline. The vapor cloud
collected in an approx. 500 m long and 3 - 6 m high plume and then, about 13 min
after the rupture, hit a “strong” ignition source. The damage indicated that the
unconfined vapor cloud explosion had developed to a detonation.

In Blair, Nebraska, USA, an ammonium aerosol vapor cloud was accidentally
released by overfilling a storage tank, developing a fog of 3 - 10 m thickness and
almost 3 km length, which contained 160 t of NHj3. Due to inversion weather

conditions, the cloud had a life time as long as half a day.
Gas explosion at a subway construction site in Osaka, Japan

An LNG “rollover” incident occurred in the harbor of La Spezia, Italy, 18 hours after
refilling a storage tank, following the sudden mixing of two LNG layers of different
densities. The different densities resulted from the fact that the LNG ship was
unloaded not until one month after arrival with the LNG having had much time for
“ageing”.

In the East St. Louis accident in the USA, a rail tank car filled with propylene was
accidentally punctured while moving, spilling the liquid over a distance of 500 m,
before the car finally stopped. The vapor cloud eventually encountered an ignition
source after 8 - 10 min some distance away from the car causing a severe explosion.

A construction accident occurred at Staten Island in an LNG peak-shaving plant,
when the roof of a storage tank collapsed. During liner repair works, the liner and then
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the thick, so-called self-extinguishing polyurethane foam insulation inside the tank
were accidentally ignited. Increase in temperature and pressure was so fast that the
concrete dome of the tank was lifted and then collapsed down. The ignition was made
possible by the use of non-explosion-proof equipment. The term “self-extinguishing”
never meant “non-combustible”, however, it was misleading and later deleted from
the fire engineering vocabulary.

A flash fire with natural gas liquids occurred at Austin with the vapor cloud traveling
approx. 800 m before it ignited after about 15 min.

In the accident at Flixborough, a quantity of approximately 36 t of cyclohexane at a
pressure of 0.85 MPa and a temperature of 155 °C was released after the failure of a
poorly installed, temporary connecting pipe. The fuel flash-vaporized and developed
a vapor cloud throughout the plant area. A “weak” ignition occurred presumably at a
furnace, before flame acceleration took place producing a blast wave with an
estimated overpressure of 0.1 MPa at the center. The accident demonstrated the
potential of devastation of an unconfined vapor cloud explosion in an industrial
environment with impact to the public in the surrounding area. It had prompted
systematic investigation to understand cause and development of the phenomena
responsible for such a destruction as well as a significant revision and improvement
of the actual legislation.

One of the largest hydrocarbon spills accidentally took place in Griffith, Indiana,
where a pipe connected to a 36,000 m® underground storage tank of liquid butane
opened and released in a vertically upwards directed jet over seven hours before the
gas cloud exploded. The flame traveled back to the source and torched without
producing a damaging blast wave.

The explosion accident in Beek, The Netherlands, occurred in a naphtha cracker
plant, where ca. 5.5 tons of propylene were released, when a level controller failed.
After a delayed ignition of the vapor cloud at a furnace 46 m away, the initially
laminar flame was accelerated, presumably due to a high level of turbulence created
near the exit of a lane-type structure. The TNT equivalent was estimated to be 2.2 t
developing an overpressure of approx. 0.1 MPa. Six of the 14 people killed were
working in the control room building.

In Taragona, Spain, a tank truck carrying liquid gas (propylene) overturned and
exploded on a campground claiming the life of 215 people.

The Cove Point LNG terminal in Maryland, USA, experienced an unexpected
explosion. LNG was leaking through an inadequately tightened LNG pump electrical
penetration seal, vaporized, passed through a 60 m underground electrical conduit,
and entered an electrical substation where it finally ignited. Codes and standards,
which all were met at the time of the accident, were changed afterwards with
particular consideration of equipment and systems downstream of pump seals.

In Bontang, Indonesia, an LNG explosion occurred, when a heat exchanger failed due
to overpressurization. It was caused by an inadvertently closed valve on a blowdown
line, to which all relief systems were connected.

A severe explosion accident occurred in the tank depot of a chemical plant in San Juan
Ixhuatepec near Mexico City, where an LPG leakage caught fire and BLEVE’ed the
tank. Four storage tanks with each containing 1500 m® of LPG and several smaller
tanks caused massive fireballs. The cost in terms of human loss was tragically high
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due to the fact that residential areas approached to a distance as short as 130 m.

1988 On the offshore rig Piper Alpha, 167 people were killed, when the platform was
engulfed in a series of fires and explosions. The accident was initiated by a leakage of
light oil forming a gas cloud which ignited when the personnel restarted a pump. A
pressure relief valve had been removed before from the relief line and replaced by a
blank flange, which was not leak-tight. The personnel was not informed about the

changes.

1989 In the Ural mountains, LPG was leaking from a pipeline along the Trans-Siberian
railway. The vapor cloud exploded, when two passenger trains were passing the
location.

1992 When a new LNG bus was prepared for its operation, a mechanic was repairing a

natural gas fuel system leak. Although forbidden, the bus was in a normal bus repair
bay and not outdoors. When a gas detector inside the bus sounded an alarm, the
mechanic bypassed the alarm to start the bus to move it outside. When the bus was
started, a flammable methane-air mixture that had accumulated in the interior of the
bus, ignited. The resulting explosion blew out all windows and roof hatches.

1976 Finally, another accident should be mentioned here, although it does not quite fit the
above list of accidents. A dense vapor cloud of dioxin (“TCDD”) evolved from a
chemical plant in Seveso, Italy. This poisonous and carcinogenic substance, lethal to
humans in microgram doses, was released in the order of kilograms contaminating
about 30 km” of land and vegetation and exposing some 37,000 people to a high toxic
level. Poor emergency planning exacerbated poor prevention planning. The accident
had prompted European legislation activities resulting in the so-called Seveso.

The analysis of explosions and respective damage observed indicates that in most cases, there
was too less damage for a stable detonation and too large damage for an undisturbed
deflagration.

5.2. Experimental Investigations of the Release and Combustion Behavior of
Flammable Gases

5.2.1. EXPERIMENTS WITH THE FORMATION, VAPORIZATION, AND COMBUSTION
OF LNG POOLS

Fig. 5-2 shows the burning rate of liquid methane compared with liquid hydrogen as were
measured in tests with a 6-inch (152 mm) dewar. The regression rate of the methane level
corresponds to 2.3 mm/min [Zabetakis 1960].

In an experimental program within the US Bureau of Mines, two series of LNG spills on water
have been conducted in 1970. The first consisted of small-scale tests to measure vaporization
rates by spilling a weighed amount of LNG into a water-filled aquarium. In the second series,
liquid quantities up to 0.5 m® were spilled on an artificial pond. The initial vaporization rate was
found to be 0.18 kg s m™. The maximum diameter of the LNG pool formed on the water
surface was found to be given by 4.80«M'"* with M as the weight of LNG in kg. The
stratification effect of the cold dense gas was observed to be similar to the effect of a
temperature inversion. For small releases, the gravitational effects were insignificant. Peak
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concentrations of methane in the ambient air were measured to be as much as twenty-fold
higher than average values [Burgess 1970].
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Fig. 5-2: Measured burning rates of liquid hydrogen and liquid methane in a
6-inch (15.2 cm) dewar

At Matagorda Bay, 17 tests have been conducted in 1971, organized by Esso and the American
Petroleum Institute [Feldbauer 1972]. LNG was spilled on water in quantities between 0.8 and
10.2 m’ at a rate of about 0.3 m’/s. The goal was to derive parameters required to predict
downwind concentrations with a continuous Gauss point source dispersion model. At low wind
speeds, the gravitation effect resulted in very broad, horizontally extended vapor clouds with
small vertical extension.

In 1972, Gaz de France has conducted an experimental study to investigate LNP vaporization
rates on various solid grounds and the atmospheric dispersion of LNG vapor clouds evolving
after spillage into square dike areas of 9 and 200 m? surface. Spill volumes in the 40 tests were
up to 3 m® of LNG. The vaporization rate was observed to be 0.5 mm/min at the beginning and
decreasing afterwards. Concerning the developing LNG vapor cloud, the flammable zone was
always found to be inside the visible cloud. The maximum volume of the flammable region was
found to be reached early after the release because of the high vaporization rate at the beginning,
which rapidly decreased afterwards. Gaz de France has also carried out tests on different
devices to extinguish large LNG fires such as emulsifiers, foam, powders, and also on different
soil design for the impoundment area using armored soil technique or light colloid concrete as
dike lining with minimum boiloff rates [Humbert-Basset 1972].

111



Within the experimental LNG Safety Program of the American Gas Association (AGA), Phase
IT in 1973, a total of 42 LNG spill experiments were conducted to investigate the consequences
of LNG spills on land and to develop respective simulation models. Quantities between 0.4 and
51 m® were spilled within 20 - 30 s into a circular dike of 1.8, 6.1, and 24.4 m diameter,
respectively. Observed vaporization rates remained for about 60 - 90 s near the initial high
value of about 25 mm/min, before it diminished. The 14 tests with pool fire have been used to
measure mass burning rates in order to derive an empirical model equation for the respective
regression rate. The LNG was spilled into the different dikes to an initial depth of 1 - 1.5 m and
the fires lasted roughly 10 minutes. The AGA LNG program was completed by experiments on
fire control and vapor suppression to evaluate the effectiveness of different vapor suppression
or fire extinguishing devices [Battelle 1973].

LNG burning rate measurements by the Tokyo Gas Company resulted in values of 6.6 - 7.6
mm/min, the portion of evaporation due to flame radiation was 0.36 mm/min. The Osaka Gas
Company conducted similar experiments in a steel container and yielding unusually high values
of 19 mm/min [Battelle 1973].

The “Dow Fire and Explosion Index”, which is a recognized procedure for identifying the
hazards in a chemical plant due to the presence of flammable materials, quotes for the LNG
burning rate a range of 7.5 - 10 mm/min.

Within the US Coast Guard Vapor Cloud Explosion Study in 1978 [Lind 1979, Parnarouskis
19801, 5 m’ LNG spill trials on water have been conducted at China Lake. The tests included,
apart from four pure dispersion tests, a pool fire, two delayed pool fire and three vapor fire tests.
In the immediate-ignition pool fire test, 5.4 m’> of LNG were spilled within 81 s under calm
wind conditions. The flame observed was 8 m in diameter and 60 m high. In the
delayed-ignition pool fire tests, a ring of flames around the pool was observed, whereas over the
pool, the vapor mixture was too rich to burn until towards the spill end the vapor production rate
decreased such that the flame could spread over the whole pool. The pool fire height was
greater than for burning pools on land. In the vapor fire tests, no fireball-type burning was
observed. The flame spreading was shown to increase with wind speed. Delayed fires were
spreading back to the source, but halted at the pool edge. The emissive powers measured
scattered considerably with an average of about 210 - 220 kW/m? for both pool and cloud fire.

In the Burro Series of the US-DOE at China Lake in 1980, eight LNG spill tests on water have
been conducted to study the atmospheric dispersion of LNG vapor clouds. Spill rates were
between 11.3 and 18.4 m’/min and total volumes from 24 to 39 m’ and were therefore
considered continuous spills. Under various atmospheric conditions, gas concentrations were
measured at different locations. At very low wind speeds, a displacement of the atmospheric
flow by the cold gas was observed. Due to unexpected RPT in two tests, which were large
enough to damage the facility, a separate subseries of experiments was to examine particularly
these phenomena [Koopman 1982, Ermak 1983]. In his corresponding study on gas dispersion
model calculations, Ermak assumed a liquid regression rate of 0.42 mm/s for the unrestricted
spreading of the LNG pool over water, however, connected with a fairly high uncertainty
[Ermak 1982].

The 34 spill experiments with both instantaneous and continuous release of LPG and LNG
conducted by Shell Research in Maplin Sands in 1980 [Blackmore 1982] included the
investigation of LNG pool fires following the spillage. The LNG cloud fire was observed in a
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continuous spill test to back-travel to the spill point. Flame length to pool diameter ratio was up
to 2.7 for LNG. The LNG pool fire was observed to be clean and brightly emissive with a large
flame height of tilted cylindrical shape.

The British Gas company has conducted a series of tests to examine LNG vaporization and
spreading rates on different types of grounds. The liquid was continuously discharged onto a 45
degree sector over a certain period of time, and its spreading was monitored. In agreement with
other authors, a limiting value for the LNG vaporization rate of approximately 0.5 kg/(m® s)
was found. This holds for impervious grounds. For grounds which allow percolation, peak
boiloff rates were higher due to the increased surface area. For dry solid grounds, the boiloff
rate is a function of t''%, however, variation is given depending on the parameters of density,
water content, and ground porosity [Moorhouse 1986].

In the Falcon field trial series in 1987 at Frenchman Flat, five dispersion experiments with
vaporized LNG in an obstructed environment (fences) have been conducted. Total volumes of
21 - 66 m® were spilled onto a 40 x 60 m” lake at rates between 0.15 and 0.5 m?/s [Chan 1992].

5.2.2. EXPERIMENTS WITH THE COMBUSTION AND EXPLOSION OF FLAMMABLE
VAPOR CLOUDS

5.5.2.1. Gas Clouds in Unconfined or Congested Areas

In a detonation test series in 1972 to study blast effects, methane-oxygen mixtures have been
applied as detonable gas. Spherical balloons with 33.5 m diameter and hemispherical balloons
of 38.1 m diameter were used, where the latter successfully detonated corresponding to a TNT
equivalent of about 20 t [Baker 1983].

Tests conducted by the US Coast Guard within the frame of their “Vapor Cloud Explosion
Study” of 1973 [Parnarouskis 1980] included 15 field tests with hemispherically shaped
premixed fuel-air vapor clouds of 5 and 10 m radius. Neither fuel has shown any potential of a
DDT upon spark ignition. Methane of 10 % concentration was involved in three tests. A flame
speed of < 10 m/s was observed which did not allow to detect a pressure wave. Efforts were also
not successful to initiate a detonation in a methane-air cloud by using 1.35 and 2.05 kg of
explosive. Detonation was achieved only when a stoichiometric methane-propane mixture with
a minimum of 15 % of propane in the fuel and 1 kg of explosive was employed. In a later phase
of the program, it was also tried with larger amounts of explosive to get a methane-air cloud
detonation. But quantities as much as 22 kg, the “detonation” limit as predicted in [Bull 1976]
(see next paragraph), and even 37 kg did not result in a detonation. Both flame speed and
pressure decreased after ignition.

Bull et al. [Bull 1976] have tried to measure the critical conditions to establishing a
self-sustaining spherical detonation in stoichiometric mixtures of methane, oxygen, and
nitrogen. Combustion tests with explosives ranging between 2.5 and 520 g of tetryl were
conducted in a cubical bomb chamber of 3.7 m side length, where the fuel mixture was initially
kept in a balloon. The measured detonation velocities were in reasonable agreement with the
calculated Chapman-Jouguet values over a wide range of N, fractions (Fig. 5-3). Extrapolating
the resulting curve towards an N, fraction that is equivalent to a stoichiometric methane-air
mixture leads to a maximum explosive charge of 22 kg, which was beyond the safe limit of the
apparatus in order to be verified.
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Fig. 5-3: Detonation experiments with methane-oxygen-nitrogen mixtures
(circles = detonation, crosses = no detonation; vertical solid line on the right represents
composition of air)

Within the frame of the “German Reactor Safety Program”, research has been focusing on
pressure-time and impulse history of chemical explosions. Pfortner has conducted combustion
tests with ethylene-air mixtures in balloons of 1.5 and 15 m’, respectively, as well as tubes with
0.8 m diameter and 25 m length. By using 200 J igniters, even under boundary conditions more
severe compared to a real, unconfined gas cloud, no detonation was observed. Flame speeds
measured were up to 30 m/s in turbulent areas with overpressures not exceeding 10 kPa
[Pfortner 1977].

As part of the experimental program of the PNP Safety Program, Schneider and P{fGrtner from
the Institute for Chemical Technology of the Fraunhofer Gesellschaft [Schneider 1978] have
conducted in 1978 explosion experiments with unconfined, premixed stoichiometric H-air
mixtures in hemispherical balloons of 3 m (five tests) and 6 m (three tests) diameter,
respectively, which were spark-ignited at the center. Maximum overpressures resulting from
flame acceleration were observed to range between 1.3 and 2.3 kPa for the small balloons and
2.9 - 4.5 kPa for the large balloons, decreasing outside the cloud with a 1/r dependence. Flame
velocities ranged between 49 and 58 m/s at the cloud edge showing a certain dependence on
cloud size and state of turbulence in the cloud. In additional tests with balloon diameters of 10
m (two tests) and 20 m (one test), respectively, measured overpressures went up to 6.3 kPa
corresponding to a flame speed in the hydrogen-air mixture of 84 m/s [Pfortner 1985].
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Shell Research has conducted in 1980 in Maplin Sands experiments with a spill of LNG and
LPG in quantities up to 20 m® on water to investigate the dispersion and combustion behavior of
the evolving vapor clouds [Blackmore 1982, Hirst 1982]. The tests were not performed in an
industrial environment, but rather simulating maritime transportation accidents. Of the 21 tests,
11 were with combustion. Out of these 11, seven were with natural gas, from which two failed
due to flame extinction soon after ignition. From the five tests left over, three were conducted
with continuous release (20 - 40 kg/s) and two with instantaneous release (3500 - 5000 kg). The
fuel-air concentrations across the cloud were obviously far from homogeneous. The vapor
clouds burnt in a steady, non-explosive manner with a bright yellow flame in the fuel-rich
portions. Maximum flame speeds of 28 m/s for propane and 10 m/s for natural gas have been
observed, however, no sustained flame acceleration was achieved. Flame-generated
overpressures were detected, but always on a very low level; the maximum value in any of the
tests was approx. 100 Pa in consistence with a slow flame speed expected for a flat cloud. Flame
extensions reached 130 m for both fuels; natural gas flames appeared more segmented than the
propane flames. In one continuous case at a lower wind speed, the flame was even held
stationary until the spill rate was reduced. Flame height during rich cloud fires was low
compared to its width; ratios were between 0.15 and 0.4. Thermal emissive powers were
ranging from 137 - 225 kW/m®, suggesting that a value of 200 kW/m® may be representative for
a large LNG pool fire on water.

The Coyote series at China Lake in 1981 was primarily focusing on the examination of the
processes during rapid phase transitions under water. Both early and delayed RPT were
observed in six of 18 tests. The RPT seem to be enhanced the higher the water temperature and
the deeper the penetration into the water. Influence is also given by the LNG composition and
presumably other still unknown mechanisms. With respect to the vapor burn experiments
within the Coyote series, four tests with release rates of 100 - 120 kg/s and up to 12,000 kg of
LNG mass released and one test with liquid methane released at 100 kg/s over 110 s were done.
Flame speeds in the range of 7 - 13 m/s have been measured with a maximum at 30 m/s. The
maximum overpressure was 250 Pa [Ermak 1983].

Key experiments on field scale with quiescent fuel mixtures in congested areas were conducted
by Harrison and Eyre [Harrison 1987] using pipe grids as obstacle arrays with low-energy
igniters. Flame speeds and overpressures under all conditions examined were greater for
propane than for natural gas. The pipe grids caused progressive flame acceleration; the closer
the intergrid spacing, the more rapid was the acceleration. Flame speeds, e.g., of more than 100
m/s could be achieved with natural gas at a blockage ratio of 40 %. Ignition with a flame jet
produce even larger flame speeds with an overpressure of more than 70 kPa in one test.

In the Netherlands, large-scale tests with unconfined propane gas clouds have been conducted
by TNO [Zeuuwen 1983] with and without congestion by repeated obstacles and also using
vertical confinement. The vapor clouds consisting of up to 1000 kg of propane in the flammable
range evolved from a vaporizing pool, dispersed freely, thus having a cigar or pancake shape
before weakly ignited. For the arrangement with no obstacles, the observed flame speeds were
normally in the range of 3 - 10 m/s, the maximum value measured was an unusual high of 32
m/s, presumably due to enhanced initial turbulence. In the arrangement with vertical obstacles
and a partially confined top, flame acceleration was observed in the covered parts and a
deceleration in the open parts. Maximum flame speeds measured were 50 - 66 m/s. The
comparison with small-scale experiments showed that scaling is possible as long as flame
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speeds are relatively low.

Maurer and Giesbrecht used liquid propylene in differently sized tanks (diameter of 40 - 700
mm) to investigate the instantaneous release after the catastrophic failure of a pressure vessel
[Giesbrecht 1980, Giesbrecht 1981]. The propylene was stored under pressures of 4 - 7 MPa at
temperatures of 50 - 80 °C. The vessels were made to fail by an explosive. The mechanical
energy released during the flash vaporization was found to be not more than 0.1 % of the
reaction enthalpy of the propylene. Spreading velocity of the gas cloud was initially 300 m/s
and decayed rapidly as well as the respective pressures. A maximum fraction of the mixed
vapor cloud was for a short time within the flammability limits. Maximum flame speed
observed during the deflagration was 48 m/s and pressure of 7 kPa. There was no sign for a
detonative reaction.

The Pfortner/Schneider [Pfortner 1988] experimental series of 17 tests with methane-air,
methane-ethane-air, methane-oxygen enriched-air, propane-air mixtures in 1988 was
investigating the effect of an unconfined flat cloud geometry of rectangular (40 m long, 40/20 m
wide, 8 m high) or cylindrical (40 m diameter, 8 m high) shape. Initial turbulence was created
by obstacles and fans. Weak point ignition resulted in hemispherical flame propagation which
ended at the cloud boundary, where also the maximum overpressures were measured. The test
with 100 equally distributed ignition points showed lowest overpressures, since combustion
products could spread in all directions. Flame speeds were 6 - 8 m/s in the undisturbed case
(100 - 200 Pa overpressure), increasing considerably (86 m/s, 10 kPa) in a CH4-O,-N; cloud
atmosphere enriched to 30 % of O,. Obstacle configurations increased flame speeds by a factor
of 2 - 3. Fig. 5-4 shows a diagram of peak overpressures versus flame speed; curves must not be
extrapolated beyond the measured range.

More tests were conducted by Pfortner in an arrangement with two parallel walls forming a 10
x 3 x 3 m’ lane and with rich H,-air mixtures as fuel. After generating fan-induced turbulence,
flame acceleration to a detonation was observed. Fig. 5-5 shows clearly the transition to
detonation after the flame front passed the fan [Diepold 1970, Berman 1986].

Explosive-initiated detonations have been observed in ethylene, propylene and propane
mixtures with air by using 8 g, 30 g, and 80 g, respectively of high explosives. It was, however,
not possible by using 2.5 kg explosive for a premixed methane-air mixture to initiate a
detonation. There were only combustion-supported blast waves recognized which, after a
certain distance, slowed down to a deflagration [Pfortner 1979, Pfortner 1985].

The first experiments to demonstrate the yield of a detonation by a turbulent jet of combustion
products were conducted by Knystautas. The initial flame jet diameter was 40 mm, leading into
an acetylene-oxygen mixture in a 2 m diameter detonation chamber [Moen 1993].
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A similar series of jet ignition tests was conducted at the Defense Research Establishment
Fuel-Air Explosive Facility, Canada, in a larger rig consisting of a 7.8 m long and 0.9 diameter
tube with an 8 m long and 2.4 m diameter plastic bag attached. Test data with acetylene fuel
indicated that a minimum jet speed of about 600 m/s for a detonation initiation in the most
sensitive mixtures for a d./d ratio of 0.1, where d is the tube diameter and d. the critical tube
diameter (i.e., the minimum dimension of an unconfined detonable cloud, = 0.15 m for
acetylene). Transferred to other fuels, it would mean a requirement of a2 m, 3 m, 9 m, and 40 m
diameter jet stream for hydrogen, ethylene, propane, and methane mixtures, respectively. These
figures would be reduced by a factor of 5, if the jet velocity were increased from 600 to 700 m/s
[Moen 1993].

There are three tests that reported the occurrence of DDT in not-confined fuel-air mixtures:

- DDT in a large-scale, partially confined (rectangular channel of 3 m height and 10 m
length, closed at one end) hydrogen-air mixture was observed by Pfortner. A turbulent
mixing region was created by a fan, sufficient to accelerate the arriving flame to
detonation speed [Pfortner 1985].

- Geiger from the Battelle Institute Frankfurt used a rectangular box (0.5 x 0.5 x 1 m’)
connected through a small orifice to a larger volume of the same fuel mixture. The
turbulent jet discharged from the box initiated a very fast deflagration eventually
ending up in a detonation wave.

- In a similar (unintended) experiment by Moen with a C;H,-air mixture, a detonation
was onset by a hot gas jet leading into a larger volume (2 m diameter, 3 m long). The
detonation, however, did again not occur immediately, but only after being reflected
from the plastic bag wall, which generated a recirculation zone.

It is even more difficult in a real, non-premixed mixture cloud to produce a detonation. Pfortner
has used 300 g of an explosive and was not successful in obtaining a detonation in a
non-premixed propylene mixture, which was achieved with only 20 g in a respective premixed
cloud [Pfortner 1979]. The author concludes an estimated 17 % portion of a real gas cloud that
reacted as if it were a premixed stoichiometric mixture.

The turbulence level is also depending on the strength of the ignition source. For a
stoichiometric methane-air mixture, Pfortner has measured in a 15 m’ balloon a flame speed of
11 m/s using a 100 J ignition source. US tests in a 262 m’ balloon with a 10 J source yielded a
flame speed of only 7 m/s [Pfortner 1979].

Large number of lab-scale experiments with ignition by frictional heating or frictional sparks
showing that hot surface temperatures of at least 1000 °C are required to ignite a methane-air
mixture [Laurendeau 1982].

Experiments using a small detonation tube, were conducted by Wagner in Gottingen, Germany.
Flame speeds in stoichiometric methane-air mixtures in repeated obstacle environment were
beyond 400 m/s with overpressures of about 65 kPa.
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5.2.2.2. Gas Clouds in Confined Areas

Numerous partially confined vapor cloud explosion experiments have been carried out to
quantify parameters such as obstacle parameters, degree of confinement, reactivity of fuels,
ignition point, and many others.

Within the US Coast Guard Vapor Cloud Explosion Study [Parnarouskis 1980], detonation tube
tests in a 0.6 m diameter steel pipe have been conducted with methane, propane, and ethylene
oxide using explosives of 90 g (methane, propane) and 5 g, respectively. Except for methane, all
tests resulted in detonation with pressures and velocities in agreement with the predictions.
Maximum flame speed in methane was 1050 m/s at stoichiometric mixture and a pressure of 0.8
MPa. Spark-ignited (10 J) combustion yielded lower figures.

The TNO experimental series known under the name “Discoe” used a small-scale configuration
of typically 4 m x 4 m with 0.1 m diameter obstacles and ethylene as fuel. The experimental
program of the so-called “Spadeadam” trials employed a larger-scale configuration to study the
effect of scaling using a test rig of 25.4 m x 12.7 m with a height of 1.0 m and obstacles of the
same height and 0.5 m diameter. Fuels used in the seven tests were methane, propane, and
ethylene. Tendencies observed at the small scale were also observed on the larger scale. Flame
speeds and overpressures were generally found to be larger than at small scale. Flame speeds
increase with larger blockage ratios. Also overpressures doubled when increasing the BR from
20 to 30 %. Venting opportunities decreased the flame speed significantly. Comparing flame
speeds of different fuels, methane was found to be somewhat slower than propane [Mercx
1992].

In 1992/93, a series of 30 medium-scale fire tests has been conducted to investigate the BLEVE
phenomena by using 0.4 m® cylindrical propane fuel tanks. The tests showed that the tank
failure started with the development of a crack, when the thermal load had locally reduced the
material strength by more than 80 %. From that moment, vapor was vented from the container.
Subsequent events were either a crack growth termination with only jet release or a crack
growth continuation to BLEVE with a crack-propagation velocity up to 200 m/s [Birk 1994].

In the FLAME apparatus at Sandia National Laboratories with dimensions of 30.5 m length, 1.8
m width, and 2.4 m height, flame acceleration and DDT were investigated in Hj-air mixtures.
For absence of obstacles and 13 % top venting, DDT was observed. Increasing the top venting
to 50 %, however, did no longer result in DDT. It confirmed also other observations that flame
speeds are significantly reduced, if top venting is active [Moen 1993].

An open-sided, 3 x 3 x 18 m’ long test section with repeated obstacles was used by Harris and
Wickens [Harris 1989]. Maximum flame speeds obtained of 50 m/s in natural gas-air mixtures
and 3 kPa pressure. Extending the channel length to 45 m, the corresponding figures were 80
m/s flame speed and 10 kPa overpressure, still less dramatic compared to H, or acetylene.
Transition to detonation was not observed even with flame speeds of 1000 m/s in the confined
region [Moen 1993].

Experiments described in [Urtiew 1983] were conducted in a channel (0.3 m high, 0.15 m wide,
0.9 m long), open on top and at the far end, using premixed propane-air mixtures as fuel. With
no obstacles present, flame speeds of 2.3 - 3.2 m/s have been observed. Under conditions with
obstacles, flame speeds of 4 - 15 m/s were measured. A major influence was found to be given
by the position of the ignition source; an ignition at the bottom resulted in a higher initial
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acceleration. Most tests did not show a continuous flame acceleration. Those tests with
acceleration reaching speeds of 15 m/s had gaps under the obstacles, which allowed the flames
to penetrate the neighbor cell, thus increasing the flame surface area.

In Pfortner experiments with hydrogen-air mixtures under partially confined conditions, i.e., in
a 3 m high and 10 m long channel, flame speeds of 49 - 54 m/s have been measured at quiescent
conditions. If fan-induced turbulence was present, flame velocities increased up to 222 m/s
measured at the channel end. The flame, however, was still accelerating, so that a transition to
detonation is likely to occur under these conditions [Pfortner 1985].

A key experiment was made by Harrison/Eyre, in which the explosion in a vented chamber
resulted in the initiation of an external explosion. The pressure generated was temporarily
higher than the internal pressure which could thus be increased by more than a factor of two.

Hjertager tests [Hjertager 1984] were done in a tube with 2.5 m diameter and 10 m long with
internal obstruction and using methane and propane as fuel. He also investigated realistic
structures in 1:33 and 1:5 scale models of offshore installations.

Combustion tubes of 12 m length and with diameters of 50, 150, and 300 mm, respectively,
have been used by Lee et al. [Lee 1983] to investigate turbulent flame acceleration in various
premixed fuel-air mixtures. Employing a spiral obstacle with 0.44 blockage ratio in the 50 mm
tube, detonation velocities were reached for hydrogen and propane, whereas the flame speed in
methane was in general less than 400 m/s, showing, however, a large fluctuation up to 800 m/s
at stoichiometric mixture. Tests in the 15 cm tube with a BR 0of 0.39 revealed a maximum speed
of 750 m/s in methane and of 850 m/s in propane, in both cases no detonation.

The Russian facility RUT with a length of 69.5 m and a total volume of 480 m” is presently the
world’s largest facility, in which H»-air detonation processes have been investigated. One of the
key results was the observation of a 12.5 % lower detonability limit for hydrogen showing that
the detonation range expands with increasing size of the facility [Breitung 1995].

The Research Center Karlsruhe has been conducting numerous experiments in a 12 m
detonation tube to investigate the combustion behavior of H,-air mixtures [Bielert 1999]. In the
most recent tests, the influence of carbon monoxide on the combustion process was examined
[Breitung 2000]. The results were described in more detail in chapter 4.4.2.

5.2.2.3. Flammable Gas Mixtures in Nuclear Containments

In the Three Mile Island accident in 1979, the partial core melting process and reflooding of the
core have resulted in the liberation of approximately 400 kg of hydrogen creating a flammable
gas cloud, which eventually ignited after about 10 h. The deflagration in the containment took
place at an estimated 8 vol% of H, concentration accompanied by a peak overpressure of 190
kPa, still below the design limit of 414 kPa.

This accident has initiated numerous experimental activities with respect to flammable gas
mixtures for the simulation of deflagration/detonation processes in a nuclear containment.
Experiments have been conducted, e.g., in Germany and the USA with a focus laid upon
Hy-air-steam mixtures typical for LWR accident scenarios. They provided a better
understanding of the H, distribution processes in confined structures and helping improve
simulation tools, which appear to be applicable also to other gases or gas mixtures.
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Several computer codes exist for modeling fire growth and spreading, toxic emissions and
dispersion and fire/water spray interaction. They require further efforts in refined modeling of
certain phenomena such as heat release or flame spreading in cables and equipment. Also fire
data bases need to be improved. An IAEA fire safety project assembles fire experience and
produces guidelines for fire hazard analysis and inspection of fire protection and fire fighting

techniques; there is also an OECD-NEA group for fire PSA [OECD-NEA 2001].

Ongoing efforts are the research on new mitigation measures and accident management
procedures to remove hydrogen from the containment, and on the improvement and validation
of 3D analytical tools to simulate H, mixing and combustion phenomena including
condensation processes effects of igniters and recombiners.

For the new generation of nuclear reactors, the hydrogen issue will be incorporated already
during the design stage. Passive safety systems will be considered for containment cooling.
Further experimental efforts, however, are hindered by the fact that the large-scale facilities
HDR containment and the Battelle model containment have been taken out of service in the
meantime. Therefore discussion has started on the establishment of a large European facility for
containment-related studies.

5.3. Research Studies on Explosion Hazards for Nuclear Reactors

A variety of external impacts on a nuclear reactor containment have to be considered with
respect to their potential damage of reactor components. Among them are fires and chemical
explosions of hydrocarbons.

5.3.1. LOAD IMPACT FROM EXTERNAL DEFLAGRATION ON NPP

In an assessment for the German NPP Brunsbiittel, where at that time a chemical factory in the
vicinity was under construction, the deflagration of a 50 m diameter flammable vapor cloud at
the containment was assumed. The incident overpressure wave was estimated to be 30 kPa and
the reflected overpressure wave 45 kPa, i.e., a reflection coefficient of 1.5.

Resulting from that discussion, the German RSK has specified the following load assumptions
to be applied as minimum requirements to future NPP structural designs for pressure waves
from the deflagration of saturated hydrocarbons [Jungclaus 1975]:

(1) pressure in incident wave 130 kPa
(2) reflected pressure 145 kPa
(3) time for pressure rise to peak pressure 0.1s
(4) duration of pulse-effective triangle 0.2s
(5) allround quasi-static load for > 1 s 130 kPa

(6) pressure wave may come from any direction

The above requirements correspond to the (later) formulated BMI of 1976.
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5.3.2. GERMAN RISK STUDY, PHASE A

On behalf of the German Federal Government, a risk study was conducted for a German PWR.
The study was not part of a licensing procedure. Phase A (1976-79) basically applied the
methodology as was used in the American WASH-1400 study. Phase A results were published
in 1979. The methodology in terms of basic assumptions and methods was similar to
WASH-1400, but a broader spectrum of events was considered. WASH-1400 does not include a
more detailed quantitative event sequence analysis resulting from chemical explosion. In Phase
B (1985-89), advanced methodologies were applied.

The risk study applies to the reference plant Biblis-B, a 3750 MW(th) PWR which started
commercial operation in 1976. Results are not necessarily transferable to other plants and sites.
A particular aspect, which led to an extension of the safety philosophy was the event sequence
typical for impact from outside, namely possible “common cause” failures due to the effect on
the total plant which carries a higher risk, if the plant is not designed against it. The question
was whether and to what extent impacts from outside, such as earth quakes, airplane crash,
shock waves, and others may contribute to the overall risk [GRS 1980]. The particular event of
pressure waves following a vapor cloud explosion is described in the following in more detail:

The Biblis B reactor (as of the time of the study) is situated in a rural area with another nuclear
reactor (Block A) in the immediate vicinity and a few chemical process industry facilities
within a 10 km radius with shortest distance of 4 km to the nuclear site. Roads with potential
tank truck transportation are in a distance of more than 2 km; the nearest railway is about 3.5
km away. As a waterway, the river Rhine is directly at the site boundary. The river
transportation of hazardous goods, in particular liquefied gas, was thus considered the dominant
risk of an explosion hazard to the Biblis NPP. From the information available, it was tried to
derive the event frequency by assessing the single probabilities as given in Table 5-1.

Table 5-1: Single probabilities as assumed in the risk study for the Biblis B nuclear reactor

Probability of Assumed frequency [yr]
Severe accident of LFL tank ship 2%107 - 3.2%10™
Formation of flammable gas-air mixture 0.32
Drift of the cloud to the NPP 7.8%107
Ignition of the cloud at the NPP 0.03-0.3
Deflagration of the cloud 1
Total 1.5%107 - 2.4%107

The single probability of “1” for a deflagration as mentioned in the table means that a
detonation is considered extremely unlikely. The total frequency should be considered as
ballpark value only, since all single frequencies have a more or less large uncertainty range. The
design assumption for the event frequency was fixed at the range 1¥107 - 5%107. A subsequent
core melting was considered very unlikely, such that a contribution to the overall risk was
deemed insignificant. The same holds for explosions with pressure waves against which the
NPP is not designed due to the extremely low frequency of such events.
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Load assumption is the design basis pressure wave as prescribed in the RSK Guidelines. Safety
distances were estimated according to the relation also given in the Guidelines are based on a
mass of 50 % (pressurized liquefied gas) of the total mass of a single ship tank. The result is a
safety distance of at least 338 m, which is realized for all relevant buildings except for one
which, however, is basically an underground construction and thus not jeopardized.

Protection measures taken are, e.g., the realization of all entrances as air-locks to prevent the
penetration of hazardous gases from outside, of blast-protected venting openings which can
close automatically, and of gas warning systems. It is not a protection goal to continue reactor
operation after the event, it is sufficient to protect the plant such that on the long term, no
radioactivity be released that would lead to inadmittable doses. A consequence from external
events to be assumed is a blackout of the NPP and the demand for emergency electricity supply
systems. How to achieve the protection goals on which the safety philosophy is based for an
accident due to impact from outside:

- Proper design of the systems necessary to control accidents: Safety systems must be
designed such that they work properly also in the case of the accident in combination
with a single fault in the safety system.

- Ensure emergency electricity supply: For almost all impacts from outside, it is
assumed that the plant will be disconnected from the electricity grid with the
consequence of a loss of all cooling systems.

- Keep integrity of primary system: The plant design has to be such that a loss of
coolant accident can be excluded.

- Provide necessary degree of automation to control impacts from outside: If
operability of the control room is not ensured, the plant must be transferred in a secure
state automatically by means of an emergency control system and remain there for at
least 10 hours.

- Ensure adequate component design: All components whose functioning cannot be
guaranteed, are assumed to fail during the accident.

Considerations of the various impacts from outside leads to specific requirements to the
constructive design and system technology. In particular, a comprehensive constructive
protection of the reactor building and corresponding layout of the cooling system. The
protection of other safety-relevant systems can be realized by respective sizing or segregation.
However, rather than establishing a full protection of all buildings to be protected, the trend is
towards an independent additional emergency system that is able to take over the safe shutdown
of the reactor and the decay heat removal [GRS 1980].

5.3.3. GERMAN REACTOR SAFETY PROGRAM

The program “Research on the Safety of Light-Water Reactors” funded by the German Federal
Government was conducted between 1979 and 1983 investigating the areas

- Conceivable mechanisms and configurations necessary for the evolution of
detonation-like explosions;

- Relationship between the characteristic features of incoming blast waves and the

123



response of building structures;
- Strength of blast waves assuming the detonation of a realistic gas cloud.

The overall goal was the development of the methodology for a safety evaluation of accidents
with gases transported in the vicinity of nuclear power plants. Results of this research program
can be summarized as follows:

(1) The release of liquefied gases results in the formation of a flat gas cloud. A reliable
prediction of cloud size, gas concentrations, and the flammable portion is not possible.
There are indications that the BMI guideline provides conservative results.

(2) Only a strong ignition source has a significant influence on the flame spreading. The
state of turbulence prior to and during the explosion is a decisive parameter for flame
speed and overpressure. No fast deflagration with overpressures > 10 kPa are
expected after explosions in open terrain; an exception may be the catastrophic
failure of the pressure vessel. Partial confinement or obstruction is necessary to cause
overpressures > 10 kPa with significant impact on building structures.

(3) Prerequisite for a DDT is the generation of very high flame speeds. A characteristic
parameter is the detonation cell size with a higher reactivity of the fuel the smaller the
cell size is. The direct initiation of a detonation is only feasible with strong igniters.

(4) The blast wave of a deflagration may exhibit a steep pressure rise, multiple peaks or a
below-atmospheric pressure phase creating a complex load function enhanced by
reflection or convergence of the wave.

(5) A stronger impact on the containment and components is expected for load functions
characterized by multiple peaks or detonation or below-atmospheric pressure. The
absolute impact, however, is in the range of elasticity and thus is in accordance with
the design.

5.3.4. PNP GAS CLOUD PROGRAM

The main goals of the PNP gas cloud explosion program [Schildknecht 1987] were the
improved understanding of the complex process of chemical explosions and its effect on the
environment and, in particular, to demonstrate that a power station for nuclear coal gasification
or process steam production is safely designed against explosions from outside, if the BMI
guideline is applied.

A major section within the PNP safety program was dealing with the potential explosion of
flammable gas clouds in the gas generation factory of the nuclear process heat plant and its
consequences. The aim of this task was to acquire the necessary knowledge in terms of safety
for the construction of process heat plants, and in particular to examine the course of a
deflagration of a gas cloud, its pressure-time behavior, and to find an answer on the question,
whether detonation of a free gas cloud is possible or not. The respective research works
conducted within the so-called “PNP Gas Cloud Program” were dealing with

(1) Investigation of single mechanisms leading to a deflagration pressure buildup such as
gas cloud formation, laminar and turbulent combustion, deflagration overpressures,
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large-scale combustion, obstruction and vortex combustion, pressure wave reflecting
and focusing effects;

(2) Analysis of damage of a deflagration pressure wave, conclusion from external load to
internal load and compare with material characteristics, derivation of damage criteria;

(3) Analysis of severe accidents in terms of correlation between pressure-time history
and damage by review and re-analysis of selected severe accidents based on the
results gained under (2);

(4) Derivation of safety concept and damage limits from all results, pressure wave to
form the basis for the design of safety-related components, guideline which ensures
protection against pressure waves from chemical explosion.

The scenario of a process gas ingress into the nuclear containment has been studied in the past
as part of the PNP safety program. The formation of flammable gas mixtures in the containment
was investigated with focus on spreading and mixing processes, flammability limits of relevant
mixtures, combustion processes, and pressure buildup. The aim was the experimental
determination of flammability limits and laminar flame front velocities of multi-components
gas mixtures with air as a function of pressure, temperature, ignition energy, mixture
composition, and mixture concentration.

Experimental studies within the PNP gas cloud program were conducted and evaluated by the
Fraunhofer Institute (Pfortner and co-workers). Flammable mixtures of hydrogen, methane,
propane, or ethylene with air have been used to examine their explosion behavior with different
concentrations, in different geometries (sphere, hemisphere, tube), in confined or unconfined
arrangements. Various of those tests are described in more detail in chapter 5.2. Major findings
can be summarized as follows [PNP 1981]:

(1) In a deflagration, the measured burning velocities were less than 10 m/s. If the
combustion products, whose volume has become larger by a factor of 7 - 8, cannot
escape to the sides, the flame front velocity will increase to about 70 m/s. The
resulting overpressure will be then 0.74 kPa for a spherical flame front or 2.6 kPa for
a linear flame front.

(2) The probability for a severe impact on the reactor will be comparably low, because
the process gases are mainly light and hot, which due to buoyancy hardly can
accumulate to explosible gas clouds. The hot temperatures will lead to autoignition,
before a large-scale gas cloud can develop. In addition, in many parts of the gas
factory, the ignition of process gases is rendered more difficult or even inhibited due
to the presence of inert gas components (H,O, CO5).

(3) The experimental program could confirm the experts’ opinion that gas mixtures
typical for the gas factory cannot, independent of the distance, generate pressures
beyond the design curve given in the BMI guideline.
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5.4. Safety Studies for Similar Facilities

5.4.1. PROTOTYPE NUCLEAR PROCESS HEAT (PNP) PROJECT

The development of a system for nuclear coal gasification within the project “Prototype
Nuclear Process Heat Plant” was conducted by five companies: Bergbauforschung GmbH,
Hochtemperatur-Reaktorbau GmbH, Kernforschungsanlage Jilich GmbH, Rheinische
Braunkohlenwerke AG, and acting as head the Gesellschaft fiir Hochtemperaturreaktor-Technik
mbH. The project was sponsored by the German Federal Government and the State’s
Government of Northrhine Westphalia.

The concept of the PNP plant was reviewed by an advising committee in 1979/80 [RSK 1980],
which identified several areas to be of relevance to safety:

- Integrated construction of primary circuit;

- Control of process gas and flammable gases inside and outside the reactor building;
- Tritium activity in process gas;

- Decay heat removal concept;

- Material research program;

- Status of component development and fabrication;

- Operational concept of the system;

- Radiation exposition of the personnel;

- Siting.

The integrated concept has the advantages that no primary circuit ducts would lead outside the
prestressed concrete vessel, and that in case of a heat exchanger failure, process gas would
penetrate into the primary circuit rather than liberated into the reactor containment.

5.4.1.1. Operation

Operation of the total system consisting of five major units requires a complex operation and
control concept. The duration time to start the total system takes approx. 145 h, the shut-down
procedure time is about 15 h. The concept is such that load changes in the gas factories do not
have an influence on the nuclear primary circuit. Protective systems must work properly and
effectively in the case of malfunctions. Thermal problems may arise, if only one of the two coal
gasification units is being operated due to an unsymmetrical load in the core, or in case of an
emergency reactor shut-down.

The process gas composition in a hydro gasification of lignite depends on the plant component.
Some examples are given in the following Table 5-2 [Uni.Erlangen 1981].

The composition at the heat exchanger has a stoichiometric concentration of 20.9 % of process
gas in air.
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Table 5-2: Process gas composition in different components of the PNP plant for the gasification
of lignite [Uni.Erlangen 1981]

Component Concentration Temp.
CHy4 H; CO | CO; H,O N,
Splitting furnace, entrance 20 - - - 80 - 90-120
Splitting furnace, exit 5.1 38.0 4.7 6.0 46.3 - 75-112
Gas generator 28.2 56.3 3.9 - 10.5 - 40
Heat exchanger 22.9 68.1 4.0 - - 5.0 23
Gas decomposition 6.7 61.2 2.6 19.3 - 10.2 23
Conversion 5.1 38.0 4.7 6.0 46.3 - 75-112

5.4.1.2. Flammable Gas Explosion Hazards inside the Reactor Building

There are several possibilities for a transition of flammable gases into the containment, where
local explosions may occur [PNP 1981]:

(1) Penetration of flammable gases from outside through the venting system into the
containment;

(2) Depressurization and water ingress in the primary system;

(3) Depressurization and air ingress in the primary system;

(4) Rupture of process gas line in the reactor building;

(5) Rupture of intermediate loop line plus leak in the gas generating system,;
(6) Depressurization and process gas ingress in the primary system.

Case 1 must be controlled in any type of NPP, but it is of utmost importance in a nuclear process
plant, since process gases are permanently present in the vicinity. The cases 2 and 3 are
scenarios typical for HTGR. The cases 4, 5, and 6 are scenarios typical for a process heat plant.
The cases 2 and 6 are similar in their accident sequence and the consequences.

The rupture of a process gas line (case 4) would result in the release of the gases into the reactor
building. Therefore all process gas lines are enclosed in a second pipe, which is designed to
sustain the pressure load in case of a rupture of the primary line. The space between the two
tubes is inerted by helium and supervised by gas detection systems. Applying the
leak-before-rupture criterion should exclude a complete failure of a process gas line and rather
allow countermeasures, after a leakage has been detected. The same protection measures hold
for the splitting tube reactor, which is equipped with a second pressure-resistant top.

The rupture of a line in the intermediate circuit combined with a failure of the gas generation
system (case 5) results in the release of secondary helium and process gas into the reactor
building. The tube dimensions in the intermediate circuit are much larger and are insulated at
the inside, which precludes repeated inspection. The safety concept here is such that a
removable, not pressure-resistant (for inspection) outer tube is applied together with a design of
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the inner tube according to the leak-before-rupture criterion to detect leakages and initiate
counteractions (e.g., disconnection) right in time. This scenario is considered the most critical,
since the gas volume within the flammability range is largest and ignition must be assumed at
high containment pressure level, thus resulting in a higher explosion pressure.

In case of a depressurization and a failure of the splitting tube furnace (case 6), locally
flammable mixtures of process gases and helium cannot be excluded. Measures to minimize the
risk are a design of the furnace to withstand the accident pressure in the reactor building after
depressurization, which makes the assumed event combination very unlikely, and the limitation
of the introduction of process gases due to line disconnection and depressurization on the
secondary side.

Also in the case of a depressurization and the presence of an oxidizing atmosphere (water/air,
cases 2 and 3), chemical reactions with the graphitic core structures (reflectors, fuel elements)
may result in gas mixtures, which are locally flammable. Flow conditions and gas exchange
processes between reactor pressure vessel and the containment building as well as the
flammability ranges of the conceivable gas mixtures and their way of combustion are not
completely clear yet and are subjected to further research.

It should be noted that the application of the “leakage-before-rupture” criterion, which was
suggested as a solution of the safety problems in the above cases 4 and 5, is questionable under
the conditions given. This criterion must not be applied in accident scenarios, which may result
in unacceptable impacts on the environment. Alternative safety concepts would be, e.g.,
(partial) inerting of the reactor containment or an additional intermediate circuit.

The control of an accident scenario with the release of process gas into the neighborhood is not
everywhere in compliance with the BMI guideline of 1976. However, it is only a limited
number of components containing flammable gases, which do not meet the safety distance
guideline.

If the reactor building is sufficiently designed to withstand the pressure waves resulting from an
explosion outside, the impact on components inside the building due to induced shaking is
expected to be covered by the respective design against air crash and earth quake [PNP 1981].

5.4.1.3. Tritium Transport

Before the product gas can be delivered to the consumer, the tritium contents in the gas must be
measured. The upper limit allowed is 0.37 Bq/g (10 pCi/g) (today: 0.5 Bg/g) for any fabricated
products, as defined in the (former version of the) German Preventive Radiation Protection
Ordinance, which can only be met under conditions of significant improvements. The above
given limit for the products corresponds to about 266 Bq/m® of SNG.

Measures to comply with the stringent limits imposed by German law include the employment
of an intermediate circuit (considered for the hydro gasification process) and further efforts to
reduce the tritium permeation into the product gas. Self-grown oxide layers on the heat
transferring tube wall surfaces are able to reduce significantly tritium permeation rates. On the
basis of PNP specific experiments, an average reduction factor of 100 was assumed with respect
to the permeation rate through austenitic steel plus oxide layer.

Inhibiting or reducing effects on the permeation are also given with the addition of other
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substances. A high doping of the intermediate circuit with hydrogen can reduce the permeation
rate by a factor of 5. A drawback is the enhanced potential for graphite corrosion due to the H;
permeating into the primary helium. If a maximum allowable level of 30 vpm of H; in the
primary helium is assumed, the reduction factor is estimated to be 2 - 3. A doping with oxygen
will enable a faster growth of the oxide layer. A doping with water vapor takes advantage of the
tritium binding in water molecules (“HTO”), which can be broken up by oxidation processes
only.

Taking account of above given effects, for the PNP-500 plant design considered, the estimated
trittum activity in the product gas, SNG, is approximately 3.7 Bq/g (100 pCi/g) corresponding
to a potential radiation impact on the consumer of about 0.0025 mSv/yr (0.25 mrem/yr). In
more detail, it is in the range of 2.2 - 8.1 Bg/g (60 - 220 pCi/g), representing the upper limits
assessed for steam-coal gasification (with IHX) and the hydro-gasification of coal (no IHX),
respectively.

5.4.2. MCNAB CREEK LNG FACILITY

As an example for an hazard analysis of an LNG storage facility, some information is presented
in the following taken from a project report prepared for the Westcoast Gas Services Inc.
(WGSI) to operate the McNab Creek LNG Facility [CDS 1998].

5.4.2.1. Project

WGSI applied for the construction and operation of an LNG facility at McNab Creek, British
Columbia, Canada to be used as a peak-shaving plant. It means that during low-demand months,
natural gas is drawn from the pipeline, then liquefied, stored, and eventually re-gasified in the
winter months, when the demand is high. The LNG facility is designed to have a liquefaction
capacity of 450,000 m’ of gas per day and a re-gasification capacity of 8,500,000 m’ of gas per
day to return into the grid.

The double-walled, single integrity, above-ground LNG storage tank is designed to contain a
total of 145,000 m’ of LNG at a pressure of 11 kPa (above atmospheric pressure) and a
temperature of 113 °C. The tank dimensions are 74 - 82 m in diameter and 47 - 52 m in height.
A compacted-earth dike serving as secondary containment impounding area is able to take up
110 % of the entire tank volume in case of an accidental spillage. In case of a major fire event, a
water reservoir to hold > 5000 m® of water will be used.

The McNab Creek LNG facility has been designed based on proven technology in order to meet
the required specifications in the respective codes including the Canadian code CSA Z-276-94,
which is very much the same as the USA code NFPA-59A (1996).

5.4.2.2. Safety Concept

For the McNab Creek LNG storage tank, the potential hazard of “rollover” is taken into
consideration. The LNG input which will be always of a high level of uniform homogeneous
liquid, will be injected into the tank at either bottom or top to promote natural mixing. At longer
storage periods, in-tank pumps can be activated to prevent stratification. Furthermore boiloff
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compressors are available to maintain the tank pressure level. The tank is also fitted with three
overpressure relief valves with either one being able to handle the full natural gas amount
resulting from a fire-induced heat leakage into the tank. Finally there is a vent valve, which is
controlled by the operator.

With respect to fire suppression, a protection system will be installed, which consists of a fire
water storage reservoir, electric and diesel pumps, underground pipework, everything kept
under pressure at all times. Firewater coverage is such that each process area is reached by at
least two water sources with a supply duration of minimum five hours.

As a mitigation measure, an emergency response plan was established for the McNab Creek
facility to effectively react on any kind in incident concerning operation and
personnel/equipment. Three levels of alert have been defined with “3” marking the most
serious ones. In case of a emergency, two groups become active:

1. Field Emergency Response Team: It is directed by an Incident Commander, who also
declares the level of alert and who is responsible for the overall management of the
response to the incident. An On-Site Supervisor takes care of control, containment,
cleanup, and worker safety procedures at the site. If necessary, a Public Protection
Supervisor is nominated to manage off-site activities like sheltering, evacuation,
environment monitoring, or assistance to the public.

2. Crisis Management Team: It provides authoritative support mainly at alert levels “2”
or “3” incidents dealing with legal issues, insurance issues, alternative gas supply or
media relations support.

5.4.2.3. Design Spill Fire

The LNG released in a design spill will be collected in a 8.5 x 8.5 m” sub-dike, located at the
lowest point of the main dike impounding area. The distance to the closest trees is 189 m and to
the shell of the storage tank 181 m. The estimated time to burn the design spill is 1.6 hours. For
this time, a radiant heat flux of 15 kW/m? is considered a representative threshold for piloted
ignition of trees.

The reverse case, i.e., a forest fire impacting the LNG tank, was also calculated. Here the
LNGFIRE model was taken to simulate burning trees as an LNG fire and deriving the heat flux
at the tank. This case was also found to not present any hazard to the tank.

For the proposed McNab Creel LNG facility, worst-case accident scenarios have been
identified and analyzed in terms of vapor dispersion, fire radiation, BLEVE, and/or vapor
explosion hazards. The scenarios considered were:

(A) Failure of gas inlet line: Release of gas at 11.1 MPa and 297 K through 0.254 m
diameter pipe for 10 min;

(B) Failure of LNG transfer line: Release of liquid at 7.5 MPa and 114 K through 0.076 m
diameter pipe for 10 min;

(C) Failure of LNG storage tank: Release of entire tank contents at 0.1124 MPa and 112
K within 10 s into secondary containment impounding system;

(D) Failure of LNG send-out line: Release of slightly superheated LNG at 5.4 MPa and
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116 K through 0.203 m diameter pipe for 10 min;

(E) Failure of gas send-out line: Release of gas at 15.3 MPa and 289 K through 0.254 m
diameter pipe for 10 min;

(F) Failure of refrigeration separator outlet line: Release of superheated refrigerant liquid
at 2.28 MPa and 304 K through 0.154 m diameter pipe for 10 min;

(G) Failure of refrigeration separator inlet line: Release of refrigerant vapor at 2.3 MPa
and 304 K through 0.305 m diameter pipe for 10 min;

(H) Failure of refrigeration suction drum outlet line: Release of refrigerant vapor at 0.248
MPa and 295 K through 0.575 m diameter pipe for 10 min;

(I) BLEVE of refrigeration suction drum: Instantaneous release of the full 4500 kg of
LNG content;

(J) Failure of odorant drum: Release of 200 1 of mixed odorant within 5 s onto
unconfined flat surface.

Basic assumptions in the calculations for the atmospheric boundary conditions are an ambient
temperature of 289 K, a relative humidity of 30 %, a Pasquill atmospheric stability class of F
(“moderately stable”), and a wind speed of 2 m/s. The dispersion calculations were performed
with the DEGADIS code, a heavy gas dispersion model developed at the University of
Arkansas [Havens 1985] and generally acknowledged in the USA to be used for siting LNG
facilities. Radiation calculations were conducted with the LNGFIRE model, also a generally
acknowledged tool for LNG hazard assessment. The calculation results are summarized in
Table 5-3.

5.4.2.4. Hypothetical Accident of Catastrophic Storage Tank Failure

From all release scenarios considered, the almost instantaneous failure of the LNG storage tank
would have the greatest impact. The evolving vapor cloud would cover an area up to 2.5 km
downwind distance from the spill point and a width of 1.6 km, until it has diluted to half of the
LFL. Neutral buoyancy would be reached after approx. 800 m. However, no LNG regulatory
code requires the consideration of this kind of total tank failure; it rather defines design spills.
The only event conceivable to cause a tank rupture, could be an earthquake. According to the
(USA) code, the tank structure must be designed to allow a safe shutdown after a
“10,000-yr-occurrence” earthquake.

The risks of asphyxiation or freeze burn injuries are given only in the immediate neighborhood
of the spill point. A risk to the public would be given by the ignition of the flammable cloud. A
flame in the leading edge of the cloud could burn back to the source and start a long-lasting pool
fire. Trees within the zone (i.e., < 366 m distance) exceeding a heat flux of 21.1 kW/m? could
ignite during a prolonged radiation exposure.
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Table 5-3: Results of risk analysis calculations for the McNab Creek LNG facility

Case Distance from center of impoundment [m]
1/2 LFL " 21.1 [kW/m?*] ? 6.85 kPa®

A 257 194
B 185 24
C 2540 366
D 492 78
E 123 109
F 218 55 257
G 258 62 328
H 261 33 298
I 599
J 632

1) 2.5 vol% of methane in air;

2) 21.1 kW/m®: level below which radiation heating is very unlikely to ignite wood;

3) 6.85 kPa: level beyond which severe damage to residences is expected;
4) Distance to the absorbed radiation level that could cause 1 % mortality level;
5) Distance to the “Immediate dangerous to life and health” concentration level.

5.4.3. LH, FUEL CELL POWER PLANT FOR DISTRICT HEATING

A safety audit has been conducted by the German Federal Institute for Materials Research and
Testing, BAM, for an LH; storage and vaporization facility, to be installed within a residential
[BAM 1994].

area of the German city of Hamburg

Fig. 5-6: Fuel cell power plant in a residential area in Hamburg, Germany




5.4.3.1. Project

A pilot project of demonstrating the operation of a fuel cell power plant for the cogeneration of
heat and electricity in a residential area has been realized in Hamburg, Germany (see Fig. 5-6).
The power plant consists of two Phosphoric Acid Fuel Cell (PAFC) units based on the ONSI PC
25C type generating 220 kW(th) and 200 kW(e), respectively. The first PAFC unit fueled with
natural gas is being operated since 1995 to meet district heat demand. The second PAFC unit,
which is fueled with hydrogen, was set into operation in 1997 being the first-in-the-world
H,-based energy system in a municipal housing area. The efficiency of the H, unit is 40 % at an
operation temperature of 180 °C. The hydrogen is stored as LH, in a cryogen storage tank
located adjacent to the power unit. The demonstration project for the Hj-fueled unit was
terminated in May 2000 after a comparably reliable operation and will be transferred for further
operation to an industrial company, which produces hydrogen as a by-product.

Due to the pilot character of this project, a licensing procedure according to the German Federal
Immission Control Act, BImSchG including the participation of the public, was conducted. In
this context, the BAM was requested to provide a safety audit for the operation of the LH;
storage vessel and the vaporization facility.

5.4.3.2. Tank Design and Operation

Legislation

With a storage capacity of more than 3 t, but less than 50 t of hydrogen, the simplified licensing
procedure according to the Federal Immission Control Act (BImSchG) without a safety
analysis is required. Also the Pressure Vessel Ordinance (DruckbehV) plus the respective
technical rules for pressure vessels (TRB), for pressurized gases (TRG), and for piping (TRR)
as well as the corresponding instruction sheets (AD-Merkblitter) apply. The presence of a
flammable gas requires the consideration of the Explosion Protection Ordinance
(Explosionsschutzverordnung) and the Hazardous Materials Ordinance
(Gefahrenstoffverordnung) and related rules. Finally the Working Place Ordinance
(Arbeitsstittenverordnung) also containing safety-related rules, and the Accident Protection
Prescriptions (Unfallverhiitungsvorschriften) of the Professional Associations apply, since the
tank system is part of a commercial facility.

Tank Construction

The LH, storage vessel is a cylindrical, standing tank with a net capacity of 60 m’. Because of
the large temperature difference between the cryogenic liquid at 20 K and the ambient
temperature, the pressure vessel is placed into an outer container with a highly effective thermal
insulation in between to minimize the heat transport from the outside.

The tank is designed to sustain a maximum pressure of 1.2 MPa; the operating pressure is
ranging between 0.6 and 1.05 MPa with a nominal value of 0.75 MPa. The typical boiloff rate
ofa 75 m’ tank is 0.7 %/day, which translates into 22 kg/day or 0.35 m’® of LH, per day or 300 N
m’ of gaseous H, per day. Both storage tank and vaporizer are designed to withstand a (wind)
pressure of 5 kPa corresponding to a wind speed of 150 km/h.
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The operation of a 200 kW PAFC plant with hydrogen requires approximately 6 kg/h, thus
consuming the tank contents within about 700 days or one month. The refueling is done from a
tank truck. Fig. 5-6 shows a diagram of the arrangement of the tank facility and its connections
to the refueling truck (left-hand side) and to the fuel cell unit (right-hand side). Pneumatic
valves are being operated by pressurized helium or air. In case of a loss of external electricity
supply, the system is switched to a pressure bottles backup system. The main refueling valve is
controlled from the tank truck. The truck driver stops the refueling process, when a filling level
of 95 % is reached. The hydrogen is withdrawn from the liquid phase inside the tank and routed
to the vaporizer.

Safety Measures

Since the facility is mainly automatically operated, measures have to be taken to provide
automatic alarm in case of emergencies.
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Fig. 5-7: Schematic of the LH) storage tank system

The storage tank is protected against overpressure by a consecutive series of relief
arrangements (see Fig. 5-7). If the pressure exceeds 0.8 MPa, hydrogen from the vapor phase
will be discharged to the vaporizer. At a pressure of 1.0 MPa, the H, will be vented via PC3 to
the stack a2. Upon further increase of the pressure to 1.2 MPa, the safety valves SVI and SV2
will open and release gaseous H, through stack al. At still increasing pressure, rupture disks
BD1 and BD2 will be activated at 1.69 MPa. Safety valves and rupture disks, however, are
expected to be required only in case of a severe accident with a failure of the outer container.
For an intact tank in a closed state, it needs in the order of several days until the pressure has
reached a level where the first safety measure would be initiated.

In order to avoid a too low pressure in the storage tank, it is equipped with an own vaporizer
connected via PC1 to the vapor phase inside the tank.
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Measures in connection with the refueling procedure are such that the process is automatically
interrupted, if

- the tank driver continues to fill the tank beyond 95 %;
- the grounding of the tank truck in insufficient;

- the storage tank pressure is too high;

- the storage tank pressure is too low;

- the helium pressure for valve control is too low.

According to the Technical Rule TRB, the double-walled storage tank is treated the same as an
earth-covered tank with respect to the safety distance. The minimum distance from the outer
tank to adjacent buildings or facilities is 5 m. The IGC recommendations, which are partly
stricter than the TRB rules, mention safety distances of 10 m to roads and technical
(non-residential) buildings and 20 m to residential buildings. The TRB rule for “normal”
pressure vessels with flammable gases (which does not apply here) requires a minimum
distance of 40 m. But even this criterion would be met, since the minimum distance to the next
residence is 41 m.

The protection area, i.¢e., the zone in which the formation of flammable gas clouds is possible, is
5 m horizontally and 2 m in height. For the storage tank here with a height of 14 m and venting
lines ending 4 m above the vessel, the protection area thus reaches a total height of 20 m.

5.4.3.3. Potential Consequences of Accidents

Storage tank and piping are designed according to the principle leak-before-rupture meaning
that a relief through a smaller opening is expected after a failure rather than an immediate
rupture. Therefore it is unlikely to expect any flying debris after a failure of the pressurized tank,
at least it would not fly a long distance.

The failure of piping usually will soon be detected due to a significant change in the operational
parameters such that the withdrawal of LH, from the tank will be disconnected immediately.
Furthermore H, detection devices and warning systems are installed in areas where hydrogen
can leak and accumulate.

In case of a failure of the insulation between the inner and outer container of the tank, hydrogen
is estimated to vaporize at a rate of 55 kg/h and to be released through the two symmetrically
arranged venting stacks. The worst case would be a release in wind direction, when a widely
extended plume develops. In a no-wind situation, two symmetrical plumes spreading in
opposite directions will be created. Because of its lighter-than-air property, hydrogen will
always have the tendency to rise and thus will remain far away from the ground.

The WHAZAN model [Technica 1988] was used to assess the explosion hazards of a released
Hj-air mixture cloud. Since the cloud will most certainly be a free vapor cloud, no severe blast
wave is expected. Uncertainties in the boundary conditions are given with respect to the Ha
quantity involved in the explosion reaction, which might be in the range between 0.1 and 10 kg
of hydrogen. Damage distances from the point of ignition as have been derived from the
calculations, are 7 m for severe building damage, 14 m for minor building damage, 34 m for
severe glass damage, and 92 m for a 10 % glass damage.
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The development of a jet flame at the venting orifice was found to be very unlikely because of
the small release rate of less than 10 g/s per stack. The assumption of an unrealistically high
release rate of 100 g/s would result in a heat radiation of 37.5 kW/m? in a distance of 8.7 m, of
12.5 kW/m? in a distance of 9.5 m, and 1.6 kW/m’ in a distance of 14.7 m, showing that no
severe radiation hazard is given to the public.

A spill of LH; is conceivable during the refueling procedure, which usually takes about 1 - 2 h,
e.g., by a moving tank truck while still connected to the tank. In such a case, the helium line and
the grounding connection would fail first and disconnect the LH; line. The maximum quantity
of LH; spilled is estimated to be not more than 0.2 I, too small to cause an explosion hazard.
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6. CONCLUSIONS

The present report was subjected to safety aspects of the combined nuclear/chemical HTTR/SR
system and the pertinent question of the probability of a methane-air vapor cloud detonation in
the open atmosphere which may have a serious impact on the HTTR reactor building.

The evaluation of the characteristics of the fuel methane and its combustion behavior under
various conditions allows the following conclusions:

(1)

2)

€)

(4)

()

Methane is by chemical nature a relatively slow and less violently burning gas
compared with other hydrocarbons.

The combustion of an unconfined LNG vapor cloud in the atmosphere will normally
result in a flash fire. Various experimental studies have led to the belief that the
combustion of a methane-air mixture is very unlikely to produce damaging pressure
waves. The effect of turbulence generation just ahead of the flame front as the most
pertinent parameter for a possible transition to detonative combustion has not been
observed so far to have resulted in significant flame acceleration. The only evidence
for a DDT in connection with methane was observed in shock tube tests in mixtures
with pure oxygen after comparably long run-up times.

No data exist on the detonation of pure methane-air mixtures neither from field
experiments nor from accidents. The conclusion that in partially or totally unconfined
areas or in the absence of a sufficiently long travel distance, DDT is a highly
improbable event, is based on the lack of a viable mechanism for flame acceleration.
The only conceivable way to obtain the critical conditions to onset a detonation
would be to directly generate the required conditions locally, e.g., by a sufficiently
large explosive or an intense turbulent jet of hot combustion products.

It seems to be reasonable to believe that a sufficiently large amount of explosive
should be able to generate a detonation wave in an unconfined stoichiometric
methane-air mixture. However, the extrapolation of experimental data by Bull
resulting in a minimum of 22 kg of TNT to be necessary for a methane-air detonation
could not be verified in later tests, where even the amount of 37 kg of TNT did not
initiate a detonative combustion. Presumably only detonation-like processes with
blast waves take place which decay after a while to a deflagration. Detonative
quantities in this order would be rarely available in realistic accident scenarios.

Even for other flammable hydrocarbon-air mixtures, there is no experimental
evidence of a pure detonation initiated by a typically weak ignition in the open
atmosphere. However, in reality there will hardly be a free gas cloud.
Release-induced turbulence or any kind of turbulence-generating obstruction in
industrial surroundings will to some extent always be present. The analysis of
accidents has shown that in gas cloud explosions, overpressures higher than 30 kPa
have been observed, which presumably have developed during the course of the
explosion due to turbulence or partial confinement. According to an IAEA statement,
the possibility of at least partial detonations within a cloud with overpressure higher
than 30 kPa cannot be excluded. Detonable portions of the gas cloud, however, would
be limited to relatively small areas.
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(6) With respect to the BLEVE type of combustion relevant to storage vessels, there is no
report in the literature known that any BLEVE has occurred with LNG.

(7) Concerning the predictability of the transition of a deflagrative combustion into a
detonation, an overall statement was made within the frame of the PNP gas cloud
program saying that the mechanisms for flame acceleration be qualitatively well
understood. However, they cannot be described up to now on a quantitative basis for
predictive purposes. This statement is, in principle, still valid today.

With respect to the HTTR hydrogen production plant, specific conclusions are:

(1) The planned distance of “more than 300 m” between the anticipated site of the 400 m’
LNG storage tank and the HTTR building would meet the German BMI guideline. It
would, however, not meet the much more conservative US Regulatory Guide 1.91.

(2) The PNP gas cloud explosion experimental program could confirm the experts’
opinion that gas mixtures typical for the gas factory cannot, independent of the
distance, generate pressures beyond the design curve given in the BMI guideline.

(3) If the reactor building is sufficiently designed to withstand the pressure waves
resulting from an explosion outside, the impact on components inside the building
due to induced shaking is expected to be covered by the respective design against air
crash and earth quake.

(4) JAERI calculations using the P2A code system to simulate the impact of methane
vapor cloud explosions on the HTTR have shown, under certain boundary conditions
for the release rate, that no significant influence on the building be expected.
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